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ARTICLE INFO ABSTRACT

Keywords: Atrial fibrillation (AF) is the most common and clinically significant type of cardiac arrhythmia.
Predictors Although catheter ablation (CA) can restore sinus rhythm in patients with AF, some patients
Predict

experience recurrence after the procedure. This requires us to find a simple and effective way to
identify patients at a high risk of recurrence and to intervene early in the high-risk population to
improve patient prognosis. The mechanism of AF recurrence is unclear, but it involves several
aspects including patient history, inflammation, myocardial fibrosis, and genes. This article
summarizes the current predictors of AF recurrence after CA, including myocardial fibrosis
markers, inflammatory markers, MicroRNAs, Circular RNAs, AF recurrence scores, and imaging
indicators. Each predictor has its own scope of application, and the predictive capacity and joint
application of multiple predictors may improve the predictive power. In addition, we summarize
the mechanisms involved in AF recurrence. We hope that this review will assist researchers un-
derstand the current predictors of AF recurrence and help them conduct further related studies.

Recurrence
Atrial fibrillation
Catheter ablation

1. Introduction

Atrial fibrillation (AF) is the most common and clinically significant type of cardiac arrhythmia. It is associated with high morbidity
and mortality rates. The most serious consequences of AF are stroke and heart failure [1]. Therefore, improved methods are required to
predict the complications of AF and for early intervention. Currently, the treatment of AF mainly focuses on the prevention of
thrombosis and control of rhythm [2]. Catheter ablation (CA) is recommended for symptomatic AF and reduced left ventricular
ejection fraction [2]. The success rate of CA is 70 % in patients with paroxysmal AF and approximately 50 % in those with persistent AF
[3]. However, Hsieh et al. [4] reported a major problem with high recurrence rates, particularly within 6 months after ablation.
Although the recurrence rate of AF after CA has decreased with technological advancements, it remains an unresolved social and public
health issue [5].

Therefore, early identification of patients with high risk of AF recurrence after CA is essential. Currently, biomarkers related to
cardiac fibrosis, myocardial injury, inflammation, and oxidative stress can be used to predict AF recurrence after CA [6-12]. With
further research, some new predictors have emerged in recent years. This article reviews the identified and potential predictors of AF
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recurrence after CA. This article will assist researchers to further explore the predictors of AF recurrence after CA. In clinical practice,
identification and early intervention in patients at high risk for AF recurrence can improve their quality of life.

2. Biomarkers of myocardial fibrosis
2.1. Transforming growth factor-$1 (TGF-$1)

TGF-f1 is a key cytokine that initiates and promotes the synthesis and metabolism of atrial interstitial collagen. TGF-p1 plays a
substantial role in cardiovascular diseases, such as post-ischemic conditions, dilated and hypertrophic cardiomyopathies, valvular
diseases, and arrhythmias, particularly AF [13].

Many studies have shown that the TGF-p1 level is an independent predictor of AF recurrence [6,14,15]. However, Kishima et al.
reported that a lower TGF-f1 level in patients with AF could be a cause of AF recurrence after CA [16]. Their study contradicted most
previous studies. In recent years, more and more studies have indicated that TGF-1 can promote the occurrence of AF through various
pathways. A recent study found that TGF-p1 can induce the proliferation, differentiation, and collagen production of cardiac fibro-
blasts [17]. Several pathways are involved in myocardial fibrosis pathogenesis. Sox9 was either overexpressed or depleted in cultured
atrial fibroblasts using adenovirus or siRNA, followed by the addition of recombinant human TGF-$1. Wang et al. reported that
myocardial fibrosis may be mediated by the TGF-p1/Sox9 pathway [18]. Liu et al. discovered that the Slit2-Robo1 signaling pathway
interferes with the TGF-p1/Smad pathway and promotes cardiac fibrosis [19].

In conclusion, TGF-f1 contributes to AF recurrence through various molecular pathways. Thus, high levels of TGF-p1 can be used to
predict recurrence after AF ablation.

2.2. Galectine-3 (Gal-3)

Gal-3, a p-galactoside-binding lectin secreted primarily by activated macrophages, plays a role in various biological functions such
as inflammation, apoptosis, angiogenesis, adhesion, and migration [20]. It promotes myocardial fibrosis via the Gal-3/TGF-p1/a-s-
mooth muscle actin (SMA)/collagen I (Col I) pathway [21].

A recent study by Ruan et al. demonstrated that AF recurrence after radiofrequency catheter ablation (RFCA) is associated with a
higher baseline Gal-3 level and that a higher preoperative circulating Gal-3 level is an independent predictor of AF recurrence in
patients undergoing RFCA [22]. A meta-analysis concluded that higher preprocedural Gal-3 levels may be associated with an increased
risk of AF recurrence in patients undergoing CA [23]. Galectin-3 facilitates electrical and structural remodeling during AF progression
by stimulating fibroblast activation and differentiation, leading to myocardial fibrosis, remodeling, cellular dysfunction, and eventual
onset of AF [24]. However, some researchers believe that high Gal-3 levels are not associated with AF recurrence. Kornej et al. reported
that body mass index, but not AF, was associated with Gal-3 levels [25]. They believed that Gal-3 level is affected by cardiometabolic
comorbidities, and it is not useful for predicting the rhythm outcome of RFCA. In another study, the authors concluded that Gal-3 level
cannot predict arrhythmia recurrence after CA [26].

In brief, most studies support the use of Gal-3 to predict AF recurrence, but some controversy remains, warranting further research.

2.3. Fibroblast growth factor-23 (FGF-23)

FGF-23 is a bone-derived hormone that promotes urinary phosphate excretion and regulates vitamin D metabolism [27]. It has been
associated with heart failure, myocardial infarction, and AF [28-30].

Mizia-Stec et al. found that high serum FGF-23 level is associated with episodes of AF, and FGF-23 is a potent predictor of AF
recurrence following pulmonary vein isolation (PVI) [31]. Similarly, a prospective, controlled, cohort study conducted by Begg et al.
concluded that FGF-23 is associated with arrhythmia recurrence [32]. Dong et al. observed that cardiac fibroblasts treated with re-
combinant FGF-23 show enhanced interactions between STAT3 and SMAD3. These findings suggest that in patients with AF, FGF23
promotes atrial fibrosis by enhancing reactive oxygen species (ROS) production, which then activates the STAT3 and SMAD3 signaling
pathways [33]. This may be the mechanism underlying the AF recurrence. In conclusion, FGF-23 is a powerful biomarker for pre-
dicting AF and its recurrence after CA.

2.4. Soluble suppression of tumorigenicity 2 (sST2)

Suppression of tumorigenicity 2 (ST2) is a member of the IL-1 receptor family that plays an important role in immune and in-
flammatory responses. ST2 receptor exists in the two following forms: a transmembrane receptor and a soluble receptor (sST2). The
ligand for ST2 (ST2L) is interleukin-33 (IL-33), which exerts antihypertrophic, antifibrotic, and antiapoptotic functions. sST2 can bind
with high affinity to IL-33, interrupting the interaction between IL-33 and ST2L, consequently abrogating their cardioprotective effects
[34].

Tan et al. found that increased sST2 levels can serve as biomarkers of AF recurrence after radiofrequency ablation (RFA) [35]. Fan
et al. also concluded that elevated sST2 levels in patients with AF considerably increases risk of recurrence after RFA [36]. According to
the above studies, we can consider sST2 as a biomarker for predicting AF recurrence after RFA. One possible explanation for how ST2
contributes to the recurrence of AF is that soluble ST2 binds tightly to IL-33, disrupting the IL-33/ST2L interaction, and potentially
diminishing its cardioprotective effects [34].
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However, the opposite conclusion was reached in another prospective study. Using multivariate regression analysis Badoz et al.
demonstrated that sST2 levels do not appear to have any prognostic value in assessing the risk of AF recurrence up to 1 year after CA
[37]. Further prospective large-scale clinical trials are required to verify the role of sST2 in AF recurrence. In conclusion, sST2 is a
potential biomarker for predicting AF recurrence after CA.

2.5. Other biomarkers of myocardial fibrosis

AF is also associated with myocardial fibrosis [38]. Other biomarkers associated with myocardial fibrosis can also be used to predict
the occurrence and recurrence of AF. The N-terminal propeptide of procollagen I type and N-terminal propeptide of procollagen III
type are associated with heart remodeling and an increased risk of AF [39]. Matrix metalloproteinases (MMPs), such as MMP-1,
MMP-2, MMP-3, and MMP-9, play crucial roles in the occurrence and recurrence of AF [40-42]. The cellular and molecular mech-
anisms of myocardial fibrosis are complex, and more biomarkers will hopefully be discovered in the future to predict AF recurrence.
Table 1 demonstrates myocardial fibrosis biomarkers that predict AF recurrence after CA.

3. Inflammatory biomarkers
3.1. C-reactive protein (CRP)

Although the pathogenesis of AF remains unclear, inflammatory responses play an important role [43]. CRP, a systemic inflam-
matory marker, is widely used to predict the risk of cardiovascular disease. In a prospective study involving 202 patients with AF,
researchers found that the CRP level before CA is a biomarker for AF recurrence after RFA [44].

However, there are opposing opinions. In 2010, Marott et al. performed Mendelian randomization (MR) including 47, 000 in-
dividuals from the general population. They found that high plasma CRP levels are associated with AF but genetically elevated CRP
levels are not. This suggests that elevated plasma CRP levels do not increase the risk of AF [45]. In a recent study, Li et al. reached
similar conclusions. They suggested that the causal effects of CRP on AF are not supported by MR [46].

In conclusion, previous studies have shown that elevated serum CRP levels are positively associated with AF incidence. However,
MR studies does not support this finding. Therefore, further research is required to confirm the relationship between CRP level and AF.

3.2. Interleukin (IL) family

ILs are the most important inflammatory factors involved in the inflammatory response. Among the IL family, interleukin-6 (IL-6) is
currently one of the most studied members in AF. In a meta-analysis, the authors concluded that IL-6 is a powerful predictor of AF
recurrence [10]. The specific mechanism by which IL-6 promotes AF recurrence is not fully understood, but it likely involves a
combination of structural and electrical remodeling of the atrium [47]. However, some studies have not supported this conclusion.
Stavroula et al. conducted a prospective study including 80 patients with first AF episodes and found that IL-6 is not reliable for

Table 1
Biomarkers of myocardial fibrosis for predicting atrial fibrillation recurrence after catheter ablation.

Biomarkers

Reference

Biological Functions

Prognostic impact after catheter ablation

Transforming growth factor-f1
(TGF-p1)

Galectin-3 (Gal-3)

Fibroblast growth factor-23 (FGF-
23)

Soluble suppression of
tumorigenicity 2 (sST2)

N-terminal propeptide of
procollagen I type (PINP) and
I1I type (PIIINP)

Matrix metalloproteinases (MMPs):

MMP-1, MMP-2, MMP-3, and
MMP-9

Kimura et al.
[14]

Wu et al. [15]
Isola et al. [20]
Ruan et al. [22]
Pranata et al.
[23]

Mathew et al.
[27]
Mizia-Stec

et al. [31]
Dongetal. [33]
Pascual-Figal
et al. [34]

Tan et al. [35]
Fan et al. [36]
Tonin et al. [39]

Buckley et al.
[40]
Lewkowicz
etal. [41]
Lombardi et al.
[42]

Key cytokine that initiates and promotes the
synthesis and metabolism of atrial interstitial
collagen.

Many biological functions: inflammation, apoptosis,
angiogenesis, adhesion, and migration.

FGF-23 is a bone-derived hormone that promotes
urinary phosphate excretion and regulates vitamin
D metabolism.

A member of IL-1 receptor (IL-1R) family which
plays an important role in immune and
inflammatory responses.

PINP and PIIINP, play crucial roles in tissue repair
and fibrotic processes.

They are involved in the degradation of the
extracellular matrix and are regulated at both the
transcriptional and extracellular levels.

TGF-p1 participates in the occurrence and
recurrence of atrial fibrillation through various
molecular pathways.

A higher circulating Gal-3 level is an
independent predictor of atrial fibrillation
recurrence.

FGF-23 is a powerful biomarker for predicting
atrial fibrillation and recurrence after catheter
ablation.

sST2 can be used to predict the recurrence of
atrial fibrillation after catheter ablation but
there are dissenting voices [37].

PINP and PIIINP are associated with heart
remodeling and they can increase the risk of
atrial fibrillation.

They play a crucial role in the occurrence and
recurrence of atrial fibrillation.
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predicting AF relapse [48]. Another study suggested that IL-6 levels cannot predict AF recurrence [49]. In summary, further clinical
research is required to predict AF recurrence of using IL-6 levels.

Other members of the IL family, such as IL-2 and IL-18, have also been confirmed to be associated with AF. Cabrera-Bueno et al.
studied 44 patients with paroxysmal AF who underwent PVI and found that IL-2 is an independent predictive factor of AF recurrence
[50]. Liu et al. found that high IL-18 levels are related to the severity of AF and its recurrence after cryoablation [51]. In addition, many
members of the IL family may be associated with AF and require further investigation.

3.3. Tumor necrosis factor-a (TNF-a)

TNF-a is a versatile cytokine that exhibits a diverse array of biological effects. It plays a role in influencing vascular endothelium,
stimulating the production of other cytokines, exerting antiviral effects, promoting bone resorption, facilitating angiogenesis, and
stimulating the growth of fibroblasts [52]. A recent prospective study suggests that preprocedural serum TNF-a levels can predict AF
recurrence [53]. TNF-a can cause electrical remodeling of the atria by inducing remodeling of ion channels and gap junctions in
cardiomyocytes. This leads to the abnormal propagation of action potentials and transmission of calcium ions [54]. Overall, TNF-a
plays an important role in the development of AF. However, relatively little research has been conducted on AF recurrence after CA and
larger clinical trials are required.

3.4. Neutrophil/lymphocyte ratio (NLR), platelet/lymphocyte ratio (PLR) and systemic immune-inflammatory index (SII)

NLR, a novel systemic inflammatory biomarker, is a prognostic indicator of adverse cardiovascular diseases [55,56]. It is also an
important predictor of AF. The level of NLR, before or after CA, is associated with an increased risk of AF recurrence or occurrence
[56-59]. In recent years, progress has been made in understanding the relationship between NLR level and AF. Consistent with
previous studies, Bazoukis et al. found that NLR levels can predict AF recurrence in patients who underwent CA [60]. Yano et al. also
demonstrated that changes in NLR levels before ablation can predict AF recurrence after CA [61]. Thus, NLR is a strong predictor of AF
recurrence after CA.

PLR is a repeatable and easily obtainable novel biomarker of systemic inflammatory burden [62]. In a recent retrospective study
involving 638 cases of AF, Huang et al. found that PLR is an independent biomarker of long-term AF recurrence after CA [63]. Further
studies are required to verify the relationship between PLR and AF recurrence after CA.

Hu et al. proposed that SII, defined as platelet count x neutrophil count/lymphocyte count, is a novel inflammation and immune
marker, which has a prognostic value in different types of cancer [64]. Previous studies have confirmed that SII can predict AF

Table 2
Biomarkers of inflammatory for predicting atrial fibrillation recurrence after catheter ablation.
Biomarkers Reference Biological Functions Prognostic impact after catheter ablation
C-reactive protein Hiram et al. It plays a crucial role in host defense, inflammation, and Elevated serum CRP levels are positively associated
(CRP) [43] autoimmunity, and has been associated with with atrial fibrillation but Mendelian Randomization
Carballo et al. cardiovascular events. studies does not support this result [45,46].
[44]
Interleukin (IL) family =~ Cabrera-Bueno A group of molecules produced by monocytic cells, playsa  They are potential markers for predicting atrial
IL-6, IL-2, IL-18 et al. [50] crucial role in immune responses and the development of fibrillation recurrence. Many members of the IL family

Tumor necrosis
factor-o (TNF-o)

Liu et al. [51]

Semenzato

et al. [52]
AlKassas et al.
[53]

immunopathological disorders.

It plays a role in influencing vascular endothelium,

stimulating the production of other cytokines, exerting
antiviral effects, promoting bone resorption, facilitating
angiogenesis, and stimulating the growth of fibroblasts.

may be associated with atrial fibrillation and require
further investigation.

TNF-« plays an important role in the occurrence and
development of atrial fibrillation. However, there is
relatively little research on the recurrence of atrial
fibrillation after catheter ablation, and larger clinical
trials are needed.

Neutrophil/ Adamstein NLR, a novel systemic inflammatory biomarker, is a NLR is a strong predictor of atrial fibrillation
lymphocyte ratio et al. [56] prognostic indicator of adverse cardiovascular diseases. recurrence after catheter ablation.
(NLR) Bazoukis et al.
[60]
Yano et al.
[61]
Platelet/lymphocyte Huang et al. PLR is a repeatable and easily obtainable novel biomarker ~ Future studies are needed to verify the relationship
ratio (PLR) [63] of systemic inflammatory burden. between PLR and atrial fibrillation recurrence.
Systemic immune- Zhao et al. SII, a novel inflammation and immune marker defined as It can be easily obtained from blood routine and have
inflammatory [66] platelet count x neutrophil count/lymphocyte counts. strong predictive value.
index (SII) Kaplan et al.
[67]
NLRP3 Swanson et al. It plays a vital role in the innate immune system by There have no clinical trials directly demonstrating the
inflammasome [68] initiating the production of inflammatory cytokines, as potential use of NLRP3 inflammasome as a predictor of
Butts et al. well as inducing pyroptotic cell death. atrial fibrillation recurrence.
[69]
Takahashi
et al. [70]
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recurrence after concomitant cryoMAZE and mitral valve surgery [65]. In two recent studies, SII was observed to be independently and
positively associated with AF recurrence after RFCA or cryoablation [66,67].

In conclusion, NLR, PLR, and SII can be easily obtained from routine blood tests and have strong predictive values, making them
valuable candidates for promotion and application in clinical practice.

3.5. NLR family pyrin domain containing 3 (NLRP3) inflammasome

NLRP3 inflammasome plays a vital role in the innate immune system by recognizing various signals, initiating the production of
inflammatory cytokines, and inducing pyroptotic cell death [68]. Its involvement has been documented in heart diseases such as heart
failure (HF), acute myocardial infarction, and arrhythmia [69-71].

Colchicine is a drug that can inhibit the expression of NLRP3 inflammasome [72]. In a randomized controlled trial [73], 161
patients who underwent ablation for AF were treated with colchicine for 3 months following the procedure. The findings of this study
indicated that the recurrence rate of AF was significantly lower in the colchicine group than in the placebo group, suggesting that
NLRP3 inflammasome can be used to predict AF recurrence. Yao et al. found that the constitutive activation of the cardiomyocyte
NLRP3 inflammasome in an animal model resulted in ectopic activity and the production of re-entry substrate conducive to AF
development [71]. This mechanism may explain how NLRP3 contributes to AF recurrence.

To date, no clinical trial has directly demonstrated the potential use of NLRP3 inflammasome as a predictor of AF recurrence after
CA. Future randomized controlled trials are essential to assess the effectiveness of NLRP3 inflammasome as a predictor of AF recur-
rence after CA. Inflammatory biomarkers predicting AF recurrence after CA are shown in Table 2.

4. MicroRNAs and circular RNAs
4.1. MicroRNAs

MicroRNAs (miRNAs) are small, non-coding RNAs, composed of approximately 22 ribonucleotides that regulate gene expression at
the post-transcriptional level [74]. A prospective study conducted by Zhou et al. [75] demonstrated that circulating miR-21 corre-
sponds to left atrial low-voltage areas and is associated with procedural outcomes in patients with persistent AF undergoing CA. A
recent study also reported that the level of miRNA-21 is higher in left atrial blood than in peripheral blood, which may be related to the
severity and recurrence of AF after cryoablation [51]. Plasma miRNA-155 levels is elevated in patients with recurrence of AF [76,77].
Conversely, some miRNAs can negatively regulate atrial fibrosis. Harada et al. demonstrated that the expression of miR-20b-5p and
miR-330-3p is decreased in patients with AF recurrence [78]. Lage et al. showed that miRNA-451a is downregulated in patients with
AF recurrence [79]. In conclusion, some miRNAs can promote the development of AF, whereas others can inhibit the development of
AF; therefore, the specific pathogenesis requires further study.

Table 3
MicroRNAs and Circular RNAs for predicting atrial fibrillation recurrence after catheter ablation.

Biomarkers Reference Biological Functions Prognostic impact after catheter ablation
miRNA-21 Bartel et al. MiRNA-21, a small non-coding RNA, has been Elevated miRNA-21 is associated with new onset atrial
[74] implicated in a range of biological processes and fibrillation, severity of atrial fibrillation, and
Zhou et al. diseases. recurrence.
[75]
miRNA-155 Zhang et al. MiRNA-155, a small non-coding RNA, has been Plasma miRNA-155 is elevated in patients with
[76] implicated in infectious diseases, cancer, and central recurrence of atrial fibrillation.
He et al. nervous system.
[77]
miR-20b-5p Haradaetal. = MiRNA-20b-5p has been identified as a tumor The expression of the miRNA-20b-5p is decreased in
[78] suppressor in renal cell carcinoma, with potential as a patients with atrial fibrillation recurrence.
biomarker and therapeutic target.
miR-330-3p Haradaetal. = MiRNA-330-3p has been identified as a key regulatorin ~ The expression of miRNA-330-3p is decreased in
[78] various cancers, including liver cancer, glioma, and patients with atrial fibrillation recurrence.
cutaneous malignant melanoma.
miRNA-451a Lage et al. MiRNA-451a has been identified as a potential MiRNA-451a is downregulated in recurrent patients.
[79]1 diagnostic marker for glioma, with decreased
expression in patients with this cancer.
CircRNA-81906-RYR2 Zhu et al. CircRNA-81906-RYR2 as one of the highly expressed Increased CircRNA-81906-RYR2 is an independent
[81] circRNAs in the human heart. risk factor for late atrial fibrillation recurrence.
hsa_circ_0002665 Liu et al. They play an important role in different tumor diseases. ~ The elevated Circ-RNAs are predicted to play potential
hsa_circ_0001953 [82] regulatory roles in the pathogenesis of late recurrences

hsa_circ_0003831
hsa_circ_0040533

of atrial fibrillation.
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4.2. Circular RNAs

Circular RNAs (CircRNAs) have emerged as a novel type of non-coding RNA involved in gene regulation and have attracted much
research attention in the past decade [80]. In a recent prospective clinical study involving 136 patients, multivariate analysis revealed
that increased CircRNA-81906-RYR2 is an independent risk factor for late AF recurrence [81]. A recent bioinformatics study identified
several CircRNAs that can be used to predict AF recurrence, including hsa_circ_0002665, hsa_circ_0001953, hsa_circ_.0003831, and
hsa_circ_0040533 [82]. Currently, most research on CircRNAs is focused on bioinformatics, with limited number of clinical trials on
this topic. Epanding research in this area is promising, and more clinical trials should be conducted to reveal the clinical predictive role
of CircRNAs.

Table 3 lists the miRNAs and CircRNAs used to predict AF recurrence after CA.

5. Risk scores to predict AF recurrence
5.1. CHA2DS2-VASc score

The CHA2DS2-VASc score is a 10-point scale used to assess the risk of stroke in patients with non-valvular AF [83]. The risk factors
included in this scoring system are congestive heart failure (points awarded 1), hypertension (points awarded 1), age>75 years (points
awarded 2), diabetes mellitus (points awarded 1), stroke (points awarded 2), vascular disease (points awarded 1), age 65-74 years
(points awarded 1), female sex (points awarded 1). The highest score of the entire scoring system is nine points [84].

Kisheva et al. followed 101 patients with AF for 1 year and concluded that the CHA2DS2-VASc score is a significant predictor of AF
recurrence [85]. Rordorf et al. conducted a prospective study involving 3313 patients [86], categorized into the low-risk and high-risk
groups based on CHA2DS2-VASc scores 0-1 and >2, respectively. After 36 months of follow-up, they found that a higher
CHA2DS2-VASc score is a significant predictor of AF recurrence [86]. These studies have shown that the CHA2DS2-VASc score is a
good predictor of short- and long-term AF recurrence and has good predictive power.

5.2. C2HEST score

The C2HEST score takes several medical conditions into account, such as coronary artery disease (1 point), chronic obstructive
pulmonary disease (1 point), hypertension (1 point), old age (age >75 years, 2 points), systolic heart failure (2 points), and thyroid
disease (hyperthyroidism, 1 point).

The C2HEST score, a simple clinical tool, has demonstrated its effectiveness in predicting the development of AF in different
populations. Specifically, in post-stroke patients, it showed superior discrimination and performance than those of other risk scores
[87]. It can successfully identify individuals at high risks of AF across different age groups, indicating its potential for targeted AF
screening [88]. Additionally, the score proved its predictive value in clinical outcomes, such as incident AF, in patients with HF with
preserved ejection fraction, with higher scores correlating with increased risk [89]. Moreover, compared to the CHA2DS2-VASc score,
it exhibits stronger predictive abilities for AF recurrence after PVI in patients with paroxysmal AF [90]. In another prospective study
including 189 patients with AF, Ozmen et al. found that the C2HEST score has greater predictive power than the CHA2DS2-VASc score
[91]. Collectively, these findings strongly support the usefulness of the C2HEST score in predicting AF and its related outcomes after
CA. In conclusion, the C2HEST score is a good predictor of AF recurrence after CA, and its predictive ability may be superior to that of
the CHA2DS2-VASc score. It merits consideration for clinical application.

5.3. HATCH score

The HATCH score utilizes a patient’s clinical history and considers factors such as hypertension, age, transient ischemic attack or
stroke, chronic obstructive pulmonary disease, and HF [92].

The HATCH score has demonstrated its significance in predicting AF after coronary artery bypass graft surgery, with higher scores
indicating a higher risk of AF, as demonstrated in a study conducted by Selvi et al. [93]. It has also been established as a predictor of AF
recurrence after RFCA, particularly when the score is 2 or higher, as shown in a study conducted by Dandan et al. [94]. In a retro-
spective analysis including 322 patients with AF, Han et al. discovered that the areas under the receiver operating characteristic curve
for predicting AF recurrence were 0.773 for the C2HEST score and 0.801 for the HATCH score [95]. The study found no significant
difference between the two scoring systems in their ability to identify patients with AF recurrence, indicated by a DeLong test p-value
of 0.36 [95]. In conclusion, the HATCH score can be used to predict AF recurrence; however, its predictive power needs to be further
validated in future clinical trials.

5.4. Coronary artery calcium score (CACS)

CACS, particularly using the Agatston score, has been shown to be a valuable predictor of future cardiovascular risk [96,97]. In a
recent prospective study that included 311 patients with AF, researchers found that CACS >100 is associated with an increased risk of
AF recurrence (hazard ratio = 1.7; 95 % confidence interval: 1.0-2.8; p = 0.039) [98]. In a cross-sectional study, Fernandes et al.
indicated that performing an opportunistic assessment of the CACS during ablation can serve as an important tool to enhance car-
diovascular risk stratification [99]. These findings have substantial clinical and therapeutic implications. Collectively, these findings
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suggest that CACS is a valuable tool for predicting AF recurrence.
5.5. Other risk scores for predicting AF recurrence

In recent years, researchers have continued to explore new scoring systems with the goal of more accurately predicting the risk of
AF recurrence after CA and improving the management of high-risk risk patients in advance. The following section discussed some of
the new scoring systems that have been discovered by researchers in recent years.

The scoring system, known as the PAT2C2H score, is determined by assigning 1 point to each of the following conditions: chronic
obstructive pulmonary disease (P), left atrial dilatation >45 mm (A), and hypertension (H). Additionally, 2 points were given for a
history of transient ischemic attack or stroke (T), and congestive heart failure (CHF). Cay et al. found that the PAT2C2H score has a
better clinical predictive capability for AF recurrence than the HATCH and CHA2DS2-VASc scores [100]. Since relatively few studies
have been conducted on the PAT2C2H score, further clinical trials are needed to validate the results of previous studies.

The MB-LATER score, which includes male sex, bundle branch block, left atrial size, type of AF, and early recurrent AF, has been
validated in several studies for its ability to predict AF recurrence after various treatments. Potpara et al. [101] reported that a higher
MB-LATER score is linked to late AF recurrence after CA. Another study conducted by Kornej et al. [102] reiterated the correlation
between the MB-LATER score and arrhythmia recurrence, specifically late recurrence, following CA. Mujovi¢ et al. [103] also
emphasized that the MB-LATER score exhibits superior predictive ability for very late AF recurrence after RFCA. Collectively, these
findings suggest that the MB-LATER score is a valuable tool for predicting AF recurrence, particularly after cardiac arrest and electrical
cardioversion.

Peigh et al. [104] developed the SCALE-CryoAF score, which includes structural heart disease, coronary artery disease, left atrial
diameter, left bundle branch block, early return of AF, and non-paroxysmal AF as predictors of very late recurrence of AF after CA. A
retrospective analysis of 241 cases concluded that the SCALE-CryoAF score is a good predictor of AF recurrence and is superior to the
MB-LATER and CHA2DS2-VAS scores [105]. Sano et al. reached the same conclusion that the SCALE-CryoAF score is superior to other
scores, such as the MB-LATER score [106]. In conclusion, the SCALE-CryoAF score is stronger than the other scores in predicting
distant recurrence of AF.

In summary, each scoring system has its own scoring criteria and target population. Further investigation is required to determine
which score exhibits superior predictive ability than the others. Risk scores for predicting AF recurrence after CA are shown in Table 4.
In addition, Table 5 shows the predictive ability of some indicators in this article.

Table 4
Risk scores for predicting atrial fibrillation recurrence after catheter ablation.

Risk scores Reference

Classic using of the risk scores

Prognostic impact after catheter ablation

CHA2DS2-VASc

C2HEST

HATCH

Coronary artery

calcium score
(CACS)

PAT2C2H

MB-LATER

SCALE-CryoAF

Kisheva et al.
[85]

Rordorf et al.
[86]

Li et al. [87]
Lip et al. [88]
Liang et al. [89]
Shibata et al.
[92]

Selvi et al. [93]
Miao et al. [94]
Han et al. [95]
Lopes
Fernandes et al.
[98]

Fernandes et al.
[99]

Cay et al. [100]

Potpara et al.
[101]

Kornej et al.
[102]
Mujovic et al.
[103]

Peigh et al.
[104]

Nayak et al.
[105]

Sano et al.
[106]

The CHA2DS2-VASc score is a 10-point scale used to assess
stroke risk in patients with non-valvular atrial fibrillation

The C2HEST score has demonstrated its effectiveness in
predicting the development of atrial fibrillation in different
populations.

It is possible to predict that paroxysmal atrial fibrillation can
progress to persistent atrial fibrillation and the risk of atrial
fibrillation after atrial flutter ablation.

CACS, particularly using the Agatston score, has been shown
to be a valuable predictor of future cardiovascular risk.

A new score to predict the recurrence of atrial fibrillation.
It has been validated in several studies for its predictive

ability in the atrial fibrillation recurrence after various
treatments.

A novel risk model for very late return of atrial fibrillation.

CHA2DS2-VASc score is a good predictor of short- and
long-term atrial fibrillation recurrence, and has good
predictive power.

C2HEST scoring system is a good predictor of atrial
fibrillation recurrence and its predictive ability may be
superior to the CHA2DS2-VASc score.

HATCH score can be used to predict atrial fibrillation
recurrence. However, its predictive ability needs to be
further validated compared to C2HEST.

It is associated with the recurrence of atrial fibrillation.

A new score shows superior efficiency compared to
HATCH and CHA2DS2-VASc scores.

MB-LATER score exhibited superior predictive ability
for very late atrial fibrillation recurrence.

A good predictor of atrial fibrillation recurrence and is
superior to MB-LATER and CHA2DS2-VAS scores.
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Table 5

Prediction models for various indicators.
Indicators Reference HR (95 % CI) P value AUC Cut-off value Sensitivity Specificity
TGF-p1 Kishima et al. [16] 1.073 (1.018-1.138) 0.0083 0.6553 12.56 ng/mL 44.4 % 81.8 %
Galectine-3 Ruan et al. [22] 1.280 (1.040-1.560) 0.0200 0.636 14.57 pg/mL 65.3 % 77.5 %
sST2 Tan et al. [35] 1.038 (1.017-1.060) <0.001 0.748 39.25 ng/mL 74.0 % 77.0 %
CRP Ding et al. [59] 1.137 (1.029-1.257) 0.012 0.584 2.025 mg/L 41.4 % 78.8 %
NLR Ding et al. [59] 1.438 (1.036-1.995) 0.030 0.603 2.33 31.4% 84.5 %
SII Kaplan et al. [67] 2.326 (1.359-3.981) 0.002 0.880 532 71.4 % 67.9 %
CHA2DS2-VASc Rordorf et al. [86] 1.330 (1.100-1.600) 0.003 0.580 2 45.8 % 58.0 %
C2HEST Ozmen et al. [91] 3.792 (1.784-8.062) 0.001 0.760 2 51.5% 91.6 %
MB-LATER Potpara et al. [101] 1.230 (1.080-1.400) 0.002 0.620 2 42.9 % 74.2 %

Note: Transforming growth factor-f1 (TGF-B1); Soluble suppression of tumorigenicity 2 (sST2); C-reactive protein (CRP); Neutrophil/lymphocyte
ratio (NLR); Systemic immune-inflammatory index (SII); Hazard ratio (HR); Confidence interval (CI); Area Under Curve (AUC).

6. Imaging for predicting AF recurrence
6.1. Cardiac ultrasound

Cardiac ultrasonography is a simple and effective diagnostic method for predicting AF recurrence. Left atrial diameter (LAD) has
been shown to correlate with AF recurrence. Jin et al. analyzed 13 studies including 2825 patients and concluded that LAD is
significantly associated with AF recurrence [107]. A recent study suggested that left atrial volume (LAV) is an independent predictor of
PVI outcomes [108]. In addition, left atrial strain (LAS) is a predictor of AF recurrence. Nielsen et al. reported that left atrial contractile
strain can be used to predict the recurrence of atrial tachyarrhythmia after CA [109]. Hauser et al. [3] also reported that the peak atrial
longitudinal strain and peak atrial contraction strain can independently predict incident AF in the general population [110]. Increasing
evidence suggests that left atrial appendage flow velocity (LAAFV) is associated with AF recurrence after CA. Chen et al. [111]
concluded that LAAFV is associated with an increased risk of AF recurrence after CA. Diastolic early transmitral flow velocity/mitral
annular velocity (E/e’) is another indicator of AF recurrence. Masuda et al. evaluated the association between E/e’ and left atrial
low-voltage-area existence [112]. They found that patients undergoing AF ablation who had a high E/e’ on preablation echocardi-
ography had a left atrial substrate that was prone to arrhythmias. Additionally, a high E/e’ is associated with unfavorable procedural
outcomes following PVI [112]. In summary, some indicators of cardiac ultrasound, such as LAD, LAV, LAS, LAAFV, and E/e’, can be
used to predict AF recurrence after CA.

6.2. Cardiac magnetic resonance imaging (CMRI)

CMRI, a noninvasive diagnostic modality, is also valuable in predicting recurrence of AF. It can be used to assess the level of fibrosis
in the heart, which is associated with AF recurrence. Many studies have shown that left atrial (LA) fibrosis assessed using CMRI is
associated with an increased risk of AF recurrence. Ghafouri et al. conducted a meta-analysis of nine studies and found that every 10 %
increase in LA fibrosis was associated with a 1.54-fold increase in post-ablation AF recurrence [113]. The left atrial appendage (LAA) is
a triggering site that is not located in the pulmonary veins. One study revealed that the extent of LAA structural remodeling identified
using late gadolinium enhancement magnetic resonance imaging is associated with arrhythmia recurrence after AF ablation [114].
Given that PVI is the cornerstone of AF ablation, the existence of considerable fibrosis outside the pulmonary veins, as indicated by
preablation CMRI, may explain the occurrence of AF recurrence despite successful execution of PVI [115]. The correlation between AF
recurrence and circumferential pulmonary vein fibrosis induced by cryoballoon ablation was evaluated using late
gadolinium-enhanced (LGE) CMRI. Acha et al. found that circumferential pulmonary vein fibrosis assessed using gadolinium-enhanced
CMRI is associated with AF recurrence [116]. In conclusion, CMRI can predict recurrence after AF ablation by assessing the level of
fibrosis in different parts of the atria.

7. Mechanisms of AF recurrence after CA

Various factors influence AF recurrence, including the primary disease, duration of AF, manner in which CA is performed, and skill
level of the operator [117]. AF is a complex process involving systemic inflammation, oxidative stress injury, and atrial fibrosis as the
primary mechanisms [118]. These mechanisms also play a crucial role in AF recurrence, as illustrated in Fig. 1.

Inflammation significantly increases in patients with AF after CA. Al-Ani et al. [119] examined CRP and white blood cell (WBC)
counts in 55 patients with AF before and a day after CA. They found that inflammatory markers significantly increased in patients who
underwent AF ablation [119]. Different CA methods cause inflammatory indicators to increase to varying degrees, which may be
related to the risk of AF recurrence after CA. Yin et al. argued that the recurrence rate of AF positively correlates with an increase in the
percentage of WBC and neutrophil counts after CA [120]. Wei et al. recruited 152 patients for AF treatment, including 90 patients
undergoing RFA and 64 patients undergoing cryoballoon ablation, and concluded that post-ablation inflammation is greater in RFA
than in cryoballoon ablation, which is related to higher inflammation in RAF [121]. These studies [120,121] have shown that AF
recurrence is related to surgical procedure, which produces greater inflammatory factors, subsequently leading to higher recurrence
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Fig. 1. Fig. 1 illustrates three mechanisms of atrial fibrillation (AF) recurrence including inflammation, oxidative stress injury, and atrial fibrosis.
During AF ablation, inflammatory biomarkers such as white blood cells (WBC), neutrophil and C-reactive protein (CRP), are significantly elevated.
The degree of inflammation varies among different surgical methods, and the inflammation after radiofrequency ablation (RFA) is more severe than
that after cryoballoon ablation (CBA). Anti-inflammatory therapy is a double-edged sword, requiring a balance between its benefits and side effects.
Secondly, oxidative stress plays an important role in the recurrence of AF. Oxidative stress is potentially involved in the development of AF through
various pathways, including xanthine oxidase (XO), nicotinamide adenine dinucleotide phosphate oxidase (NADPH), mitochondrial dysfunction,
and calcium overload. Some medications can reduce oxidative stress, such as Vitamins E, Vitamins C, angiotensin-converting enzyme inhibitors
(ACEI), angiotensin receptor blockers (ARB), sacubitril/valsartan, and ranolazine. Thirdly, atrial fibrosis is a key factor in the development and
maintenance of AF. Notably, atrial enlargement and atrial fibrosis caused by hypertension, valvular disease, and other factors are the structural basis
for the development and maintenance of AF. Regional fibrosis of the left atrial appendage (LAA) is a significant predictor of AF recurrence
after ablation.

rate. Whether inhibition of the inflammatory response reduces AF recurrence after CA has been a question of interest to researchers.
Colchicine is an exceptional and advanced antiinflammatory agent that has been used for many years in the management of acute
inflammatory episodes in gout and familial Mediterranean fever [122]. Several previous studies showed that colchicine can reduce AF
recurrence after PVI [73,123]. However, recent studies do not support this hypothesis. Igbal et al. categorized patients with AF into
colchicine-treated and no-colchicine-treated groups and found that the prophylactic use of colchicine is not associated with AF
recurrence [124]. Consistent with the findings of this study, Benz et al. argued that the administration of colchicine for 10 days after CA
does not result in a decrease in AF recurrence or AF-associated clinical events. However, it effectively alleviates post-ablation chest
pain and increases the incidence of diarrhea [125]. Therefore, the ability of colchicine to reduce AF recurrence after CA warrants
further investigation.

Oxidative stress refers to a state of an imbalance between the production of ROS and the ability of the body’s antioxidant defenses
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to neutralize them, which can have detrimental effects on the pathophysiology of cardiac remodeling [126]. In a prospective multi-
center study including 1439 patients, researchers found that higher oxidative stress is strongly associated with the development of AF
[127]. Oxidative stress is potentially involved in the development of AF through various pathways, including xanthine oxidase,
nicotinamide adenine dinucleotide phosphate oxidase, mitochondrial dysfunction, and calcium overload [128-131]. Indicators of
oxidative stress are elevated after CA in patients with AF and are associated with short-term AF recurrence [132]. Urinary iso-
xanthopterin is a noninvasive marker that reflects ROS levels and has recently been found to be useful in predicting AF recurrence after
CA [133]. Targeting oxidative stress is expected to be an effective approach for treating AF and improving its prognosis. Vitamins E and
C are essential antioxidants that function at different locations in the cell to neutralize ROS. Some studies have shown that vitamins C
and E improve the prognosis of AF ablation [134,135]. Statins, commonly used as lipid-lowering agents in cardiovascular diseases,
have been found to reduce AF recurrence after cardioversion by modulating NADPH oxidase activity [136,137].
Angiotensin-converting enzyme inhibitors and angiotensin receptor blockers can reduce the risk of all-cause and cardiovascular death
in patients with AF [138]. In an animal study, sacubitril/valsartan attenuated atrial structural and electrical remodeling [139]. In a
clinical study, sacubitril/valsartan reduced AF recurrence [140]. Other medications, such as ranolazine can also inhibit oxidative
stress, thus reducing arrhythmias [141]. In conclusion, oxidative stress may be an important target for reducing AF recurrence.
Atrial fibrosis, a key factor in the development and maintenance of AF, is a complex process involving various interactions [142]. It
is the primary histopathological finding in patients with AF and a significant predictor of ablation failure [143]. Atrial fibrosis and AF
are causally related. Notably, atrial enlargement and atrial fibrosis caused by hypertension, valvular disease, and other factors are the
structural basis for the development and maintenance of AF [144,145]. In contrast, AF promotes atrial fibrosis [146]. In summary, a
mutually reinforcing relationship exists between AF and atrial fibrosis. Numerous reasons contribute to AF recurrence after CA, with
atrial fibrosis being a major cause [147]. Previous studies reported a strong relationship between the degree of atrial fibrosis and AF
recurrence. Higher levels of atrial fibrosis are associated with higher AF recurrence rates [148,149]. In addition, the rate of AF
recurrence varies among the different sites of atrial fibrosis. Assaf et al. [150] included 734 patients with persistent AF treated for the
first time with CA who underwent LGE-magnetic resonance imaging within 1 month before ablation and were followed up for 1 year.
They found that regional fibrosis of the LAA is a significant predictor of AF recurrence after ablation in patients undergoing MRI-guided
fibrosis ablation [150]. However, targeting atrial fibrosis remains challenging. Marrouche et al. [151] conducted a large multicenter
prospective clinical study including 843 patients with symptomatic or asymptomatic persistent AF who underwent AF ablation. The
study [151] randomly assigned patients with persistent AF into the following two groups: one receiving PVI combined with
MRI-guided atrial fibrosis ablation (n = 421) and the other receiving PVI alone (n = 422). No significant difference in the recurrence of
atrial arrhythmia was observed between the patients who underwent MRI-guided fibrosis ablation plus PVI and those who underwent
PVI catheter ablation alone [151]. In conclusion, atrial fibrosis plays an important role in the development, maintenance, and
recurrence of AF. Currently, no effective treatment is available for atrial fibrosis, thus making it a potential target for future treatment.

8. Conclusion

The prevalence of patients with AF is increasing every year, and CA has become a routine treatment for AF; however, the success
rate of CA needs to be further improved. This article reviews the predictors of AF recurrence after CA, including biomarkers of
myocardial fibrosis, inflammation indicators, microRNAs and circular RNAs, AF recurrence scores, and imaging indicators. Addi-
tionally, we discuss the mechanisms underlying AF recurrence and potential therapeutic targets. With further advancements in science
and the accumulation of clinical experience, it is believed that the recurrence rate of AF will decrease.
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