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Abstract

Catheter ablation (CA) is the first-line treatment for atrial fibrillation (AF) patients. However, the risk of recurrence associated with CA
treatment should not be ignored. Therefore, the preoperative identification of patients at risk of recurrence is essential for identifying
patients who will benefit from non-invasive surgery. Echocardiography, computed tomography (CT), and magnetic resonance imaging
(MRI) are essential for the preoperative non-invasive prediction of AF recurrence after CA. Compared to laboratory examinations and
other examination methods, these modalities can identify structural changes in the heart and assess functional variations. Accordingly, in
past studies, morphological features, quantitative parameters, and imaging information of the heart, as assessed by echocardiography, CT,
and MRI, have been used to predict AF recurrence after CA noninvasively. This review summarizes and discusses the current research
on echocardiography, CT, MRI, and machine learning for predicting AF recurrence following CA. Recommendations for future research
are also presented.
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1. Introduction
Atrial fibrillation (AF) is the most common type of

sustained arrhythmia in clinical settings, with prevalence
and incidence increasing over the years and posing seri-
ous survival and economic burdens [1,2]. Catheter ablation
(CA) and antiarrhythmic drugs are the primary modalities
to treat AF patients [3]. With advances in the technology of
CA, it has become significantly superior to antiarrhythmic
drugs in maintaining sinus rhythm in patients with persis-
tent AF and has become an effective treatment modality for
patients with drug-refractory AF [4,5]. In addition, CA has
been outperformed by antiarrhythmic drugs in reducing car-
diovascular death and all-cause mortality in patients with
AF [6]. Therefore, CA is being increasingly recommended
as first-line therapy for patients with AF.

However, it should be noted that some patients with
AF have a recurrence rate of up to 30% following CA
and that approximately 10% of cases of AF are not termi-
nated following CA [7]. Moreover, complications caused
by CA, such as atrioesophageal fistula and cardiac tampon-
ade, should not be ignored [8]. Consequently, identifying
patient groups at a higher risk of recurrent AF can help en-
sure a higher success rate after CA and avoid unnecessary
risks associated with invasive procedures [2,7]. This also
helps clinicians develop appropriate treatment and preven-

tion strategies for patients with AF and adjust the rhythm
control approach after CA promptly [9].

It is well known that age, sex, hypertension, and AF
type, as well as other clinical information, are high-risk fac-
tors for recurrence after CA [10,11]. Moreover, biomark-
ers such as B-type natriuretic peptides and high-sensitivity
C-reactive proteins are also associated with AF recurrence
[12]. Notably, with advances in imaging technology, non-
invasive imaging with high temporal and spatial resolution
plays an increasingly important role and has a wide range
of applications in assessing postoperative recurrence in pa-
tients with AF who undergo CA [13–15]. Accordingly, we
herein review the current status of echocardiography, com-
puted tomography (CT), and magnetic resonance imaging
(MRI) in the non-invasive assessment of AF recurrence af-
ter CA. Finally, the progress of machine learning (ML) in
predicting AF recurrence after CA will also be reviewed.

2. Use of Echocardiography for the
Prediction of AF Recurrence after CA

Echocardiography is the preferred modality for eval-
uating left atrial (LA) structure and function because it is
more convenient, cost-effective, and safer than cardiac CT
and MRI [7]. Multiple studies have identified that a larger
LA diameter [16–19] and volume [7,15,20,21] measured
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via transthoracic echocardiography before CA are associ-
ated with a higher probability of AF recurrence. More-
over, the LA volume index, calculated by dividing LA vol-
ume by body surface area, including the maximum, mean,
minimum, and ∆volume index, was relevant to AF recur-
rence after CA [22–24]. Studies have reported a signifi-
cantly higher LA volume index in patients with AF relapse,
attributing to the association between AF recurrence and
poor LA structural remodeling [22–24]. A growing series
of studies also claim an independent relationship between
functional indices, such as left ventricular (LV) and LA
ejection fraction, and the ratio of mitral inflow velocity to
mitral annular tissue velocity (E/e’) and AF recurrence after
CA [16,19,25,26]. Of these patients, lower LV and LA ejec-
tion fractions and higher E/e’ signify higher AF recurrence,
probably because AF not only promotes the structural re-
modeling of LA but also leads to its functional alteration
[16,19,25,26]. As such, a low functional index, as assessed
using ultrasound, predicts a high rate of postoperative AF
recurrence.

Epicardial adipose tissue (EAT) has been recognized
as a specialized visceral adipose tissue with important bi-
ological activity and endocrine and inflammatory func-
tions [27,28]. Studies have reported that increased EAT
thickness measured using ultrasound is significantly asso-
ciated with AF recurrence after CA and that this associa-
tion is mainly related to pro-inflammatory cytokine release
in EAT [23,29,30]. Moreover, speckle tracking echocar-
diography (STE) is an advanced, non-invasive echocardio-
graphic technique independent of the angle of sound waves
and has great potential for clinical application [7]. Nielsen
et al. [31] found that LA strain during the reservoir and con-
traction phases, as assessed by two-dimensional (2D) STE,
is associated with an increased risk of recurrence in patients
with AF treated with CA. Koca et al. [23] and Ma et al.
[32] showed that decreased LA global longitudinal strain
values, measured by STE, helped identify patients at high
risk of AF recurrence after CA. A meta-analysis demon-
strated that lower LA peak atrial longitudinal strain values,
as measured by 2DSTE, were independent predictors of AF
recurrence after radiofrequency ablation [33].

Furthermore, peak right atrial (RA) and LA longitudi-
nal strains and their combined values were correlated with
AF recurrence after CA in patients with chronic lung dis-
ease [34]. Liżewska-Springer et al. [35] also found that
biatrial strain was the best predictor of AF recurrence after
radiofrequency CA. Thus, STE is a promising tool for iden-
tifying AF recurrence following CA in clinical practice. A
summary of studies using echocardiography to predict AF
recurrence after CA is shown in Table 1 (Ref. [15–26,29–
32,34]). Fig. 1 shows the cardiac echocardiography images.

Fig. 1. Cardiac echocardiography images of the left atrium.
(A) M-mode of left atrial echocardiography; (B) B-mode of left
atrial in long-axis view; (C) apical four-chamber view; (D) apical
two-chamber view. ESV, end-systolic volume; LV, left ventricu-
lar; BP, blood pressure.

3. Use of CT for the Prediction of AF
Recurrence after CA

Although LA diameter is a commonly used parameter
in AF research, it has been well demonstrated that LA vol-
ume measured by CT or MRI is superior in accuracy and
confidence of measurements and prognostic ability com-
pared to LA volume measured through other examination
methods [36]. Recent studies have suggested that not only
a larger LA diameter [37,38] but also greater LAwall thick-
ness [39], sphericity [14,40], box surface ratio [41], volume
[42,43], and volume index [44–47] and lower ejection frac-
tion [42,45,48] are indicative of late postoperative AF re-
currence. This may be due to the adverse remodeling of
LA, which leads to AF recurrence after CA. A growing
body of evidence also shows that pulmonary veins (PVs)’
morphology and orientation correlate with AF recurrence
[46,49,50]. Moreover, cardiac enhancement CT is a non-
invasive and useful method for assessing the anatomy of the
LA and PV and a more precise tool to estimate the left atrial
appendage (LAA) [37,38]. Previous studies have found that
a larger LAA area, volume, and lower ejection fraction, as
measured by CT preoperatively, marked poor surgical out-
comes and correlated with late AF reappearance in patients
undergoing CA [37,42,43,48,51,52]. More particularly, the
LAA contrast defect shown on cardiac enhancement CT im-
ages preoperatively was a non-invasive predictor of AF re-
currence [53,54]. This is probably because LAA CT con-
trast defects result from LAA function decline, which is
associated with a greater incidence of recurrence after CA
[53]. Therefore, CT examination before CA is expected to
be a valuable predictor of AF recurrence after CA. Fig. 2
illustrates the cardiac CT images.
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Table 1. Prediction of AF Recurrence after Catheter Ablation by Echocardiography.
Author (reference) Sample size Risk factors Follow-up time Predictive performance

Bossard et al. [15] 276 Large LA volume 12 months -
Zhao et al. [16] 485 LA diameter, LA ejection fraction, type of AF, and systemic inflammation score 25 ± 17 months C-statistic = 0.741, 0.750
Ding et al. [17] 263 Increased neutrophil-to-lymphocyte ratio, high-sensitivity C-reactive protein and LA diameter 12 months AUC = 0.684
Lee et al. [18] 263 Non-paroxysmal AF, larger LA diameter and female gender 3 years AUC = 0.747, 0.802 and 0.789
Kim et al. [19] 2352 Type of AF, duration of AF, diabetes, LA diameter ≥45 mm, the ratio of mitral inflow velocity to mitral

annular tissue velocity ≥10, dense spontaneous echocontrast, and decreased LAA flow velocity
5 years AUC = 0.717

Li et al. [20] 87 Age, history of hypertension, LA maximum volume and LAA area change percentage 6 months -
Lorenzo et al. [21] 53 Large LA volume 17 ± 2 months -
Motoc et al. [22] 172 LA volume index 11.7 ± 1.6 months AUC = 0.68
Koca et al. [23] 190 High LA volume index and EAT thickness, and low LA global longitudinal strain 12 ± 3 months AUC = 0.857, 0.814 and 0.969
Soga et al. [24] 156 ΔLA volume index 24 months AUC = 0.68
Shono et al. [25] 111 LV ejection fraction and baseline Δ LA expansion index 14.2 months -
Chen et al. [26] 67 The time interval between the onset of early transmitral flow peak velocity and that of early diastolic

mitral annular velocity increased
12 months -

Canpolat et al. [29] 234 Thick EAT thickness 20 (IQR: 13, 24) months AUC = 0.79
Dereli et al. [30] 262 Thick EAT thickness 6 months -
Nielsen et al. [31] 678 LA strain during reservoir and contraction phase 12 months -
Ma et al. [32] 115 LA global longitudinal strain 12 months AUC = 0.94, 0.86
Bai et al. [34] 87 Peak RA and LA longitudinal strain and their combined values 32 months C-index = 0.788, 0.759 and 0.793
AF, atrial fibrillation; LA, left atrial; AUC, area under the curve; IQR, inter quartile range; LAA, left atrial appendage; LV, left ventricle; EAT, epicardial adipose tissue; RA, right atrial.
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Fig. 2. Cardiac CT images. (A) axis position; (B) axis position;
(C) volume rendering; (D) volume rendering. CT, computed to-
mography.

Given that it shows EATmore clearly than other imag-
ing methods, CT is increasingly employed for EAT mea-
surements [28,55,56]. Except for EAT volume, its atten-
uation, a novel indicator that has emerged in recent years,
has been demonstrated to be an independent predictor of AF
recurrence after CA [56–58]. Huber et al. [28] found that
the EAT of the LA measured on cardiac enhancement CT
images was independently associated with AF recurrence
after CA. Recent meta-analyses have also reported that pa-
tients with AF recurrence after CA had larger EAT volumes
than those who did not experience recurrence [55]. Ciuffo
et al. [58] showed that the quality of peri-LA adipose tissue
measured using CT attenuation was associated with recur-
rence after initial CA in patients with paroxysmal or per-
sistent AF. Similarly, Beyer et al. [56] discovered that a
higher EAT volume and lower attenuation observed on CT
angiography before CA predicted AF recurrence after CA.
The detection of AF recurrence by EAT was probably at-
tributed to the sympathetic imbalance associated with AF
recurrence, while cholinergic activity promoted inflamma-
tion and lipid accumulation in the EAT secretome and epi-
cardial stromal microenvironment [59]. Few studies have
also observed that interatrial septum fat volume [60], peri-
cardial fat volume [61], and pericoronary adipose tissue at-
tenuation [62] are linked to an increased risk of AF recur-
rence, which warrants further clinical investigation. Stud-
ies that used CT to predict recurrence following CA in pa-
tients with AF are summarized in Table 2 (Ref. [14,28,37–
50,53,54,56,58,60–62]). Fig. 3 shows the measurement of
EAT on CT images.

4. Use of MRI for the Prediction of AF
Recurrence after CA

Cardiovascular MRI can assess both LA structure and
function in a single examination, thereby serving as an early

Fig. 3. Measurement of EAT on CT images. (A) unenhanced
CT image; (B) measurement of EAT (purple). CT, computed to-
mography; EAT, epicardial adipose tissue.

indicator of AF recurrence [63,64]. den Uijl et al. [64]
demonstrated that LA volume, as determined by preoper-
ative cardiovascular MRI, is a powerful predictor of AF re-
currence after CA. Further studies have shown that, in ad-
dition to LA volume, RA volume and biatrial volume quan-
tified by MRI can also predict AF recurrence after CA [65].
Alternatively, LA shape has been found to provide prog-
nostic information for CA treatment [14,66]. Bieging et
al. [66] revealed that LA shapes, such as rounder, shorter,
andmore laterally rotated appendages, were associatedwith
recurrence at postoperative follow-up of patients with AF
undergoing CA. In a real-world study, LA sphericity mea-
sured using preoperative cardiovascular CT orMRI was the
strongest predictor of AF ablation outcomes in patients with
AF [14]. In contrast, Varela et al. [67] showed that LA ver-
tical asymmetry is a new preoperative MRI index for dif-
ferentiating patients with AF recurrence from those with-
out. Moreover, an increasing number of studies have found
impaired LA function parameters obtained by cardiovascu-
lar MRI, including decreased booster pump [63], reservoir
strain [68], expansion index [68], emptying fraction [69],
and ejection fraction [70], to be independently related to
AF recurrence following CA therapy.

LA fibrosis was also evaluated on MRI late
gadolinium-enhanced images, which performed well
in predicting the risk of recurrence following CA in
patients with AF [13,70–72]. Nevertheless, a recent study
suggested no difference in LA and RA fibrosis between
patients with and without AF recurrence [73]. Caixal
et al. [74] further probed and found that the extent of
LA fibrosis, especially near the descending aorta, was
more predictive of the late recurrence of AF post-CA than
was LA. Previously, Suksaranjit et al. [75] also reported
that the higher the degree of structural remodeling of
LAA in patients with AF with gadolinium enhancement
quantification, the higher the risk of recurrence following
CA. These findings may provide novel therapeutic targets
in clinical settings. A controversial issue is whether LV
fibrosis determined by MRI extracellular volume fraction
measurements before CA is associated with AF recurrence
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Table 2. Prediction of AF Recurrence after Catheter Ablation by CT.
Author (reference) Sample size Risk factors Follow-up time Predictive performance

Bisbal et al. [14] 243 LA sphericity 12 months AUC = 0.687
Huber et al. [28] 212 LA enhancing EAT 12 months -
Du et al. [37] 108 LAA volume >9.99 mL 12 months AUC = 0.733
Kocyigit et al. [38] 359 LA diameter and cauliflower-type LAA morphology 37 months -
Nakatani et al. [39] 213 Thick and heterogeneous LA wall 12 months -
Moon et al. [40] 148 LA sphericity 12 months AUC = 0.772
Keçe et al. [41] 70 Small box lesion surface area as a ratio of total LA surface area 13 (IQR: 10, 17) months -
Tian et al. [42] 83 LAA ejection fraction and volume 19 (range 4–24) months AUC = 0.817, 0.82
Straube et al. [43] 1103 LA volume and LAA volume 19 months AUC = 0.63, 0.59
Strisciuglio et al. [44] 352 LA volume index 19 (IQR: 12, 24) months -
Oka et al. [45] 292 LA ejection fraction, and indexed maximum and minimum LA volume 3 years AUC = 0.666, 0.564, 0.611 (single procedure); 0.701,

0.616, 0.616 (multiple procedures)
Istratoaie et al. [46] 80 Large LA volume index and variant PV anatomy 14 (IQR: 12, 15) months AUC = 0.713
Maier et al. [47] 415 LA volume index, BMI and type of AF 53 (IQR: 34.5, 73) months AUC = 0.647
Kaufmann et al. [48] 50 Ejection fraction of LA and LAA 229 days AUC = 0.94, 0.96
Mamchur et al. [49] 230 Large diameters and ovality of the left superior PV 14 (IQR: 12, 24) months -

Li et al. [50] 97 Major diameter and cross-sectional area of right inferior pulmonary vein 12 months
AUC = 0.665, 0.659
C-index = 0.766, 0.758

Nakamura et al. [53] 283 LAA CT contrast defect 858 days -
Kawaji et al. [54] 1019 Severe filling defect in LAA in contrast CT 4.4 ± 2.0 years -
Beyer et al. [56] 732 LA wall thickness, EAT volume and EAT attenuation 12 months AUC = 0.649
Ciuffo et al. [58] 143 LA fat attenuation 12 months -
Samanta et al. [60] 55 Interatrial septal fat volume, LA volume index, EAT volume and LA low-voltage area 11 ± 3 months -
Goldenberg et al. [61] 130 EAT volume and pericardial fat volume 19.5 ± 8.5 months -
Nogami et al. [62] 364 Pericoronary adipose tissue attenuation and EAT volume 26 (IQR: 19, 42) months AUC = 0.726
CT, computed tomography; AF, atrial fibrillation; LA, left atrial; BMI, body mass index; EAT, epicardial adipose tissue; AUC, area under the curve; IQR, inter quartile range; LAA, left atrial appendage; PV,
pulmonary vein.
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[76,77]. Gunasekaran et al. [76] discovered that LV ex-
tracellular volume fraction was irrelevant to AF recurrence
following CA, whereas Li et al. [77] found that LV extra-
cellular volume fraction predicted AF recurrence follow-
ing CA. Further investigations are warranted to determine
the importance of extracellular volume fraction in AF recur-
rence. Additionally, intra-atrial dyssynchrony during sinus
rhythm [78] and total relative gap length in the ablation line
[79] evaluated via MRI was also proven to be risk factors
for AF recurrence in patients following CA. Accordingly,
the preoperative MRI of patients with AF may be useful
for the early identification of CA recurrence. A summary
of studies that used MRI to predict recurrence after CA in
patients with AF is presented in Table 3 (Ref. [13,14,63–
70,72,74,75,77–79]). Fig. 4 demonstrates the cardiac MRI
images.

Fig. 4. Cardiac MRI images. (A) four-chamber cardiac images;
(B) four-chamber cardiac images; (C) cardiac short-axis images;
(D) T1 mapping. MRI, magnetic resonance imaging.

5. Use of ML for the Prediction of AF
Recurrence after CA

ML based on medical imaging is not limited by the
maximum limit of grayscale that the human eye can ob-
serve, thus observing lesion features that cannot be recog-
nized by the naked eye and providing more information for
disease assessment [80,81]. ML is widely used in the di-
agnosis, differential diagnosis, and prognosis evaluation of
various diseases and plays an increasingly important role
in assessing AF recurrence [82–84]. As mentioned above,
EAT is closely related to AF recurrence [27,28]. It has
been demonstrated that the assessment of EAT based on
CT radiomics is a more promising tool for predicting AF
recurrence than EAT volume and attenuation [85]. Yang
et al. [86] discovered that the radiomic signatures of EAT
based on CT image extraction were associated with recur-
rence within 1 year after CA in patients with AF and that
the area under the curve values of their constructed predic-

tionmodels were 0.808 and 0.793, respectively. In addition,
Ilyushenkova et al. [85] found that EAT-based normalized
gray-level nonuniformity strongly predicted late postoper-
ative CA in patients with lone AF compared to other risk
factors.

Furthermore, ML research has increasingly been ap-
plied to identify AF recurrence by LA and PVs in CT im-
ages [83,84]. Chen et al. [84] constructed a model to mea-
sure LA volume using a deep learning approach, which al-
lowed the prediction of AF recurrence 1 and 2 years after
CA. Atta-Fosu et al. [87] used CT angiography and ap-
plied ML algorithms to identify LA shape features, show-
ing that shape differences in the area around the LA and
PVs were associated with the late recurrence of AF. Fur-
thermore, Labarbera et al. [88] and Firouznia et al. [83]
reported that not only LA morphology but also alterations
in PVs could be novel imagingmarkers for patients with AF
recurrence after CA; therefore, they used ML to extract the
radiomic features of LA and PVs, respectively, and demon-
strated that they could be good predictors for AF recurrence.
It is worth noting that MRI-based ML will strengthen the
identification of LA fibrosis by late gadolinium-enhanced
MRI, thus improving the predictive ability for AF recur-
rence [89,90]. Moreover, deep learning-based LA-curved
M-mode speckle tracking also provides a novel method to
predict AF recurrence following CA [91]. Therefore, fol-
lowing extensive studies, ML in non-invasive imaging is
expected to be a superior imaging biomarker in the future,
improving the early detection and prevention of recurrence
in patients with AF undergoing imaging evaluation. The
findings of studies using ML to predict recurrence follow-
ing CA in patients with AF are summarized in Table 4 (Ref.
[83–89,91]).

6. Discussion
Preoperative imaging for the non-invasive prediction

of AF recurrence following CA has demonstrated encour-
aging results, as the value of imaging for the assessment
of structural and functional changes in the hearts of pa-
tients with AF is superior to that of clinical and laboratory
tests. Moreover, imaging can provide incremental value
in predicting recurrence following CA in patients with AF
through the evaluation of LA fibrosis and EAT. However,
there are some limitations to assessing the efficacy of CA in
patients with AF using imaging modalities. First, although
studies have found that larger LA diameter and volume and
lower ejection fraction are independent risk factors for AF
recurrence after CA, there is a lack of consensus on this
“greater and lesser” phenomenon owing to individual and
racial differences [16,21]. Furthermore, the anatomy of the
LA and PVs is complicated, rendering manual measure-
ment and profilingmore time-consuming [87]. There is also
often interobserver variability in the morphological assess-
ment of LA, LAA, and PVs, which would lead to different
predictive outcomes pertaining to recurrence following CA.
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Table 3. Prediction of AF Recurrence after Catheter Ablation by MRI.
Author (reference) Sample size Risk factors Follow-up time Predictive performance

Chelu et al. [13] 308 LA fibrosis 5 years -
Bisbal et al. [14] 243 LA sphericity 12 months AUC = 0.687
Gastl et al. [63] 52 Impaired LA booster pump function 12 months AUC = 0.73
den Uijl et al. [64] 83 Large LA volume 12 months AUC = 0.680
Kumagai et al. [65] 100 Large LA volume, RA volume and biatrial volume 8 months AUC = 0.73, 0.78 and 0.79
Bieging et al. [66] 254 More round LA shape with a shorter, more laterally rotated appendage 475 days C-statistic = 0.72
Varela et al. [67] 144 LA sphericity, LA vertical asymmetry 12, 24 months AUC = 0.68, 0.65 (12 months); 0.63, 0.63 (24 months)
Benjamin et al. [68] 80 Large minimum LA volume, and low LA reservoir strain and expansion index 12 months -
Habibi et al. [69] 51 Low LA emptying fraction 12 months -
Chubb et al. [70] 89 Low LA and LV ejection fraction, and LA fibrosis 24 months AUC = 0.646, 0.639 and 0.661 (150 days postprocedure)
Csécs et al. [72] 55 LA fibrosis 12 months AUC = 0.768
Caixal et al. [74] 108 LA fibrosis especially near the descending aorta 12 months AUC = 0.65
Suksaranjit et al. [75] 74 LAA structural remodeling 18 months -
Li et al. [77] 130 LV extracellular volume fraction expansion 13 (IQR: 12, 16) months -
Ciuffo et al. [78] 208 Intra-atrial dyssynchrony during sinus rhythm 20 ± 6 months C-statistics = 0.77
Linhart et al. [79] 94 Total relative gap length in the ablation line 15 ± 10 months -
MRI, magnetic resonance imaging; AF, atrial fibrillation; LA, left atrial; RA, right atrial; LV, Left ventricle; AUC, area under the curve; LAA, left atrial appendage; IQR, inter quartile range.

Table 4. Prediction of AF Recurrence after Catheter Ablation by ML.
Author (reference) Sample size Methods Risk factors Follow-up time Predictive performance

Firouznia et al. [83] 203 CT-ML Morphological and texture variation of the LA and PV - AUC = 0.70, 0.78

Chen et al. [84] 58 CT-deep convolutional neural networks LA volume and LA volumes normalized by the body surface
area

12 and 24 months AUC = 0.742, 0.736; 0.696,
0.684

Ilyushenkova et al. [85] 63 CT-rediomics EAT-gray level nonuniformity normalized 12 months AUC = 0.809

Yang et al. [86] 314 CT-ML LA-EAT radiomic signatures and volume 12 months AUC = 0.915, 0.808 (training);
0.853, 0.793 (validation)

Atta-Fosu et al. [87] 68 CT-ML Shape features of the LA and areas around the PV 12 months AUC = 0.67

Labarbera et al. [88] 150 CT-rediomics Greate right carina angle, reduced anterior-posterior atrial
diameter, greater atrial volume normalized to height, and

steeper right inferior pulmonary vein angle.

12 months AUC = 0.68

Shade et al. [89] 32 MRI-ML LA 366 (IQR: 365, 467) days AUC = 0.82

Hwang et al. [91] 606 Curved M-mode speckle-tracking
images-deep convolutional neural network

LA - AUC >0.8

ML, machine learning; CT, computed tomography; MRI, magnetic resonance imaging; AF, atrial fibrillation; LA, left atrial; PV, pulmonary vein; AUC, area under the curve; EAT, epicardial adipose tissue;
IQR, inter quartile range.7
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Second, while LA fibrosis estimated on MRI gadolinium-
enhanced images shows promising performance in predict-
ing the risk of recurrence after CA in patients with AF,
it should only be performed in patients for whom MRI
gadolinium-enhanced images of sufficient quality can be
acquired to quantify fibrosis. Furthermore, compared with
conventional LV-MRI gadolinium enhancement, LA-MRI
gadolinium enhancement requires high spatial resolution,
patient-specific scan parameters, and strict contrast dosing
[13]. Finally, evaluating EAT opens a novel window for the
non-invasive prediction of recurrence after CA in patients
with AF; however, themanual segmentation of EAT is time-
consuming and challenging. The normal range of reference
values for EAT in clinical settings remains unknown.

Future studies with larger sample sizes and more cen-
ters are needed to determine a range of reference values
for LA and EAT. Moreover, appropriate LA-MRI gadolin-
ium enhancement scan parameters should be established
through technical exploration. With the development of ar-
tificial intelligence, ML based on medical images can not
only discover imaging features that cannot be recognized
by the naked eye but also fully realize the automatic seg-
mentation of LA, PVs, and EAT quickly and effectively,
immensely improving the efficiency and accuracy of the
physician’s assessment, and therefore showing potential for
clinical application as a non-invasive method for the predic-
tion of AF recurrence followingCA.However, current stud-
ies on medical imaging-based ML for AF recurrence are
scarce and have small sample sizes; thus, further research
is warranted.

Furthermore, preoperative imaging for safety and effi-
cacy assessment of AF ablation is a direction worth explor-
ing but remains controversial. Di Cori et al. [92] showed
that preprocedural CT does not improve the safety and ef-
ficacy of AF ablation but rather significantly increases the
cumulative radiological exposure. Teres et al. [93] found
that personalized AF ablation with a customized ablation
index based on CT-measured LA wall thickness was feasi-
ble, effective, and safe. Marrouche et al. [94] demonstrated
that using MRI-guided fibrosis ablation for persistent AF
did not significantly reduce the recurrence rate.

7. Conclusions
In summary, echocardiography, CT, and MRI are

meaningful in predicting recurrence after CA in patients
with AF and can assist cardiologists in clinical decision-
making and improve the long-term prognosis of patients
with AF. Medical imaging-based ML may have the poten-
tial for clinical application, but large, multicenter, prospec-
tive studies are needed to confirm its value in assessing
AF recurrence. With ongoing progress in imaging technol-
ogy and artificial intelligence, imaging is expected to accu-
rately identify patient groups at a higher risk of recurrent AF
preoperatively, thus avoiding unnecessary risks associated
with non-invasive surgery.

Abbreviations
AF, atrial fibrillation; CA, catheter ablation; CT, com-

puted tomography; MRI,magnetic resonance imaging; ML,
machine learning; LA, left atrial; LV, left ventricular; E/e’,
the ratio ofmitral inflow velocity tomitral annular tissue ve-
locity; EAT, epicardial adipose tissue; STE, speckle track-
ing echocardiography; 2D, two-dimensional; RA, right
atrial; PVs, pulmonary veins; LAA, left atrial appendage.

Author Contributions
Data curation—MJ, HX, YZ, DL and JZ. Writing-

original draft—MJ, JZ, DL, YZ and HX. All authors have
read and agreed to the published version of the manuscript.
All authors have participated sufficiently in the work and
agreed to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
We would like to thank Editage (https://www.editage.

cn/) for English language editing.

Funding
This work was supported by the National Natural Sci-

ence Foundation of China [grant number 82071872].

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Lippi G, Sanchis-Gomar F, Cervellin G. Global epidemiology

of atrial fibrillation: An increasing epidemic and public health
challenge. International Journal of Stroke. 2021; 16: 217–221.

[2] Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ,
Blomström-Lundqvist C, et al. 2020 ESC Guidelines for the di-
agnosis and management of atrial fibrillation developed in col-
laboration with the European Association for Cardio-Thoracic
Surgery (EACTS): The Task Force for the diagnosis and man-
agement of atrial fibrillation of the European Society of Cardiol-
ogy (ESC) Developed with the special contribution of the Euro-
pean Heart Rhythm Association (EHRA) of the ESC. European
Heart Journal. 2021; 42: 373–498.

[3] Yi F, Hou W, Zhou C, Yin Y, Lu S, Duan C, et al. Radiofre-
quency Ablation Versus Antiarrhythmic Drug Therapy for Atrial
Fibrillation: Meta-analysis of Safety and Efficacy. Journal of
Cardiovascular Pharmacology. 2019; 73: 241–247.

[4] Mark DB, Anstrom KJ, Sheng S, Piccini JP, Baloch KN, Mon-
ahan KH, et al. Effect of Catheter Ablation vs Medical Ther-
apy on Quality of Life Among Patients With Atrial Fibrillation:
The CABANA Randomized Clinical Trial. JAMA. 2019; 321:
1275–1285.

[5] Theofilis P, Oikonomou E, Antonopoulos AS, Siasos G,
Tsioufis K, Tousoulis D. Percutaneous Treatment Approaches in
Atrial Fibrillation: Current Landscape and Future Perspectives.
Biomedicines. 2022; 10: 2268.

[6] Magnocavallo M, Parlavecchio A, Vetta G, Gianni C, Polselli
M, De Vuono F, et al. Catheter Ablation versus Medical Ther-
apy of Atrial Fibrillation in Patients with Heart Failure: An
Updated Systematic Review and Meta-Analysis of Randomized
Controlled Trials. Journal of Clinical Medicine. 2022; 11: 5530.

8

https://www.editage.cn/
https://www.editage.cn/
https://www.imrpress.com


[7] Ji M, He L, Gao L, Lin Y, XieM, Li Y. Assessment of Left Atrial
Structure and Function by Echocardiography in Atrial Fibrilla-
tion. Diagnostics (Basel, Switzerland). 2022; 12: 1898.

[8] Liu Z, Liu LF, Liu XQ, Liu J, Wang YX, Liu Y, et al. Ablation
index-guided ablation with milder targets for atrial fibrillation:
Comparison between high power and low power ablation. Fron-
tiers in Cardiovascular Medicine. 2022; 9: 949918.

[9] Doğduş M, Turan OE, Başkurt AA, Yılancıoğlu RY, Özgül U,
İnevi UD, et al. An Effective Novel Index for Predicting the Re-
currence of Atrial Fibrillation Ablation: P Wave Duration-to-
Amplitude Ratio. Turk Kardiyoloji Dernegi Arsivi. 2022; 50:
498–504.

[10] Wong GR, Nalliah CJ, Lee G, Voskoboinik A, Chieng D, Prabhu
S, et al. Sex-Related Differences in Atrial Remodeling in Pa-
tients With Atrial Fibrillation: Relationship to Ablation Out-
comes. Circulation: Arrhythmia and Electrophysiology. 2022;
15: e009925.

[11] Tsai TY, Lo LW, Cheng WH, Liu SH, Lin YJ, Chang SL, et
al. 10-Year Outcomes of Patients With Non-Paroxysmal Atrial
Fibrillation Undergoing Catheter Ablation. Circulation Journal.
2022; 87: 84–91.

[12] Boyalla V, Harling L, Snell A, Kralj-Hans I, Barradas-Pires
A, Haldar S, et al. Biomarkers as predictors of recurrence of
atrial fibrillation post ablation: an updated and expanded sys-
tematic review and meta-analysis. Clinical Research in Cardiol-
ogy. 2022; 111: 680–691.

[13] Chelu MG, King JB, Kholmovski EG, Ma J, Gal P, Marashly
Q, et al. Atrial Fibrosis by Late Gadolinium Enhancement Mag-
netic Resonance Imaging and Catheter Ablation of Atrial Fibril-
lation: 5-Year Follow-Up Data. Journal of the American Heart
Association. 2018; 7: e006313.

[14] Bisbal F, Alarcón F, Ferrero-de-Loma-Osorio A, González-
Ferrer JJ, Alonso C, Pachón M, et al. Left atrial geometry and
outcome of atrial fibrillation ablation: results from the multicen-
tre LAGO-AF study. European Heart Journal. Cardiovascular
Imaging. 2018; 19: 1002–1009.

[15] Bossard M, Knecht S, Aeschbacher S, Buechel RR, Hochgruber
T, Zimmermann AJ, et al. Conventional versus 3-D Echocar-
diography to Predict Arrhythmia Recurrence After Atrial Fib-
rillation Ablation. Journal of Cardiovascular Electrophysiology.
2017; 28: 651–658.

[16] Zhao Z, Zhang F, Ma R, Bo L, Zhang Z, Zhang C, et al. De-
velopment and Validation of a Risk Nomogram Model for Pre-
dicting Recurrence in Patients with Atrial Fibrillation After Ra-
diofrequencyCatheter Ablation. Clinical Interventions inAging.
2022; 17: 1405–1421.

[17] Ding B, Liu P, Zhang F, Hui J, He L. Predicting Values of
Neutrophil-to-Lymphocyte Ratio (NLR), High-Sensitivity C-
Reactive Protein (hs-CRP), and Left Atrial Diameter (LAD) in
Patients with Nonvalvular Atrial Fibrillation Recurrence After
Radiofrequency Ablation. Medical Science Monitor. 2022; 28:
e934569.

[18] Lee HL, Hwang YT, Chang PC, Wen MS, Chou CC. A three-
year longitudinal study of the relation between left atrial diam-
eter remodeling and atrial fibrillation ablation outcome. Journal
of Geriatric Cardiology. 2018; 15: 486–491.

[19] Kim YG, Choi JI, Boo KY, Kim DY, Oh SK, Park HS, et al.
Clinical and Echocardiographic Risk Factors Predict Late Re-
currence after Radiofrequency Catheter Ablation of Atrial Fib-
rillation. Scientific Reports. 2019; 9: 6890.

[20] Li Y, Han B, Li J, Ge F, Yang L. Value of echocardiography
in evaluating efficacy of radiofrequency catheter ablation in pa-
tients with atrial fibrillation. American Journal of Translational
Research. 2022; 14: 1778–1787.

[21] Lorenzo N, Mendez I, Taibo M, Martinis G, Badia S, Reyes G,
et al. Mid-Term Results of Surgical Treatment of Atrial Fibril-
lation in Valvular Heart Disease Assesed by Speckle Tracking
Echocardiography. Arquivos Brasileiros De Cardiologia. 2018;
110: 312–320.

[22] Motoc A, Scheirlynck E, Roosens B, Luchian ML, Chameleva
H, Gevers M, et al. Additional value of left atrium remodeling
assessed by three-dimensional echocardiography for the predic-
tion of atrial fibrillation recurrence after cryoballoon ablation.
The International Journal of Cardiovascular Imaging. 2021. (On-
line ahead of print)

[23] Koca H, Demirtas AO, Kaypaklı O, Icen YK, Sahin DY, Koca F,
et al. Decreased left atrial global longitudinal strain predicts the
risk of atrial fibrillation recurrence after cryoablation in parox-
ysmal atrial fibrillation. Journal of Interventional Cardiac Elec-
trophysiology. 2020; 58: 51–59.

[24] Soga F, Tanaka H, Mochizuki Y, Mukai J, Suto M, Takada
H, et al. Combined assessment of left atrial volume parame-
ters for predicting recurrence of atrial fibrillation following pul-
monary vein isolation in patients with paroxysmal atrial fibril-
lation. Echocardiography (Mount Kisco, N.Y.). 2019; 36: 862–
869.

[25] Shono A, Matsumoto K, Ishii N, Kusunose K, Suzuki M, Shi-
bata N, et al. Ability of Left Atrial Distensibility After Radiofre-
quency Catheter Ablation to Predict Recurrence of Atrial Fibril-
lation. The American Journal of Cardiology. 2022; 181: 59–65.

[26] Chen F, Sun Q, Li H, Qu S, Yu W, Jiang S, et al. Value of dual
Doppler echocardiography for prediction of atrial fibrillation re-
currence after radiofrequency catheter ablation. BMC Cardio-
vascular Disorders. 2019; 19: 257.

[27] Goudis CA, Vasileiadis IE, Liu T. Epicardial adipose tissue and
atrial fibrillation: pathophysiological mechanisms, clinical im-
plications, and potential therapies. Current Medical Research
and Opinion. 2018; 34: 1933–1943.

[28] Huber AT, Fankhauser S, Chollet L, Wittmer S, Lam A,
Baldinger S, et al. The Relationship between Enhancing Left
Atrial Adipose Tissue at CT and Recurrent Atrial Fibrillation.
Radiology. 2022; 305: 56–65.

[29] Canpolat U, Aytemir K, Yorgun H, Asil S, Dural M, Özer N.
The Impact of Echocardiographic Epicardial Fat Thickness on
Outcomes of Cryoballoon-Based Atrial Fibrillation Ablation.
Echocardiography (Mount Kisco, N.Y.). 2016; 33: 821–829.

[30] Dereli S, Bayramoğlu A, Yontar OC, Cerşit S, Gürsoy MO. Epi-
cardial fat thickness: A new predictor of successful electrical
cardioversion and atrial fibrillation recurrence. Echocardiogra-
phy (Mount Kisco, N.Y.). 2018; 35: 1926–1931.

[31] Nielsen AB, Skaarup KG, Djernæs K, Hauser R, San José Esté-
par R, Sørensen SK, et al. Left atrial contractile strain predicts
recurrence of atrial tachyarrhythmia after catheter ablation. In-
ternational Journal of Cardiology. 2022; 358: 51–57.

[32] Ma XX, Zhang YL, Hu B, Zhu MR, Jiang WJ, Wang M, et al.
The usefulness of global left atrial strain for predicting atrial fib-
rillation recurrence after catheter ablation in patients with persis-
tent and paroxysmal atrial fibrillation. Archives of Cardiovascu-
lar Diseases. 2017; 110: 447–455.

[33] Nielsen AB, Skaarup KG, Lassen MCH, Djernæs K, Hansen
ML, Svendsen JH, et al. Usefulness of left atrial speckle tracking
echocardiography in predicting recurrence of atrial fibrillation
after radiofrequency ablation: a systematic review and meta-
analysis. The International Journal of Cardiovascular Imaging.
2020; 36: 1293–1309.

[34] Bai Y, Zhao Y, Li J, Zhang Y, Bai R, Du X, et al. Association of
peak atrial longitudinal strain with atrial fibrillation recurrence
in patients with chronic lung diseases following radiofrequency
ablation. Internal Medicine Journal. 2018; 48: 851–859.

[35] Liżewska-Springer A, Dąbrowska-Kugacka A, Lewicka E,
Królak T, Drelich Ł, Zagożdżon P, et al. Biatrial strain as a new
predictive marker of successful pulmonary vein ablation in pa-
tients with atrial fibrillation and preserved left ventricular func-
tion. Kardiologia Polska. 2019; 77: 471–474.

[36] Sohns C, Sohns JM, Vollmann D, Lüthje L, Bergau L,
DorenkampM, et al. Left atrial volumetry from routine diagnos-
tic work up prior to pulmonary vein ablation is a good predictor

9

https://www.imrpress.com


of freedom from atrial fibrillation. European Heart Journal: Car-
diovascular Imaging. 2013; 14: 684–691.

[37] Du W, Dai M, Wang M, Gong Q, Ye TQ, Wang H, et al. Large
left atrial appendage predicts the ablation outcome in hyperten-
sive patients with atrial fibrillation. Journal of Electrocardiol-
ogy. 2020; 63: 139–144.

[38] Kocyigit D, Yalcin MU, Gurses KM, Turk G, Ardali S, Canpo-
lat U, et al. Impact of anatomical features of the left atrial ap-
pendage on outcomes after cryoablation for atrial fibrillation.
Journal of Cardiovascular Computed Tomography. 2019; 13:
105–112.

[39] Nakatani Y, Sakamoto T, Yamaguchi Y, Tsujino Y, Kataoka N,
Kinugawa K. Heterogeneity in the left atrial wall thickness con-
tributes to atrial fibrillation recurrence after catheter ablation.
Heart and Vessels. 2018; 33: 1549–1558.

[40] Moon J, Lee HJ, Yu J, Pak HN, Ha JW, LeeMH, et al. Prognostic
implication of left atrial sphericity in atrial fibrillation patients
undergoing radiofrequency catheter ablation. Pacing and Clini-
cal Electrophysiology. 2017; 40: 713–720.

[41] Keçe F, Scholte AJ, de RivaM,Naruse Y,WatanabeM, Alizadeh
Dehnavi R, et al. Impact of left atrial box surface ratio on the
recurrence after ablation for persistent atrial fibrillation. Pacing
and Clinical Electrophysiology. 2019; 42: 208–215.

[42] Tian X, Zhang XJ, Yuan YF, Li CY, Zhou LX, Gao BL. Morpho-
logical and functional parameters of left atrial appendage play a
greater role in atrial fibrillation relapse after radiofrequency ab-
lation. Scientific Reports. 2020; 10: 8072.

[43] Straube F, Pongratz J, Hartl S, Brueck B, Tesche C, Ebersberger
U, et al. Cardiac computed tomography angiography-derived
analysis of left atrial appendage morphology and left atrial di-
mensions for the prediction of atrial fibrillation recurrence after
pulmonary vein isolation. Clinical Cardiology. 2021; 44: 1636–
1645.

[44] Strisciuglio T, Di Gioia G, Chatzikyriakou S, Silva Garcia E,
Barbato E, Geelen P, et al. Left atrial volume computed by 3D
rotational angiography best predicts atrial fibrillation recurrence
after circumferential pulmonary vein isolation. The International
Journal of Cardiovascular Imaging. 2018; 34: 337–342.

[45] Oka T, Tanaka K, Ninomiya Y, Hirao Y, Tanaka N, Okada M, et
al. Impact of baseline left atrial function on long-term outcome
after catheter ablation for paroxysmal atrial fibrillation. Journal
of Cardiology. 2020; 75: 352–359.

[46] Istratoaie S, Roșu R, Cismaru G, Vesa ȘC, PuiuM, Zdrenghea D,
et al. The Impact of Pulmonary Vein Anatomy on the Outcomes
of Catheter Ablation for Atrial Fibrillation. Medicina (Kaunas,
Lithuania). 2019; 55: 727.

[47] Maier J, Blessberger H, Nahler A, Hrncic D, Fellner A, Reiter
C, et al. Cardiac Computed Tomography-Derived Left Atrial
Volume Index as a Predictor of Long-Term Success of Cryo-
Ablation in PatientsWithAtrial Fibrillation. TheAmerican Jour-
nal of Cardiology. 2021; 140: 69–77.

[48] Kaufmann R, Rezar R, Strohmer B, Wernly B, Lichtenauer M,
Hitzl W, et al. Left Atrial Ejection Fraction Assessed by Prior
Cardiac CT Predicts Recurrence of Atrial Fibrillation after Pul-
monary Vein Isolation. Journal of Clinical Medicine. 2021; 10:
752.

[49] Mamchur S, Chichkova T, Khomenko E, Kokov A. Pulmonary
Veins Morphometric Characteristics and Spatial Orientation In-
fluence on Its Cryoballoon Isolation Results. Diagnostics (Basel,
Switzerland). 2022; 12: 1322.

[50] Li B, Ma H, Guo H, Liu P, Wu Y, Fan L, et al. Pulmonary vein
parameters are similar or better predictors than left atrial diame-
ter for paroxysmal atrial fibrillation after cryoablation. Brazilian
Journal of Medical and Biological Research. 2019; 52: e8446.

[51] Simon J, El Mahdiui M, Smit JM, Száraz L, van Rosendael AR,
Herczeg S, et al. Left atrial appendage size is a marker of atrial
fibrillation recurrence after radiofrequency catheter ablation in

patients with persistent atrial fibrillation. Clinical Cardiology.
2022; 45: 273–281.

[52] Kim DY, Kim YG, Choi JI, Choi HY, Choi YY, Boo KY, et al.
A novel predictive model for late recurrence after catheter abla-
tion for atrial fibrillation using left appendage volume measured
by cardiac computed tomography. The International Journal of
Cardiovascular Imaging. 2021; 37: 2063–2070.

[53] Nakamura T, Kato S, Fukui K, Kodama S, Azuma M, Kagimoto
M, et al. Contrast defect of left atrial appendage on computed
tomography is associated with higher risk of recurrence after
catheter ablation in patients with paroxysmal atrial fibrillation.
Heart and Vessels. 2023; 38: 394–401.

[54] Kawaji T, Yamgami S, Shizuta S, Aizawa T, Kato M, Yoko-
matsu T, et al. Relation of a Filling Defect of Left Atrial Ap-
pendage by Contrast Computed Tomography Image With Sub-
sequent Clinical Events in Patients With Atrial Fibrillation Re-
ceiving Catheter Ablation Procedures. The American Journal of
Cardiology. 2022; 180: 29–36.

[55] Fan Q, Zhan Y, Zheng M, Ma F, Ji L, Zhang L, et al. The Predic-
tiveValue of Epicardial Fat TissueVolume in theOccurrence and
Development of Atrial Fibrillation: A Systematic Review and
Meta-Analysis. Cardiology Research and Practice. 2022; 2022:
2090309.

[56] Beyer C, Tokarska L, Stühlinger M, Feuchtner G, Hintringer F,
Honold S, et al. Structural Cardiac Remodeling in Atrial Fibril-
lation. JACC: Cardiovascular Imaging. 2021; 14: 2199–2208.

[57] YangM, BaoW, Xu Z, Qin L, Zhang N, Yan F, et al. Association
between epicardial adipose tissue and recurrence of atrial fibril-
lation after ablation: a propensity score-matched analysis. The
International Journal of Cardiovascular Imaging. 2022. (Online
ahead of print)

[58] Ciuffo L, NguyenH,MarquesMD, Aronis KN, Sivasambu B, de
Vasconcelos HD, et al. Periatrial Fat Quality Predicts Atrial Fib-
rillation Ablation Outcome. Circulation: Cardiovascular Imag-
ing. 2019; 12: e008764.

[59] Poggi AL, Gaborit B, Schindler TH, Liberale L, Montecucco
F, Carbone F. Epicardial fat and atrial fibrillation: the perils of
atrial failure. Europace. 2022; 24: 1201–1212.

[60] Samanta R, Houbois CP, Massin SZ, Seidman M,Wintersperger
BJ, Chauhan VS. Interatrial Septal Fat Contributes to Interatrial
Conduction Delay and Atrial Fibrillation Recurrence Following
Ablation. Circulation: Arrhythmia and Electrophysiology. 2021;
14: e010235.

[61] Goldenberg GR, Hamdan A, Barsheshet A, Neeland I, Kadmon
E, Yavin H, et al. Epicardial fat and the risk of atrial tachy-
arrhythmia recurrence post pulmonary vein isolation: a com-
puted tomography study. The International Journal of Cardio-
vascular Imaging. 2021; 37: 2785–2790.

[62] Nogami K, Sugiyama T, Kanaji Y, Hoshino M, Hara S, Yam-
aguchi M, et al. Association between pericoronary adipose tis-
sue attenuation and outcome after second-generation cryobal-
loon ablation for atrial fibrillation. The British Journal of Radi-
ology. 2021; 94: 20210361.

[63] Gastl M, Bejinariu A, Behm P, Lindert A, Kelm M, Maki-
moto H, et al. Role of CMR-derived atrial deformation analysis
in the prediction of atrial fibrillation recurrence rate after pul-
monary vein isolation. European Journal of Radiology. 2022;
155: 110452.

[64] den Uijl DW, Cabanelas N, Benito EM, Figueras R, Alarcón F,
Borràs R, et al. Impact of left atrial volume, sphericity, and fi-
brosis on the outcome of catheter ablation for atrial fibrillation.
Journal of Cardiovascular Electrophysiology. 2018; 29: 740–
746.

[65] Kumagai Y, Iwayama T, Arimoto T, Kutsuzawa D, Hashimoto
N, Tamura H, et al. Biatrial volume, estimated using mag-
netic resonance imaging, predicts atrial fibrillation recurrence
after ablation. Pacing and Clinical Electrophysiology. 2018; 41:
1635–1642.

10

https://www.imrpress.com


[66] Bieging ET, Morris A, Wilson BD, McGann CJ, Marrouche NF,
Cates J. Left atrial shape predicts recurrence after atrial fibrilla-
tion catheter ablation. Journal of Cardiovascular Electrophysiol-
ogy. 2018; 29: 966–972.

[67] Varela M, Bisbal F, Zacur E, Berruezo A, Aslanidi OV, Mont
L, et al. Novel Computational Analysis of Left Atrial Anatomy
Improves Prediction of Atrial Fibrillation Recurrence after Ab-
lation. Frontiers in Physiology. 2017; 8: 68.

[68] Benjamin MM, Moulki N, Waqar A, Ravipati H, Schoenecker
N, Wilber D, et al. Association of left atrial strain by cardiovas-
cular magnetic resonance with recurrence of atrial fibrillation
following catheter ablation. Journal of Cardiovascular Magnetic
Resonance. 2022; 24: 3.

[69] Habibi M, Lima JAC, Gucuk Ipek E, Spragg D, Ashikaga H,
Marine JE, et al. Short- and long-term associations of atrial fib-
rillation catheter ablation with left atrial structure and function:
A cardiac magnetic resonance study. Journal of Cardiovascular
Electrophysiology. 2021; 32: 316–324.

[70] ChubbH, KarimR,Mukherjee R,Williams SE,Whitaker J, Har-
rison J, et al. A comprehensive multi-index cardiac magnetic
resonance-guided assessment of atrial fibrillation substrate prior
to ablation: Prediction of long-term outcomes. Journal of Car-
diovascular Electrophysiology. 2019; 30: 1894–1903.

[71] Ghafouri K, Franke KB, Foo FS, Stiles MK. Clinical utility of
cardiac magnetic resonance imaging to assess the left atrium be-
fore catheter ablation for atrial fibrillation - A systematic review
and meta-analysis. International Journal of Cardiology. 2021;
339: 192–202.

[72] Csécs I, Yamaguchi T, Kheirkhahan M, Czimbalmos C, Fochler
F, Kholmovski EG, et al. Left atrial functional and structural
changes associated with ablation of atrial fibrillation - Cardiac
magnetic resonance study. International Journal of Cardiology.
2020; 305: 154–160.

[73] Hopman LHGA, Visch JE, Bhagirath P, van der Laan AM, Mul-
der MJ, Razeghi O, et al. Right atrial function and fibrosis in
relation to successful atrial fibrillation ablation. European Heart
Journal: Cardiovascular Imaging. 2023; 24: 336–345.

[74] Caixal G, Althoff T, Garre P, Alarcón F, NuñezGarcia M, Ben-
ito EM, et al. Proximity to the descending aorta predicts regional
fibrosis in the adjacent left atrial wall: aetiopathogenic and prog-
nostic implications. Europace. 2021; 23: 1559–1567.

[75] Suksaranjit P, Marrouche NF, Han FT, Morris A, Kaur G, Os-
wald T, et al. Relation of Left Atrial Appendage Remodeling
by Magnetic Resonance Imaging and Outcome of Ablation for
Atrial Fibrillation. The American Journal of Cardiology. 2018;
122: 83–88.

[76] Gunasekaran S, Lee DC, Knight BP, Collins JD, Fan L, Trivedi
A, et al. Left ventricular extracellular volume expansion does not
predict recurrence of atrial fibrillation following catheter abla-
tion. Pacing and Clinical Electrophysiology. 2020; 43: 159–166.

[77] Li S, Zhao L, Ma X, Bai R, Tian J, Selvanayagam JB. Left ven-
tricular fibrosis by extracellular volume fraction and the risk of
atrial fibrillation recurrence after catheter ablation. Cardiovas-
cular Diagnosis and Therapy. 2019; 9: 578–585.

[78] Ciuffo L, Tao S, Gucuk Ipek E, Zghaib T, BalouchM, Lima JAC,
et al. Intra-Atrial Dyssynchrony During Sinus Rhythm Predicts
Recurrence After the First Catheter Ablation for Atrial Fibrilla-
tion. JACC: Cardiovascular Imaging. 2019; 12: 310–319.

[79] Linhart M, Alarcon F, Borràs R, Benito EM, Chipa F, Cozzari J,
et al. Delayed Gadolinium Enhancement Magnetic Resonance
Imaging Detected Anatomic Gap Length in Wide Circumferen-
tial Pulmonary Vein Ablation Lesions Is AssociatedWith Recur-
rence of Atrial Fibrillation. Circulation: Arrhythmia and Elec-
trophysiology. 2018; 11: e006659.

[80] Scapicchio C, Gabelloni M, Barucci A, Cioni D, Saba L, Neri E.
A deep look into radiomics. La Radiologia Medica. 2021; 126:
1296–1311.

[81] Gillies RJ, Kinahan PE, Hricak H. Radiomics: Images AreMore
than Pictures, They Are Data. Radiology. 2016; 278: 563–577.

[82] Liu CM, Chang SL, Chen HH, Chen WS, Lin YJ, Lo LW, et al.
The Clinical Application of the Deep Learning Technique for
Predicting Trigger Origins in Patients With Paroxysmal Atrial
Fibrillation With Catheter Ablation. Circulation: Arrhythmia
and Electrophysiology. 2020; 13: e008518.

[83] Firouznia M, Feeny AK, LaBarbera MA, McHale M, Cant-
lay C, Kalfas N, et al. Machine Learning-Derived Fractal Fea-
tures of Shape and Texture of the Left Atrium and Pulmonary
Veins From Cardiac Computed Tomography Scans Are Asso-
ciated With Risk of Recurrence of Atrial Fibrillation Postabla-
tion. Circulation: Arrhythmia and Electrophysiology. 2021; 14:
e009265.

[84] Chen HH, Liu CM, Chang SL, Chang PYC, Chen WS, Pan
YM, et al. Automated extraction of left atrial volumes from two-
dimensional computer tomography images using a deep learning
technique. International Journal of Cardiology. 2020; 316: 272–
278.

[85] Ilyushenkova J, Sazonova S, Popov E, Zavadovsky K, Batalov
R, Archakov E, et al. Radiomic phenotype of epicardial adi-
pose tissue in the prognosis of atrial fibrillation recurrence after
catheter ablation in patients with lone atrial fibrillation. Journal
of Arrhythmia. 2022; 38: 682–693.

[86] YangM, Cao Q, Xu Z, Ge Y, Li S, Yan F, et al. Development and
Validation of a Machine Learning-Based Radiomics Model on
Cardiac Computed Tomography of Epicardial Adipose Tissue in
Predicting Characteristics and Recurrence of Atrial Fibrillation.
Frontiers in Cardiovascular Medicine. 2022; 9: 813085.

[87] Atta-Fosu T, LaBarbera M, Ghose S, Schoenhagen P, Saliba W,
Tchou PJ, et al. A newmachine learning approach for predicting
likelihood of recurrence following ablation for atrial fibrillation
from CT. BMC Medical Imaging. 2021; 21: 45.

[88] Labarbera MA, Atta-Fosu T, Feeny AK, Firouznia M, Mchale
M, Cantlay C, et al. New Radiomic Markers of Pulmonary
Vein Morphology Associated With Post-Ablation Recurrence of
Atrial Fibrillation. IEEE Journal of Translational Engineering in
Health and Medicine. 2021; 10: 1800209.

[89] Shade JK, Ali RL, Basile D, Popescu D, Akhtar T, Marine JE, et
al. Preprocedure Application of Machine Learning and Mecha-
nistic Simulations Predicts Likelihood of Paroxysmal Atrial Fib-
rillation Recurrence Following PulmonaryVein Isolation. Circu-
lation: Arrhythmia and Electrophysiology. 2020; 13: e008213.

[90] Muizniece L, Bertagnoli A, Qureshi A, Zeidan A, Roy A, Muf-
foletto M, et al. Reinforcement Learning to Improve Image-
Guidance of Ablation Therapy for Atrial Fibrillation. Frontiers
in Physiology. 2021; 12: 733139.

[91] Hwang YT, Lee HL, Lu CH, Chang PC, Wo HT, Liu HT, et al.
A Novel Approach for Predicting Atrial Fibrillation Recurrence
After Ablation Using Deep Convolutional Neural Networks by
Assessing Left Atrial Curved M-Mode Speckle-Tracking Im-
ages. Frontiers in Cardiovascular Medicine. 2021; 7: 605642.

[92] Di Cori A, Zucchelli G, Faggioni L, Segreti L, De Lucia R, Bar-
letta V, et al. Role of pre-procedural CT imaging on catheter
ablation in patients with atrial fibrillation: procedural outcomes
and radiological exposure. Journal of Interventional Cardiac
Electrophysiology: an International Journal of Arrhythmias and
Pacing. 2021; 60: 477–484.

[93] Teres C, Soto-Iglesias D, Penela D, Jáuregui B, Ordoñez A,
Chauca A, et al. Personalized paroxysmal atrial fibrillation ab-
lation by tailoring ablation index to the left atrial wall thick-
ness: the ‘Ablate by-LAW’ single-centre study-a pilot study.
Europace. 2022; 24: 390–399.

[94] Marrouche NF, Wazni O, McGann C, Greene T, Dean JM,
Dagher L, et al. Effect ofMRI-Guided Fibrosis Ablation vs Con-
ventional Catheter Ablation on Atrial Arrhythmia Recurrence
in Patients With Persistent Atrial Fibrillation: The DECAAF II
Randomized Clinical Trial. JAMA. 2022; 327: 2296–2305.

11

https://www.imrpress.com

	1. Introduction
	2. Use of Echocardiography for the Prediction of AF Recurrence after CA
	3. Use of CT for the Prediction of AF Recurrence after CA
	4. Use of MRI for the Prediction of AF Recurrence after CA
	5. Use of ML for the Prediction of AF Recurrence after CA
	6. Discussion
	7. Conclusions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

