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Abstract: The identification of patients prone to atrial fibrillation (AF) relapse after catheter ablation
is essential for better patient selection and risk stratification. The current prospective cohort study
aims to validate a novel P-wave index based on beat-to-beat (B2B) P-wave morphological and wavelet
analysis designed to detect patients with low burden AF as a predictor of AF recurrence within a year
after successful catheter ablation. From a total of 138 consecutive patients scheduled for AF ablation,
12-lead ECG and 10 min vectorcardiogram (VCG) recordings were obtained. Univariate analysis
revealed that patients with higher B2B P-wave index had a two-fold risk for AF recurrence (HR: 2.35,
95% CI: 1.24–4.44, p: 0.010), along with prolonged P-wave, interatrial block, early AF recurrence,
female gender, heart failure history, previous stroke, and CHA2DS2-VASc score. Multivariate analysis
of assessable predictors before ablation revealed that B2B P-wave index, along with heart failure
history and a history of previous stroke or transient ischemic attack, are independent predicting
factors of atrial fibrillation recurrence. Further studies are needed to assess the predictive value of the
B2B index with greater accuracy and evaluate a possible relationship with atrial substrate analysis.

Keywords: atrial fibrillation; P-wave analysis; signal processing; atrial fibrillation ablation; recurrence
prediction; P-wave indices; atrial fibrillation score

1. Introduction

Atrial fibrillation (AF) is a global health issue affecting more than 8.5% of elderly health
care system beneficiaries, and its prevalence is expected to double over the forthcoming
decades [1]. Apart from stroke, AF-related outcomes include heart failure deterioration,
impaired quality of life, higher hospitalization rate, even a 1.5–3.5 increased risk of all-
cause mortality [2]. The integrated ABC pathway (anticoagulation, better symptom control,
and cardiovascular risk factors) proposes antiarrhythmic drugs and catheter ablation as
the main options for optimal rhythm control. Although ablation is recommended, in
general, as second-line therapy after failure or intolerance of antiarrhythmic drugs [2],
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emerging evidence brings out its superiority even as a first-line treatment [3,4]. However,
AF recurrence is not an unusual event, and in many cases, repeated procedures are required
for sinus rhythm maintenance [5]. A more focused patient selection may, thus, be desirable
to avoid futile interventions and prevent possible complications.

Multiple AF risk factors including comorbidities, AF duration, and left atrial enlarge-
ment, all of which are considered to predispose to a higher recurrence rate and predict
ablation early- and long-term outcomes. Several risk-prediction scores, based on such clini-
cal variables, have been developed to estimate arrhythmia-free survival [6–16]. Moreover,
many electrocardiographic (ECG) parameters, such as P-wave duration, have been studied
as AF recurrence predictors [17].

Recently, we proposed an ECG classifier, based on beat-to-beat (B2B) P-wave morpho-
logical and wavelet analysis, outperforming other standard P-wave indices in identifying
patients with paroxysmal AF history while in sinus rhythm [18]. The scope of the current
study is to evaluate this novel P-wave index as an AF recurrence predictor after successful
catheter ablation.

2. Materials and Methods

The current study was conducted by the 3rd Cardiology Department (Aristotle Uni-
versity of Thessaloniki), and a total number of 138 patients from two centers (102 patients
from St Luke Hospital, Thessaloniki, and 36 from 1st Cardiology Department, Evaggelis-
mos Hospital, Athens) were enrolled. All patients underwent catheter ablation (80 radio
frequency (RF) ablation and 58 cryoballoon ablation) for ECG-documented symptomatic
AF, according to current guidelines [2]. A complete medical history was obtained from all
study participants, and they underwent thorough clinical examination, including ECG and
echocardiographic study. Patients who had moderate–severe valvular disease, thrombus in
left atrium, uncontrolled thyroid dysfunction, preprocedural significant coronary artery
stenosis, contraindication of anticoagulation, and pregnancy were excluded from the study.

Standard 12-lead ECGs were obtained from all participants while on sinus rhythm;
otherwise, electrical cardioversion was performed. The ECGs were scanned, stored as
digital image files, magnified sufficiently, and analyzed manually with digital image
processing software (imagej.nih.gov/ij, accessed on 22 December 2021). Additionally, three-
orthogonal axis system (X-frontal, Y-vertical, and Z-sagittal axis) vectorcardiographic (VCG)
signals of 10 min duration were also recorded at the same time, with study individuals
resting in the supine position, using a high sampling rate (1000 Hz) Galix GBI-3S Holter
monitor. Transthoracic echocardiography was performed and left ventricular function and
left atrial dimensions were also measured before the ablation procedure.

Ablation was performed under conscious sedation with midazolam or deep sedation
with midazolam, fentanyl, and/or propofol. Right and left femoral vein punctures were
performed using the Seldinger technique, while transeptal puncture was performed under
fluoroscopy and transesophageal echocardiography (TEE) guidance. Intravenous unfrac-
tionated heparin was administered after a transeptal puncture to maintain an activated
clotting time (ACT) of 300–350 s. The procedural endpoint was electrical isolation of all
pulmonary veins from the left atrium, defined as a bidirectional conduction block verified
with a multipolar circular mapping catheter. Additional linear lesions or substrate modifica-
tions, such as cavotricuspid isthmus bidirectional block, superior vena cava isolation, linear
ablation of left atrial roof or mitral isthmus, and complex fractionated atrial electrograms
were performed at the discretion of the operator. All patients were observed for a further
30 min period in order to re-confirm pulmonary veins isolation and, afterwards, were
transferred to the intensive care unit for close hemodynamic and ECG monitoring.

Oral anticoagulants were administered to all patients for 3 months following ablation.
After this blanking period, oral anticoagulation was continued only in patients with a
CHA2DS2-VASc score of ≥2. Antiarrhythmic drugs continuation after the procedure was
at the discretion of the treating physician.

imagej.nih.gov/ij
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Follow-up visits were scheduled for all patients at 3, 6, and 12 months after ablation,
consisting of physical examination, 12-lead ECG, 10 min orthogonal VCG, and echocar-
diographic study. All participants were instructed to check their pulse twice a day using
an electronic sphygmomanometer or a pulse oximeter irrespective of their symptomatic
status [19,20]. In patients with an irregularly irregular rhythm, or in those who experi-
enced symptoms suggestive of AF, additional workup was conducted, using repeated
12-lead ECGs or 24–48 h Holter-monitoring. AF relapse was defined as any documented
AF episode lasting >30 s after a 3 month “blanking period”.

All participants were informed about the scope of the study and gave written informed
consent. The study complied with the Declaration of Helsinki and was approved by the
Special Purpose General Assembly of the Aristotle University School of Medicine (8/9-
2-2016, approved on 9 September 2016). ClinicalTrials.gov Identifier: NCT02614521. The
reporting of this study conforms with STROBE guidelines [21] (Table S1).

2.1. Measurements
2.1.1. Standard P-Wave Indices

Various 12-lead ECG P-wave indices have been correlated to AF progression and/or
ablation outcomes. Thus, P-wave duration, dispersion, peak time, axis, area, voltage in lead
I, terminal force in lead V1 (PTFV1), and PR duration were measured by three observers,
and mean values were calculated. P-wave dispersion was defined as the difference between
the longest and the shortest P-wave duration measured in any of the standard ECG leads,
and a value >40 ms has been reported as AF relapse predictor [22]. P-wave peak time is
equal to the duration between the beginning and peak of the P-wave measured in leads
II or V1 and a cut-off value of 49.5 ms has been proposed to distinguish patients with
PAF from healthy controls [23]. A frontal plane P-wave axis of less than 0◦ or more than
75◦ was considered abnormal [24], while P-wave area (mV × ms) was measured in leads
I and II as the sum of the absolute areas underneath the positive and negative P-wave
deflections and it has been reported to decrease from 4.64 ± 1.40 to 3.65 ± 1.61 mV × ms
after circumferential pulmonary vein isolation [24,25]. Low P-wave amplitude (<0.1 mV)
in lead I has been associated with AF recurrence after catheter ablation [26], while PTFV1, a
good predictor of AF occurrence in populations with or without cardiovascular diseases,
considered either a continuous or categorical (>4 mV × ms) variable, was calculated as
the amplitude–duration product of the terminal negative component of the P-wave in lead
V1 [27].

The 12-lead ECG was also used to assess Interatrial Block (IAB) Type [28]. Partial-
IAB (p-IAB) was defined as a P-wave ≥ 120 ms without a negative deflection in the
inferior leads (II, III, aVF), and advanced IAB (a-IAB) as a P-wave ≥ 120 ms, along with
biphasic morphology in inferior leads. Moreover, the composite MVP score (morphology–
voltage–P-wave duration) was calculated, assigning up to two points to each of the three
components [29].

Finally, orthogonal P-wave morphology was accessed according to P-wave posi-
tive/negative deflection, or biphasicity, in leads X, Y, and Z. Three predefined types (or-
thogonal type 1, 2, or 3) indicative of the interatrial conduction route were considered [30].
In type 1, P-wave is positive in leads X and Y and it is negative in lead Z; in type 2, it is
positive in leads X and Y and biphasic in lead Z; while in type 3, it is positive in lead X and
biphasic in lead Y.

2.1.2. P-Wave Beat-to-Beat Analysis

Orthogonal VCGs were further studied to accomplish B2B analysis. Signal processing
was performed using MATLAB R2020b, The MathWorks, Inc., Natick, MA, USA. Following
an automated signal pre-processing procedure, consisting of denoising and QRS complex
detection, artifacts and ectopic beats were removed in a semi-automated manner. According
to a methodology previously described [31], where the existence of main and secondary P-
wave morphologies was proposed, a clustering technique was used to classify P-waves into
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distinct groups of main, secondary, or other less frequent morphologies. The percentage
of P-waves matching the main morphology in each lead was calculated, while P-waves
allocated to main morphology were further analyzed in a B2B manner. An integrated
approach to P-wave analysis was followed according to a previous study [18], where B2B
index, a logistic regression classifier based on three parameters (coefficient of variation of
P-wave peak to Q-wave distance, percentage of P-waves following main morphology on
X-axis, and mean value of maximum wavelet energy in high-frequency band, 160–200 Hz,
Y-axis) was developed and a B2B index value > 0.5 was used to successfully identify
patients with newly diagnosed (less than a month) paroxysmal AF. All VCGs were analyzed
accordingly and B2B index was calculated for every participant.

2.1.3. Echocardiographic Study

Transthoracic echocardiography was performed before ablation and during follow-
up visits. Left ventricular ejection fraction, left atrial diameter on parasternal long-axis
view, left atrial area on apical four-chamber view, and left atrial volume using the area-
length approximation were calculated according to standard recommendations for cardiac
chamber quantification [32].

2.1.4. Clinical Scores

Ten clinical scores predictive of AF relapse following ablation were assessed (Table 1).

Table 1. Clinical scores used to predict AF recurrence after successful AF ablation.

Score Study Year Parameters Range

BASE-AF2 Canpolat et al. 2013

AF duration, AF type,
BMI, ERAF, LA

diameter, current
smoking

0–6

ALARMEc Wójcik et al. 2013

AF type, eGFR, LA area,
metabolic s,

hypertrophic/dilated
cardiomyopathy

0–5

CHA2DS2-VASc Letsas et al. 2014
CHF, HTN, Age, DM,

stroke/TIA/thromboembolism,
vascular disease, gender

0–9

APPLE Kornej et al. 2015 age, AF type, eGFR, LA
diameter, LVEF 0–5

DR-FLASH Kosiuk et al. 2015 age, AF type, eGFR, LA
diam, gender, HTN, DM 0–7

CAAP-AF Winkle et al. 2016

age, AF type, LA
diameter, gender, CAD,

number of
antiarrhythmics failed

0–13

MB-LATER Mujovic et al. 2017 AF type, LA diameter,
gender, BBB, ERAF 0–6

ATLAS Mesquita et al. 2017 age, AF type, LAVI,
gender, current smoking

low risk < 6,
high risk > 10

SUCCESS Jud et al. 2019
age, AF type, eGFR, LA

diameter, LVEF,
previous ablations

APPLE score
plus 1 point for
each previous

ablation
0-1-2 PL Jastrzębski et al. 2021 AF type, LA diameter 0–2

Abbreviations: BMI, body mass index; ERAF, early recurrence of AF; LA, left atrium; CHF, congestive heart failure;
HTN, hypertension; DM, diabetes mellitus; TIA, transient ischemic attack; eGFR, estimated glomerular filtration
rate; LVEF, left ventricle ejection fraction; CAD, coronary artery disease; BBB, bundle branch block; LAVI, left
atrial volume index.
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In general terms, 1–2 points are assigned for every parameter. Among 21 different
variables used, the most common ones are AF type and left atrial dimensions, found in
9 out of 10 scores. Two scores, BASE-AF2 and MB-LATER, are calculated using early
AF recurrence (ERAF) as one of the predicting variables, so they can be assessed only
post-ablation and were excluded from further studying.

2.2. Statistical Analysis

Continuous variables were expressed as mean ± 1 standard deviation and categorical
variables were reported as percentages. Continuous variables with normal or asymmetrical
distributions were compared using unpaired Student’s t-test or Mann–Whitney U test,
respectively. Categorical variables were compared using Chi-square test or Fischer’s exact
test, as appropriate. The association of the reported variables with AF occurrence during
follow-up was analyzed using univariate Cox’s proportional hazards regression model.
Kaplan–Meier analysis and log-rank test were performed to estimate and compare the
difference of time-dependent outcomes [33]. Multivariate Cox regression analysis with
backward variable selection was employed to identify independent predictors of freedom
from AF after ablation.

Statistical analysis was performed using MATLAB (R2020b) computer software, and
an alpha level <0.05 was accepted as statistically significant.

3. Results

Baseline characteristics of patients enrolled in the study can be found in Table 2.

Table 2. Baseline patient characteristics.

Variable

Age 58.7 ± 9.1
Male sex (%) 104 (75.4)

Hypertension (%) 64 (46.4)
Diabetes (%) 12 (8.7)

Dyslipidemia (%) 42 (30.4)
Stroke/TIA 8 (5.8)

Coronary Artery Disease 10 (7.2)
Heart Failure 4 (2.9)

Chronic obstructive pulmonary disease 5 (3.6)
Paroxysmal AF 121 (87.7)
Persistent AF 13 (9.4)

Long-standing persistent AF 4 (2.9)
Body mass index (kg/m2) 29.0 ± 4.4

Continuous variables are reported mean ± SD. Categorical variables are reported as n (%). Abbreviations: TIA,
transient ischemic attack.

During the 12 month follow-up period (13.2 ± 4.1 months), AF relapse was docu-
mented in 38 patients (27.5%), with a mean time of 4.3 ± 2.7 months between ablation and
recurrence. Female sex, heart failure, history of previous stroke or transient ischemic attack
(TIA), and ERAF within the first 3 months following the ablation procedure were found
with significant prognostic value, as is shown in Table 3.

ECG parameters were calculated, and univariate analysis also revealed that a B2B
index above the median value of 0.606 has a high predictive value for recurrent AF episodes
(Figure 1). In fact, the computed hazard ratio for patients with a higher B2B index is also
significant just six months after intervention (HR: 2.49, 95% CI: 1.22–5.09, p: 0.016).

Furthermore, the P-wave duration measured in lead II, and advanced interatrial
block, were also indicative of high AF recurrence risk (Table 4). Although the p-value for
orthogonal type 3 was <0.05, in this case, the hazard ratio bound was considerably wide
(0.44–23.10), suggestive of a non-significant predictive value for this variable.
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Table 3. Clinical parameters comparison.

Parameter Free from AF Recurrence
(n = 100)

AF Recurrence
(n = 38)

Univariate Analysis
HR (95% CI) p Value

Age (years) 58.0 ± 9.5 60.6 ± 7.5 1.22 (0.64–2.31) 0.539
Female sex 20 (20.0%) 14 (36.8%) 2.26 (1.05–4.89) 0.038

Heart failure 1 (1.0%) 3 (7.9%) 3.41 (1.05–11.1) 0.028
CAD 7 (7.0%) 3 (7.9%) 1.00 (0.31–3.25) 0.999
HTN 45 (45.0%) 19 (50.0%) 1.34 (0.71–2.55) 0.355

Stroke/TIA 3 (3.0%) 5 (13.2%) 3.34 (1.30–8.62) 0.007
Diabetes mellitus 8 (8.0%) 4 (10.5%) 1.17 (0.39–3.53) 0.736

Dyslipidemia 30 (30.0%) 12 (31.6%) 1.18 (0.58–2.4) 0.626
Metabolic s. 13 (13.0%) 6 (15.8%) 1.24 (0.48–3.18) 0.620

BMI 28.7 ± 4.1 29.5 ± 5.1 0.85 (0.45–1.63) 0.623
BMI > 30 kg/m2 36 (36.0%) 17 (44.7%) 1.31 (0.68–2.53) 0.395

COPD 4 (4.0%) 1 (2.6%) 0.68 (0.13–3.59) 0.700
Smoking (current) 22 (22.0%) 9 (23.7%) 1.03 (0.49–2.19) 0.932

AF duration (months) 71.1 ± 71.0 78.7 ± 70.3 1.8 (0.95–3.41) 0.066
AF type (paroxysmal) 89 (89.0%) 32 (84.2%) 0.68 (0.25–1.86) 0.375

Ablation type (RF) 60 (60.0%) 20 (52.6%) 0.64 (0.33–1.24) 0.155
ERAF 8 (8.0%) 19 (50%) 7.41 (3.88–14.09) <0.001

History of previous ablation 8 (8.0%) 1 (2.6%) 0.33 (0.10–1.09) 0.240
Bundle branch block 8 (8.0%) 4 (10.5%) 1.14 (0.38–3.39) 0.801

Antiarrhythmic drugs failure 79 (79.0%) 25 (65.8%) 0.61 (0.29–1.29) 0.140
LV Ejection fraction (%) 59.5 ± 4.3 58.2 ± 5.1 0.54 (0.28–1.04) 0.063

LA diameter (mm) 41.2 ± 5.6 41.0 ± 4.1 0.94 (0.49–1.79) 0.845
LA area (cm2) 22.7± 3.7 21.8 ± 3.7 0.79 (0.41–1.5) 0.456

LA volume (ml) 72.1 ± 17.5 67.0 ± 13.5 0.69 (0.36–1.33) 0.257
LA Volume Index (ml/m2) 35.0 ± 8.3 32.8 ± 8.9 1.09 (0.57–2.08) 0.786

Continuous variables are reported as mean ± SD. Categorical variables are reported as n (%). Abbreviations:
CAD, coronary artery disease; HTN, hypertension; TIA, transient ischemic attack; BMI, body mass index; COPD,
chronic obstructive pulmonary disease; RF, radio frequency ablation; ERAF, early AF recurrence during 3 month
blanking period; LV, left ventricle; LA, left atrium.
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Table 4. ECG parameters comparison.

Parameter
Free from AF
Recurrence

(n = 100)

AF Recurrence
(n = 38)

Univariate
Analysis HR

(95% CI)
p Value

B2B index 0.59 ± 0.11 0.65 ± 0.13 2.35 (1.24–4.44) 0.010
P-wave duration, X-axis 133.6 ± 17.5 134.4 ± 25.6 0.97 (0.51–1.84) 0.925
P-wave duration, Y-axis 146.4 ± 18.4 146.8 ± 19.5 1.19 (0.63–2.25) 0.588
P-wave duration, Z-axis 138.4 ± 20.2 140.4 ± 17.2 1.6 (0.85–3.02) 0.147
P-wave duration, lead II 122.3 ± 12.2 124.1 ± 10.4 1.93 (1.04–3.59) 0.040

PR duration, lead II 196.3 ± 30.8 196.4 ± 24.8 1.12 (0.59–2.12) 0.721
P-wave peak time, lead II 67.6 ± 13.2 65.2 ±17.0 0.78 (0.42–1.48) 0.449

P-wave dispersion 24.0 ± 13.4 28.4 ± 14.2 1.31 (0.69–2.48) 0.400
P-wave area, lead I 5.0 ± 2.2 4.1 ± 2.4 0.56 (0.3–1.06) 0.075
P-wave area, lead II 7.4 ± 3.3 7.1 ± 2.9 0.76 (0.4–1.43) 0.383

P-wave voltage lead I 83.0 ± 37.2 65.4 ± 38.0 0.69 (0.36–1.3) 0.247
P-wave axis 51.0 ± 14.3 57.6 ± 17.1 1.67 (0.89–3.16) 0.116

PTFV1 2.5 ± 2.3 2.0 ± 1.7 0.82 (0.44–1.56) 0.541
Orthogonal Type 0.156

Type 1 10 (10.0%) 3 (7.9%) 0.74 (0.26–2.08) 0.604
Type 2 81 (81.0%) 27 (71.1%) 0.71 (0.33–1.52) 0.324
Type 3 2 (2.0%) 3 (7.9%) 3.17 (0.44–23.10) 0.039

Interatrial Block 0.097
No IAB 49 (49.0%) 13 (34.2%) 0.59 (0.30–1.16) 0.128

Partial IAB 41 (41.0%) 17 (44.7%) 1.07 (0.56–2.02) 0.841
Advanced IAB 10 (10.0%) 8 (21.1) 2.38 (1.08–5.24) 0.031

MVP score 3.3 ± 1.0 3.5 ± 1.0 1.54 (0.81–2.94) 0.203
Continuous variables are reported as mean ± SD. Categorical variables are reported as n (%). Duration is measured
in ms, areas, and PTFV1 in ms × mV, voltage in mV × 10−3), axis in degrees. Abbreviations: B2B, beat-to-beat;
PTFV1, P-wave terminal force in V1, IAB interatrial block.

Among the studied clinical scores, only CHA2DS2-VASc ≥ 2 was found with signifi-
cant prognostic value, while a marginal Hazard Ratio 95% Confidence Interval was noted
for an ATLAS score ≥ 5 (Table 5).

Table 5. Clinical scores comparison.

Score
Free from AF
Recurrence

(n = 100)

AF Recurrence
(n = 38)

Univariate
Analysis HR

(95% CI)
p Value

CHA2DS2-VASc ≥ 2 35 (35%) 22 (57.9%) 2.24 (1.16–4.32) 0.010
ALARMEc ≥ 1 52 (52%) 19 (50%) 1.01 (0.53–1.93) 0.971

APPLE ≥ 1 58 (58%) 23 (60.5%) 1.15 (0.60–2.21) 0.674
DR-FLASH ≥ 2 44 (44%) 19 (50%) 1.38 (0.721–2.65) 0.314
CAAP-AF ≥ 4 43 (43%) 18 (47.4%) 1.25 (0.66–2.41) 0.481

ATLAS ≥ 5 49 (49%) 25 (65.8%) 1.92 (1.01–3.66) 0.054
SUCCESS ≥ 1 63 (63%) 23 (60.5%) 0.97 (0.50–1.89) 0.924
0-1-2 PL ≥ 1 33 (33%) 9 (23.7%) 0.76 (0.37–1.53) 0.453

Categorical variables are reported as n (%). Abbreviations: CHA2DS2-VASc, Congestive heart failure, Hyperten-
sion, Age, Diabetes, Stroke, Vascular disease, Age, Sex; ALARMEc, AF type, LA size, Renal function, MEtabolic
syndrome, Cardiomyopathy; APPLE, Age, Persistent AF, imPaired eGFR, LA diameter, Ejection fraction; DR-
FLASH: Diabetes, Renal dysfunction, persistent Form of AF, LA diameter, Age, female Sex, Hypertension;
CAAP-AF, Coronary artery disease, Atrial diameter, Age, Persistent AF, Anti-arrhythmic drugs failed, Female
gender; ATLAS, Age, Type of AF, LA volume indexed to BSA, Sex (female), Smoking; SUCCESS, APPLE score
plus one point for each previously performed ablation; 0-1-2 PL, 0-1-2 points for Persistent AF and LA diameter;
LA, left atrium.
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Significant predictors were checked for collinearity, and no significant correlation was
found. Multivariable Cox regression analysis with backward variable selection among
all significant parameters ended up with a prediction model consisting of four variables,
maintaining an acceptable events-per-variable ratio [34], where B2B index, a history of prior
stroke or TIA, and heart failure were found to be independent predictors of AF recurrence
(Table 6).

Table 6. Multivariable Cox regression analysis model.

Variable Hazard Ratio Hazard Ratio 95%
Boundary p-Value

B2B index 2.13 1.06–4.28 0.033
Heart failure 3.58 1.08–11.86 0.037
Stroke/TIA 3.37 1.30–8.71 0.012

Advanced IAB 2.22 0.98–5.01 0.056
Abbreviations: B2B, beat-to-beat; TIA, transient ischemic attack; IAB, interatrial block.

4. Discussion

We investigated the prognostic value of a B2B morphology and wavelet analysis
P-wave index as a predictor of AF relapse after the AF ablation procedure. In the current
study, the B2B index, an independent AF recurrence predictor, performs better than the rest
of the studied P-wave indices.

B2B index shows a remarkable capability to predict AF recurrence quite early, just six
months after intervention. It is also noteworthy that the B2B index was proposed based on
data derived from a completely different dataset since it was originally designed to detect
differences between patients with low-burden AF and healthy volunteers [18]. Therefore,
the fact that this index can also be successfully applied to high-burden AF patients, such as
those undergoing catheter ablation, is indicative of a promising prognosticator.

B2B index is based on three parameters derived from B2B P-wave analysis. These
parameters are B2B variation of the distance between P-wave peak and Q-wave, the
percentage on P-waves allocated in the main morphology cluster, and maximum wavelet
energy in the high-frequency band.

P-wave morphological variability has been proposed as an indicator capable of identi-
fying patients predisposed to AF [35,36]. Moreover, P-wave duration variation parameters
have been related to AF relapse following catheter ablation [37]. On the other hand,
high-frequency analysis of ECG signals is a compelling tool for diagnosis and prediction
of various conditions, such as sudden cardiac death [38], arrhythmias in patients with
coronary artery disease [39,40], and response to cardiac resynchronization therapy [41,42],
even in gene mutation detection in Brugada syndrome [43]. Furthermore, P-wave wavelet
analysis has been studied thoroughly and proven effective in predicting AF occurrence in
patients with [40,44–47] or without a cardiac structural disease [48,49].

B2B index is a novel AF predictor, combining assets of P-wave morphology and high-
frequency analysis, applicable to estimate B2B P-wave variability. In silico studies have
shown that B2B variability is increased in the presence of heterogeneous slow conducting
regions, such as areas of endocardial scar [50,51]. Therefore, the B2B index is a potential
predictor of AF ablation failure by detecting the presence of such regions in the atrial
myocardium.

Among standard P-wave indices, P-wave duration is perhaps the most studied one.
Prolonged P-wave duration in sinus rhythm before ablation is associated with AF recurrence
after catheter intervention regardless of other variables such as age, gender, left atrial size,
and the presence of structural heart disease [52]. Indeed, in the current study, P-wave
duration was the only P-wave measurement related to AF relapse with a hazard ratio of
1.93 (1.04–3.59). This finding is quite expected since prolonged P-wave has been found to
be independently associated with left atrial scarring [53].
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P-wave a-IAB and orthogonal type 3 are both morphological features indicative of an
impaired interatrial route [28,30]. A-IAB has been related to increased risk for AF, since
risk factors for developing a-IAB are similar to those for AF [54,55]. Moreover, a-IAB
predicts AF recurrence in high-risk populations, such as patients with Wolff-Parkinson-
White syndrome [56]. Similarly, a-IAB and orthogonal type 3 morphology were associated
with the risk of hospitalization for AF [30]. An impaired interatrial block can be seen
in young patients with a short history of AF and no other comorbidities, implying that
alterations in atrial electrophysiology are common in the early stages of the arrhythmia
predisposing to AF occurrence [57].

Univariate analysis shows that ERAF during the “blanking period” is a powerful
predictor for unfavorable prognosis. ERAF was shown to be an independent predictor
for late AF recurrence [58], which may partly explain the good predictive values of the
MB-LATER and BASE-AF2 scores [59]. However, ERAF and the associated scores, contrary
to other prognostic factors studied, can be assessed only post-ablation, setting a limitation
to their clinical implications.

Among all clinical scores, only CHA2DS2-VASc was found to be a significant predictor
in unadjusted analysis. CHA2DS2-VASc, although initially designed to predict stroke and
vascular events in AF patients, seems to be highly related to arrhythmia progression and is
considered to be an independent factor for ablation outcome in patients with paroxysmal
AF [14]. However, as with other scores, its predictive value is moderate. Therefore, no
single score can serve as a standalone predictor [2]. Furthermore, it is noteworthy that none
of these scores includes P-wave variables. Perhaps adding a P-wave index to an existing
score would improve ablation outcome prediction, as P2-CHA2DS-VASc refines stroke
prediction [60].

AF ablation is a safe, effective, and beneficial strategy for sinus rhythm maintenance
in patients with heart failure, improving left ventricle function, clinical heart failure status,
quality of life, and possibly even mortality [61]. However, in many cases, multiple ablations
may be necessary to achieve long-term freedom from AF in such patients [62]. Persistent
AF, appearing to be more prevalent than paroxysmal AF in patients with heart failure with
reduced ejection fraction, may be a predisposing factor to higher rates of repeat ablation [63].
Furthermore, ablation may not be appropriate in patients with advanced heart failure, poor
functional status, or in those with extensive structural remodeling [64].

A history of previous stroke or TIA has been found to be a strong predictor for early
AF recurrence within the blanking period in a retrospective subgroup analysis from the
randomized controlled AXAFA–AFNET 5 trial [65]. Once again, AF type seems to be the
leading cause of a higher AF relapse rate in this case since patients with non-paroxysmal
AF appear to be at a higher risk of stroke [66]. However, in our study, both stroke and heart
failure were underrepresented, thus this finding should be interpreted with caution.

Among other parameters, the female gender also seems to be related to a higher
AF recurrence rate. In the current study, women were older than men with longer AF
history, although these differences were not significant (Table A1). Usually, women are
referred for AF catheter ablation later than men, possibly reflecting AF occurrence later
in life among women and the result of ablation intervention being less favorable [67].
Moreover, diabetes mellitus, a known predisposing factor to AF relapse post-ablation [68],
was more common among women participating in our study. Interestingly, all three clinical
parameters found to be significantly correlated to AF recurrence in our study are included
in the CHA2DS2-VASc score calculation.

Left atrial diameter is a well-known predisposing factor to AF recurrence after catheter
ablation [69], and many prediction scores include echocardiographic measurements of left
atrial dimensions. However, in the current study, none of these parameters was significantly
related to AF relapse. The fact that left atrial diameter, area, and volume were significantly
smaller in women, while the female gender, although underrepresented, was related to a
higher hazard ratio, may rationalize—to some extent—this observation.
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This research is subject to several limitations. It is a small, unblinded, prospective,
cohort study with a limited number of participants. Patients with previous ablation (nine
cases) were not excluded, while patients with both paroxysmal and persistent or long-
standing persistent AF types were included. Repeat ablation is related to a higher success
rate, while persistent AF patients are more susceptible to AF recurrences [70]. There
are a plethora of biomarkers proposed as predictors of ablation failure [71]. However,
since this study is aiming to evaluate the novel low-cost VCG-derived B2B index as an
atrial fibrillation recurrence predictor compared to other low-cost ECG predictors or easily
obtained clinical scores, a comparison with expensive, not widely available biomarkers,
although very interesting, might be unjustified. ECG parameters were manually calculated,
while automated ECG measurements would be preferable to increase reproducibility and
decrease workload and potential bias. Furthermore, AF documentation was based on ECG
recordings, and Holter monitoring, in addition to self-assessment of cardiac rhythm and the
AF recurrence rate, may have been underestimated. In a future study protocol, the usage of
wearables is proposed to reveal undiagnosed AF episodes [72]. Methods to identify atrial
myopathy, such as atrial electrograms, cardiac magnetic resonance imaging, and certain
serum biomarkers [73], were not applied. A possible correlation of the B2B index with
areas of left atrium fibrosis may or may not shed some light on the evolving concept of
atrial myopathy.

5. Conclusions

Multiple AF predictors have been proposed to identify patients prone to AF relapse
following AF ablation. B2B P-wave morphology and wavelet analysis, originally developed
to identify low burden paroxysmal AF patients, is a promising, inexpensive, and non-
invasive technique, also effective in identifying patients prone to AF recurrence within
a few months after left atrial ablation. Although the B2B index and other variables have
comparable prognostic values, larger studies with high-burden AF patients might help
assess the predictive value of the B2B index with greater accuracy.
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Appendix A

Table A1. Characteristics compared according to patient’s gender.

Variable Female (n = 34) Male (n = 104) p Value

Age 61.3 ± 9.2 57.9 ± 8.9 0.057
AF duration (months) 76.8 ± 77.1 72 ± 68.7 0.976

Heart failure 1 (2.9%) 3 (2.9%) 0.510
Stroke/TIA 2 (5.9%) 6 (5.8%) 0.980

CAD 1 (2.9%) 9 (8.7%) 0.265
Hypertension 15 (44.1%) 49 (47.1%) 0.761

Diabetes mellitus 6 (17.6%) 6 (5.8%) 0.033
Dyslipidemia 10 (29.4%) 32 (30.8%) 0.881

COPD 1 (2.9%) 4 (3.8%) 0.806
Ablation type (RF) 16 (47.1%) 64 (61.5%) 0.138

AF type (paroxysmal) 30 (88.2%) 91 (87.5%) 0.910
Redo 3 (8.8%) 6 (5.8%) 0.531

Buddle brunch block 2 (5.9%) 10 (9.6%) 0.502
AADs 26 (76.5%) 78 (75%) 0.863

Smoking (current) 4 (11.8%) 27 (26%) 0.085
BMI > 30 17 (50%) 36 (34.6%) 0.109

Metabolic s. 6 (17.6%) 13 (12.5%) 0.450
EF 57.8 ± 5.1 59.6 ± 4.3 0.098

LA diameter 38.8 ± 5.9 41.9 ± 4.7 0.010
LA area 20.9 ± 4.2 22.9 ± 3.5 0.005

LA volume 65 ± 18 72.6 ± 15.9 0.029
BSA 1.8 ± 0.2 2.1 ± 0.2 <0.001
BMI 29.8 ± 6.7 28.7 ± 3.4 0.334
LAVI 34.7 ± 11.3 34.3 ± 7.5 0.832

Continuous variables are reported as mean ± SD. Categorical variables are reported as n (%). Abbreviations:
CAD, coronary artery disease; TIA, transient ischemic attack; BMI, body mass index; COPD, chronic obstructive
pulmonary disease; LV, left ventricle; LA, left atrium.
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