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Abstract

Objective The objective of this study is to assess the predictive utility of perioperative P-wave parameters in patients
with paroxysmal atrial fibrillation (PAF) undergoing catheter ablation, and to develop a predictive model using these
parameters.

Methods A total of 213 patients with PAF undergoing catheter ablation were retrospectively analyzed. P-wave
parameters were measured within 3 days preoperatively and on the day postoperatively to determine their predictive
significance for postoperative PAF recurrence.

Results Post-ablation, PAF did not recur in 168 patients, while 45 experienced recurrence. Significant differences
were observed in preoperative P-wave parameters as Maximum P Wave Duration(Pmax), absolute value of P Wave
Terminal Force of V1 (PtfV1) and P Wave Dispersion(Pd), postoperative P-wave parameters as P Wave Duration
(PWDy 1, avp), Pmax, P Wave Area(P-area), absolute value of PtfV1 and Pd, and changes in perioperative P-wave
parameters (Delta-Pmax, Delta-PtfV1 absolute value, Delta-Pd, Delta-PWD,, y; ,ys). Univariate logistic regression,
receiver operating characteristic (ROC) curve analysis, and hazard ratio assessment identified predictive indicators
for postoperative recurrence, including Pmax, PtfV1 absolute value, Pd, post-P area, post-PWD, |, s and Delta-
pwdy, y; av)- A personalized nomogram model based on these P-wave parameters was developed. Calibration curve
assessment demonstrated that the predictive performance of the nomogram for PAF recurrence following catheter
ablation closely matched actual observed outcomes. ROC curve analysis indicated a sensitivity of 89.3% for the model,
and decision curve analysis confirmed its significantly favorable predictive use and clinical benefits.
Conclusions P-wave parameters like PWD,,;, PWDaVF, Pmax, Pd, and PtfV1 serve as predictors of PAF recurrence
following catheter ablation. The nomogram model constructed using these P-wave parameters demonstrates robust
predictive performance.
Highlights

« Abnormal changes in P-wave parameters indicative of atrial electrical remodeling often manifest earlier than

changes in other indicators reflecting atrial structural remodeling in paroxysmal atrial fibrillation.
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- Preoperative absolute values of Maximum P Wave Duration, P Wave Dispersion, and P Wave Terminal Force
of V1, as well as postoperative absolute values of Maximum P Wave Duration, P Wave Duration, P Wave
Dispersion, P Wave Terminal Force of V1, and P Wave Area, demonstrate strong predictive value for recurrence
risk of paroxysmal atrial fibrillation after Catheter Ablation.

« The nomogram model based on P-wave parameters before and after catheter ablation exhibits notably strong
predictive performance and offers significant clinical benefits.

Keywords Catheter ablation, Electronic cardiogram, Nomogram model, P-wave parameters, Paroxysmal atrial

fibrillation, Recurrent atrial fibrillation

Introduction

Paroxysmal atrial fibrillation (PAF) is prevalent in clini-
cal settings. Current treatment strategies for atrial fibril-
lation (AF) primarily involve sinus rhythm conversion,
ventricular rate control, and anticoagulation therapy to
prevent thromboembolism [1]. Catheter ablation has
emerged as the preferred therapeutic approach for AF
due to its efficacy, safety, and minimally invasive nature.
However, despite these advantages, there remains a high
recurrence rate of 20-40% following the initial catheter
ablation for PAF [2].

The development of AF is significantly influenced by
both electrical and structural remodeling of the atrium.
As AF progresses, the left atrial electrical remodeling
further aggravates, contributing to the transition from
PAF to persistent AF. Recent studies have found that
many indicators as F-wave frequency, orthogonal P-wave
shape, Fibrillation wave amplitude, dominant atrial fre-
quency, Sample entropy, Fibrillation wave amplitude and
atrial tissue fibrosis, are associated with the recurrence
of paroxysmal atrial fibrillation, but some indicators
need invasive examination, and some indicators still lack
the best and efficient clinical examination means [3-8].
In addition, intracardiac electrophysiological examina-
tions are used for assessing the extent of atrial electrical
remodeling, but their high cost and invasive nature limit
widespread patient acceptance. In contrast, 12-lead syn-
chronous surface electrocardiogram (ECG) examinations
are simpler and widely used in clinical practice, serving
as a key tool for diagnosing and studying heart diseases.
P-wave parameters derived from ECG have demon-
strated associations with AF recurrence. [9, 10]

In this study, the predictive significance of P-wave
parameters and their changes in predicting PAF recur-
rence in patients following catheter ablation was ana-
lyzed. A nomogram predictive model was developed to
assist clinicians in identifying patients and selecting opti-
mal treatment strategies, while providing comprehensive
management and early warning guidance for patients
with AF. This research carries significant clinical implica-
tions and potential socio-economic benefits.

Materials and methods

Study participants

In this single-center, retrospective study, 213 patients
with PAF were enrolled who underwent their first cathe-
ter ablation and received regular follow-up at the Depart-
ment of Cardiology, Union Hospital Affiliated to Fujian
Medical University from January 2017 to December 2020.

Inclusion criteria: (1) Patients meeting the 2020 ESC
diagnostic criteria for PAF, experiencing symptomatic
atrial fibrillation despite regular antiarrhythmic drug
therapy, and consenting to further rhythm control treat-
ment; (2) Patients had undergone initial catheter abla-
tion; (3) Agree to surgical intervention; (4) Aged=>18
years old; (5) Left atrial and/or left atrial appendage
thrombosis excluded via preoperative transesophageal
echocardiography or left atrial CT angiography; (6) Car-
diac function graded as NYHA class I-1II; and (7) Agree
to undergo regular follow-up post-surgery.

Exclusion criteria: (1) Patients younger than 18 years
of age; (2) With a history of previous cardiac surgery;
(3) Patients with NYHA class IV cardiac function or left
ventricular ejection fraction (LVEF) less than 50%; (4)
Patients diagnosed with preexcitation syndrome, con-
genital heart disease, or cardiomyopathy; (5) Patients
with pacemaker implantation affecting ECG rhythm;
(6) Patients with severe liver or kidney dysfunction; (7)
Patients with hyperthyroidism; and (8) Those unable to
cooperate with examinations, lost to follow-up, or had
incomplete data.

General information

The preoperative clinical baseline data of the selected
patients and preoperative 12-lead surface ECG data in
sinus rhythm were retrospectively collected, comprising
measurements such as left atrial anteroposterior diam-
eter, left ventricular end-diastolic diameter, left ventricu-
lar ejection fraction (LVEF), and E/E’ value. Postoperative
medication records included details on antiarrhythmic
drugs, anticoagulants, antihypertensive agents, and lipid-
lowering drugs.

P wave parameters of surface ECG
The 12-lead conventional ECG was conducted within 3
days preoperatively and on the day after catheter ablation,
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during periods of sinus rhythm. For each ECG, the stable
baseline cardiac cycle was selected to measure related
P-wave indices across all 12 leads, including P Wave
Duration(PWD), P Wave Amplitude(PWA), P Wave
Terminal Force(Ptf), and Inter Atrial Block(IAB). Based
on measurements of PWD and PWA, parameters like P
Wave Index(P-index), P Wave Area(P-area), Maximum
P Wave Duration(Pmax), and P Wave Dispersion(Pd)
were computed. Three to five consecutive P waves were
collected during each assessment, and the average value
was calculated. The entire measurement process of
P-wave parameters was conducted by the same physician
throughout the study to ensure consistency. The defini-
tion, normal range values, measurement and calculation
methods of P-wave parameters was detailed in Supple-
mental information.

Catheter ablation surgical scheme

Radiofrequency ablation was performed by the same
surgical team in accordance with standard operat-
ing procedures described in detail in the Supplemental
information.

Postoperative follow-up

All patients underwent routine ECG monitoring for 24 h
postoperatively, with a 12-lead ECG in sinus rhythm
recorded immediately after the procedure. Anticoagulant
therapy was administered for at least 3 months following
surgery. After this period, the CHA2DS2-VASc score was
used to determine the necessity of continuing anticoagu-
lant therapy. Antiarrhythmic drugs were not routinely
prescribed, and were only used if arrhythmias necessi-
tated their use. All antiarrhythmic drugs were discontin-
ued after 3 months. Follow-up was conducted monthly.
Routine ECG examinations were performed once a
month, with opportunistic routine ECG and dynamic
ECG examinations carried out when patients experi-
enced discomfort symptoms. Regular outpatient follow-
ups included routine ECG, 72-hour dynamic ECG, and
echocardiography, conducted at 1 month, and then at 3,
6, 9, and 12 months postoperatively.

Statistical analysis

All data in this study were processed using R version
4.2.0 software. Categorical variables of count data are
expressed as frequency (%), while continuous variables
with a normal distribution are expressed as mean + stan-
dard deviation. Non-normally distributed continuous
variables are expressed as median values, and normality
tests and variance homogeneity tests were performed.
The independent sample t-test was used to compare data
between the two groups, with P<0.05 considered statisti-
cally significant. Significant ECG index variables identi-
fied from the t-test underwent further analysis through
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receiver operating characteristic (ROC) curve analysis
using the pROC software. The optimal cutoff value for
P-wave parameters on surface ECG was determined
by assessing whether the threshold parameter equaled
the “best” value. Single-factor logistic regression analy-
sis was used to assess the relationship between P-wave
parameters and AF recurrence after catheter ablation.
Hazard ratio analysis was performed using the Forest-
plot package, and a nomogram for predicting the recur-
rence risk of PAF after catheter ablation, dominated by
ECG P-wave parameters, was constructed using the rms
software package. Consistency between predicted risks
and observed outcomes was assessed using a calibration
curve, while internal validation of the model was con-
ducted through the Hosmer-Lemeshow test and Boot-
strap method, resampling 1000 times. Finally, clinical
decision curve analysis (DCA) was carried out using the
ggDCA software package to verify the clinical prediction
performance and benefits of the nomogram model.

Results

Basic clinical data

No significant differences were observed between the
two groups in terms of gender, age, smoking status,
alcohol consumption, BMI, duration of AF, underlying
diseases, CHA2DS2-VASc score, HAS-BLED score, pre-
operative serum biochemical indexes, echocardiographic
indexes, or the postoperative use of antiarrhythmic drugs
and anticoagulants (Table 1).

Analysis of ECG P-wave parameters before ablation

The preoperative P-wave parameters (indicates as pre-)
of all patients were analyzed and compared (Table 2).
Significant differences were observed between the non-
recurrence group and the recurrence group in pre-Pmax
(124.21£12.03 vs. 128.84+12.68, P=0.024), pre-Pd
(45.58 £13.16 vs. 51.29+15.09, P=0.013), and pre-PtfV1
absolute value (0.03+0.02 vs. 0.04+0.02, P=0.028).
Other preoperative ECG indexes did not indicate signifi-
cant differences (P> 0.05). Although the PWD of the non-
recurrence group was larger than that of the recurrence
group, this difference was not statistically significant
(sTable S1, sFigure S1). Similarly, no significant difference
was discovered in the PWA between the non-recurrence
group and the recurrence group (sTable S2, sFigure S2).

Analysis of P-wave parameters after ablation

The postoperative P-wave parameters (indicates as post-)
were analyzed (Table 3), revealing significant differences
between the non-recurrence group and the recurrence
group in several indexes: post-PWDII (P<0.001), post-
PWDIII (P<0.001), post-PWDaVF (P=0.001), post-
Pmax (P<0.001), post-P-area (P=0.022), post-PtfV1
absolute value (P<0.001), post-pIAB (P=0.001), post-Pd
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Table 1 Comparison of basic clinical data
Variables No-recurrence group (N=168) Recurrence group (N=45) P-value
Sex
Male N (%) 71(42.3%) 26(57.8%) 0.091
Age (years) 61.5(5467) 62(5668) 0357
Duration of AF (months) 24(648) 24(12-60) 0.223
BMKKgAﬂﬁ 22.79+6.81 22.75+5.58 0.970
Smoking N (%) 42(25%) 6(13.3%) 0.144
Alcohol consumption N (%) 53(31.5%) 8(17.8%) 0.103
Combined underlying disease
Hypertension N (%) 72(42.9%) 27(60.0%) 0.060
Diabetes N (%) 20(11.9%) 7(15.6%) 0.688
Coronary heart disease N (%) 30(17.9%) 8(17.8%) 0977
Heart failure N (%) 1(0.6%) 0(0%) 0.608
Stroke /TIAN (%) 0(0%) 2(4.4%) 0.061
Hyperlipidemia N (%) 62(36.9%) 16(35.6%) 0.627
Pulmonary hypertension N (%) 12(7.1%) 6(13.3%) 0.306
Combined arrhythmia
Atrial flutter N (%) 20(11.9%) 6(13.3%) 0.997
Atrial tachycardia N (%) 36(21.4%) 8(17.8%) 0.741
CHA2DS2-vasc score (points) 0428

0 39(23.2%) 7(15.6%)

1 51(30.4%) 12(26.7%)

2 40(23.8%) 13(28.9%)

3 23(13.7%) 6(13.3%)

4 9(5.4%) 6(13.3%)

5 6(3.6%) 1(2.2%)
HAS-BLED score (points) 0.159

0 77(45.8%) 18(40.0%)

1 64(38.1%) 14(31.1%)

2 25(14.9%) 13(28.9%)

3 2(1.2%) 0(0%)
Serum biochemical index
NT-probnp (pg/ml) 194.2+583.83 129.84+187.46 0.467
D-dimer (ng/ml) 043+1.54 030+0.15 0.592
TC (mmol/ml) 445+0.92 443+£1.04 0915
TG (mmol/ml) 1.45+0.70 1.60+1.15 0.281
Echocardiography
LAD (mm) 31.78+11.09 33.04+1047 0.494
LVEDD (mm) 4332+13.76 455141061 0323
Lvef (%) 61.99+20.08 68.35+11.67 0.053
E/E‘value 10.19£4.60 10.69+4.94 0.525
Antiarrhythmic drug therapy
Amiodarone N (%) 20(11.9%) 3(6.7%) 0.462
Propafenone N (%) 70(41.7%) 20(44.4%) 0.869
Beta blocker N (%) 31(18.5%) 12(26.7%) 0312
Anticoagulant medication
Rivaroxaban N (%) 120(71.4%) 26(57.8%) 0.116
Dabigatran N (%) 26(15.5%) 11(24.4%) 0.235
Warfarin N (%) 21(12.5%) 8(17.8%) 0.502
Acei/arb (n) 31(18.5%) 12(26.7%) 0312
Statins N 44(26.2%) 14(31.1%) 0.638

*P<0.05
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Table 2 P wave parameters of 12-lead electrocardiogram before
ablation
P wave parameters

No-recurrence Recurrence P
group (N=168) group (N=45) value

pre-HR(Times/min) 69.18+12.32 69.27 +9.81 0.967
pre-QRS interval(ms) 82.39+14.25 83.22+21.70 0.759
pre-QTc interval(ms) 41544 +25.89 409.73+31.92 0214
pre-PR interval(ms) 148.90+21.21 151.02+23.96 0.562
pre-PWD,(ms) 103.01+£17.90 105.11+£1850 0.489
pre-PWD,(ms) 114.03+14.18 118.11£15.82 0.096
pre-PWD;,(ms) 102.54+17.88 104.16+17.04 0.586
pre-PWD,z(ms) 106.34+15.24 108.78+16.26 0.348
pre-PWD,, (ms) 90.76+18.84 96.02+18.76 0.097
pre-PWD,¢(ms) 108.64+16.31 107.89+£18.35 0.789
pre-PWD,;,(ms) 99.29+18.21 103.42+22.22 0.199
pre-PWD,,(ms) 100.37+18.60 106.27+17.90 0.058
pre-PWD,5(ms) 108.31+£15.99 113.22+13.36 0.060
pre-PWD,,(ms) 111.61+1535 114.80+16.31 0.223
pre-PWDy5(ms) 112.32+14.96 115.93+£14.12 0.147
pre-PWD,4(ms) 111.54+16.16 115.80+£12.85 0.103
pre-Pmax(ms) 124.21+£12.03 128.84+12.68 0.024 *
pre-Pd(ms) 45.58+13.16 51.29+15.09 0.013*
pre-P-index(ms) 13.87+441 13.8+4.59 0.959
pre-PWA(mV) 0.07+0.02 0.07+0.03 0578
pre-PWA,(mV) 0.11+£0.04 0.11+£0.04 0.895
pre-PWA, (mV) 0.07+0.03 0.07+0.03 0476
pre-PWA,z(mV) 0.09+0.03 0.09+0.03 0.688
pre-PWA,, (mV) 0.04+0.02 0.04+0.02 0.800
pre-PWA :(mV) 0.09+0.04 0.09+0.03 0915
pre-PWA,,;(mV) 0.05+0.03 0.06+0.03 0.074
pre-PWA,,(mV) 0.05+0.03 0.06+0.03 0462
pre-PWA,5(mV) 0.06+0.03 0.06+0.03 0.899
pre-PWA,,(mV) 0.06+0.03 0.07+0.03 0.705
pre-PWA,s(mV) 0.06+0.02 0.07+0.02 0483
pre-PWA,(mV) 0.06+0.02 0.06+0.03 0612
pre-P-area(ms.mV) 6.35+2.55 6.51+2.14 0.695
pre-Ptf,;(mm.s) 0.03+0.02 0.04+0.02 0.028*
pre-PWN(%) 50(29.8%) 10(22.2%) 0417
pre-PWN counts(N) 1.27 (2.26) 1.09 (2.22) 0.625
pre-plAB(%) 57(33.9%) 21(46.7%) 0.161
pre-alAB(%) 6(3.6%) 2(4.4%) 1

*P<0.05

(P<0.001). Among these, the differences in PWD in lead
II, I1I, and aVF were statistically significant, while differ-
ences in PWD in other leads were not statistically signifi-
cant (sTable S3, sFigure S3). Also, differences in PWA in
the same leads between the non-recurrence group and
the recurrence group were not statistically significant
(sTable S4, sFigure S4).

Changes in P wave parameters before and after ablation

Further analysis of the changes in P-wave parameters
(indicates as Delta-) before and after ablation in the non-
recurrence and recurrence groups revealed significant
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Table 3 Comparison of postoperative ECG P wave parameters
P wave parameters

No-recurrence Recurrence P value

group group (N=45)

(N=168)
post-HR(times/min) 7862+11.95 77.56+12.88 0.601
post-QRS interval(ms) 80.64+14.40 76.85+21.11 0.160
post-QTc interval(ms) 42273+2503 41951+31.46 0.470
post-PR interval(ms) 151.11+£21.18  15540+21.58 0.231
post-PWD,(ms) 102.86+1648 108.02+13.44 0.054
post-PWD,(ms) 105.70+16.56  117.13+£1894  <0.001 *
post-PWD,(ms) 9876+1736  10951+19.15 <0.001*
post-PWD,s(ms) 102.62+1621 107.82+13.93 0.051
post-PWD,, (ms) 9148+17.02 92.22+19.64 0.801
post-PWD,-(ms) 99.98+18.02 110.56+18.67 0.001 *
post-PWD,;(ms) 99.74+ 1645 105.18+16.67 0.051
post-PWD,,(ms) 10051+14.60 105.16+14.69 0.059
post-PWD,;(ms) 103.16+1493  107.98+15.64 0.058
post-PWD,,(ms) 10533+13.84 1092241281 0.090
post-PWD,5(ms) 107.03+£1222  11044+1246 0.099
post-PWD,s(ms) 105.38+14.04 109.60+16.06 0.084
post-Pmax(ms) 119.87+12.51 12838+13.11  <0.001*
post-Pd(ms) 40.52+11.62 50.69+14.36 <0.001 *
post-P-index(ms) 1291+3.96 14.05+5.04 0.107
post-PWA(mV) 0.07+0.03 0.07+0.03 0457
post-PWA,(mV) 0.09+0.04 0.10+£0.03 0.210
post-PWA,,(mV) 0.06+0.03 0.06+0.03 0379
post-PWA,z(mV) 0.08+0.03 0.09+0.03 0.220
post-PWA,, (mV) 0.05+0.03 0.05+0.03 0.756
pOSt-PWA-(mV) 0.07+0.03 0.07+0.03 0476
post-PWA,;(mV) 0.05+0.03 0.05+0.03 0.624
post-PWA, ,(mV) 0.07+0.03 0.06+0.03 0.280
post-PWA,;(mV) 0.07+0.03 0.07+0.03 0.696
post-PWA,,(mV) 0.07+0.03 0.07+0.03 0.211
post-PWA,s(mV) 0.06+0.03 0.06+0.03 0.081
post-PWA,,(mV) 0.05+0.02 0.06+0.02 0.297
post-P-area(ms.mV) 491+£238 582+227 0.022 *
post-Ptfy,; Absolute 0.03+0.02 0.04+0.02 <0.001*
value(mm.s)
post-PWN(N)(%) 34(20.2%) 7(15.6%) 0.621
post-PWN counts(N) 090+1.94 091+249 0.984
post-plAB(%) 35(20.8%) 21(46.7%) 0.001 *
post-alAB(%) 3(1.8%) 2(4.4%) 0.623
*P<0.05

differences in Delta-Pmax (P=0.019), Delta-PtfV1 abso-
lute value (P=0.03), Delta-Pd (P=0.048), Delta-PWDII
(P=0.02), Delta-PWDIII (P=0.006), Delta-PWDaVF
(P=0.001), and Delta-PWDV5 (P=0.016). No significant
differences were found in other P-wave parameters such
as Delta-HR, Delta-QRS interval, Delta-QTc interval,
Delta-PR interval, Delta-P-area, Delta-P-index, Delta-
PWDI, Delta-PWDaVR, Delta-PWDaVL, Delta-PWDV1,
Delta-PWDV2, Delta-PWDV3, Delta-PWDV4, Delta-
PWDV6, Delta-PWAV6 and Delta-PWN (Fig. 1, sTable
S5).
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Fig. 1 Preoperative and postoperative changes of parameters: A comparison between the PWD values of the ECG for the 12 leads prior to and follow-
ing catheter ablation. B Comparing the 12-lead ECG's PWA values prior to and following catheter ablation. C Variations in Pmax value during and after
surgery. D P-area value changes prior to and following surgery. E variations in Pd values prior to and following surgery. F preoperative and postoperative
P-index value changes. G preoperative and postoperative PtfV1 absolute value changes. H preoperative, and postoperative PtfV1 value changes. *P < 0.05

ROC curve analysis

The ROC curves for the differential P-wave parameters
obtained from the statistical analysis were drawn, and
the area under the ROC curve (AUC) was recorded.
The optimal cutoff values were identified as follows:
post- PWDII at 118.5 ms, post- PWDIII at 103.5 ms,
and post- PWDaVF at 116.5 ms. The PWD of the 12
leads was significantly lower post-catheter ablation
compared to pre-ablation, with significant differences
observed in the inferior wall leads II, III, and aVFE. The
optimal cutoff values for Delta-PWDII, Delta-PWDIII,
and Delta- PWDaVF were —5.5 ms, -13.5 ms, and - 8.5
ms, respectively. The absolute values of Delta-PWD (I,
III, aVF leads), Delta-Pmax, Delta-Pd, and Delta- PtfV1
in postoperative P-wave parameter changes were signifi-
cantly lower in the recurrent atrial fibrillation group than
in the non-recurrent group. The P-index, a new charac-
teristic indicator of the heterogeneity of action potential

conduction in the atrium, had optimal cutoff values for
Pre-Pmax at 127.5 ms, post-Pmax at 121.5 ms, and Delta-
Pmax at 7.5 ms. P-wave dispersion (Pd), reflecting the
heterogeneity of electrical activity in different parts of
the atrium, typically has a value of <40 ms. The optimal
cutoff values for Pre-Pd, post-Pd, and Delta-Pd were
31.5 ms, 47.5 ms, and -2.5 ms, respectively. The abso-
lute value of PtfV1, defined as the product of the ampli-
tude and duration of the negative P wave terminal in lead
V1, with >0.03 mm:-s considered abnormal, had optimal
cutoff values of pre- PtfV1 at 0.025 mm:-s, post-PtfV1 at
0.043 mm-s, and Delta- PtfV1 at 0.011 mm-s. The AUC
for the post-P wave area was 0.613, with an optimal cut-
off value of 3.22 ms-mV, a specificity of 31.5%, and a sen-
sitivity of 93.3% (Fig. 2).
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Fig. 2 ROC curve analysis of post-PWD and Delta-PWD following catheter ablation. (A) post-PWDII ROC curve. (B) post-PWDIII ROC curve. (C) post-
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(Table 4). It was found that the preoperative P-wave
parameter related to postoperative recurrence of PAF
were pre-PtfV1 absolute values>0.025 mm-s (HR=3.55,
P<0.05). The Postoperative P-wave parameters related
to postoperative recurrence of PAF include post PWDII,

Single-factor logistic regression analysis

By using the differential P-wave parameters obtained
from the above statistical analysis and combined with
the optimal critical values from the ROC curve, a sin-
gle-factor logistic regression analysis was performed



Yu et al. Journal of Cardiothoracic Surgery (2025) 20:94

Table 4 Univariate Logistic regression of ECG P-wave parameters

Variable HR (95%Cl) P-value
pre-Pmax>127.5ms 1.87(0.97,3.68) 0.06
pre-Ptf,; Absolute value (mm.s) = 0.025 3.55(1.63,8.63) 0.00*
pre-Pd >40ms 1 42(0 69,3.14) 0.36
post-PWD,;=118.5ms 16(1.59,6.31) 0.00*
post-PWD,,=103.5ms 2. 7o<1 39537)  000*%
POst-PWD,->116.5ms 399(193827)  000*
post-Pmax>117.5ms 2.93(1.38,6.82) 0.01*
post-Ptfy,; absolute value (mm.s) = 0.043 5.98(2.92,12.45) 0.00*
post-Pd>47.5ms 3.52(1.79,7.04) 0.00*
post-P-area(ms.mV) > 3.322 6.45(2.22,27 45) 0.00*
Delta-PWD,>-5.5ms 3(1 39552  000*
Delta-PWD;;=-13.5ms 12(1.9517.68)  0.00*
Delta-PWD,=-8.5ms 3. 33(1 65,7.13) 0.00*
Delta-Pmax>7.5ms 3.32(1.58,6.90) 0.00*
Delta-Ptf,; Absolute value>0.011(mm.s)  2.70(1.21,5.87) 0.01*
Delta-Pd=-2.5ms 2.06(1.06,4.07) 0.03*

*P<0.05

post PWDIII, post PWDaVF, post Pmax, absolute post
PtfV1 value, post Pd and post P-area. Changes in P-wave
parameters before and after surgery related to postop-
erative recurrence included Delta- PWDII > -5.5 ms
(HR =2.73, P<0.05), Delta-PWDIII > -13.5 ms (HR=5.12,
P<0.05), Delta-PWDaVF > -8.5 ms (HR=3.33, P<0.05),
Delta Pmax>7.5 ms, (HR=3.32, P<0.05), Delta PtfV1
absolute value>0.011 mm-s (HR=2.70, P<0.05), and
Delta Pd > -2.5 ms (HR=2.06, P<0.05. The forest plot of
the differential P-wave indexes obtained from the above
statistical analysis was drawn (Fig. 3).

Establishing a Nomogram model

Based on the logistic regression results, an individualized
columbaric prediction model was established using R
software by incorporating significant P-wave parameters
for predicting the risk of recurrence (Fig. 4). This model
includes 16 independent risk factors. The application of
the model is as follows: By using the Nomogram map,
the score of each predictor was calculated. The scores of
all variables were then totaled to obtain the total score.
Finally, the probability of predicting the risk of recur-
rence was determined by examining the corresponding
points on the recurrence risk axis after PAF ablation.

Assessment of prediction effectiveness of the Nomogram
model

The calibration curve was used to assess the consis-
tency between predicted risk and observed outcomes.
The Hosmer-Lemeshow test indicated good calibration
of our Nomogram model, with X* = 0.054 and P> 0.05.
Visually, the calibration curve closely aligned with the
reference line, indicating accurate prediction of recur-
rence risk after catheter ablation. For internal validation
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of the model, the Bootstrap method was used with 1000
resamples. The sensitivity and specificity of the nomo-
gram model were 89.3% and 80%, respectively. The AUC
was 0.880, with an optimal cutoff value of 480.99. Clini-
cal DCA demonstrated that the model achieved signifi-
cantly enhanced predictive performance and provided
enhanced clinical benefits (Fig. 5).

Discussion

Studies have shown that both electrical remodeling and
structural changes in the atrium are pivotal in initiating
and sustaining AF [11]. However, some studies indicate
that electrical remodeling may precede structural remod-
eling. P wave parameters like PWD, Pd, PtfV1, and other
ECG markers can indirectly indicate the extent of atrial
electrical remodeling and are readily measurable [12—15].
In patients with PAF, abnormalities in P wave parameters
on ECG often precede detectable pathological changes
in the atria observed via cardiac imaging modalities like
color Doppler ultrasound and cardiac magnetic reso-
nance imaging [16]. Thus, identifying P wave parameters
associated with AF recurrence post-catheter ablation
and developing predictive models can help clinicians in
early identification of high-risk patients and selection of
appropriate therapeutic strategies. In this study, we found
that absolute values of PWD, Pmax, Pd, and PtfV1 were
significantly higher in the recurrence group compared to
the non-recurrence group. Also, the proportion of partial
Inter Atrial Block (pIAB) and advanced Inter Atrial Block
(alAB) was higher in the recurrence group. These find-
ings are attributed to atrial chamber remodeling follow-
ing AF onset, which leads to atrial dilation and increased
fibrosis of atrial muscle due to prolonged AF episodes.
These anatomical changes consequently affect electro-
physiological properties, including prolonged action
potential conduction time, reduced conduction velocity,
shortened effective refractory period, increased conduc-
tion inhomogeneity, and greater dispersion of refractory
periods within the atrial tissue. These changes are well-
reflected by changes in P wave parameters, particularly
manifesting as increased PWD and Pd. Numerous stud-
ies have demonstrated that changes in PWD and Pd are
correlated with AF recurrence following ablation proce-
dures. Logistic regression analysis further indicated that
pre-procedural Pmax, pre-Pd, and pre-PtfV1 values were
predictive of postoperative recurrence of PAF. Therefore,
when assessing the risk of PAF recurrence post-ablation,
it is crucial to assess the absolute values of pre-proce-
dural Pmax, pre-Pd, and pre-PtfV1.

Multiple studies have consistently reported that post-
catheter ablation, PWD is significantly reduced compared
to preoperative levels, with a more pronounced decrease
observed in patients without AF recurrence com-
pared to those with recurrence. [10, 17, 18] Our study
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Hazard Ratio

pre_Pmax>=127.5 0.066 1.87(0.96-3.68)
pre_PtfV1>=0.025 0.003  3.554(1.63-8.63)
pre_Pd>=40 0.358  1.425(0.69-3.14)
post_PWDII>=118.5 0.001  3.164(1.59-6.31)
post_PWDIII>=103.5 0.004 2.7(1.39-5.37)
post PWDaVF>=116.5 0  3.991(1.93-8.27)
post_Pmax>=117.5 0.008  2.928(1.38-6.82)
post_PtfV1>=0.043 0 5.98(2.92-12.45)
post_Pd>=47.5 0 3.523(1.79-7.04)
post_P.area>=3.322 0.003 6.452(2.22-27.46)
DeltaPWDII>=-5.5 0.004  2.732(1.39-5.52)
DeltaPWDIII>=-13.5 0.003 5.125(1.95-17.68)
DeltaPWDaVF>=-8.5  0.001  3.329(1.65-7.13)
DeltaPmax>=7.5 0.001 3.316(1.58-6.9)
DeltaPtfv1>=0.011 0.013  2.696(1.21-5.87)
DeltaPd>=-2.5 0.033  2.063(1.06-4.07)
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Fig. 3 Recurrence risk ratio following atrial fibrillation as indicated by ECG P wave parameters

corroborates these findings. Logistic regression analysis
revealed that post-ablation P-wave parameters like PWD,
Pmax, Pd, P-area, PtfV1, and pIAB, were significantly
lower than pre-ablation values. Specifically, post-PWD
was notably decreased compared to pre-PWD, with sig-
nificant differences observed in leads II, III, and aVFE. The
absolute changes in PWD (in leads II, III, aVF), Pmax,
Pd, and PtfV1 post-ablation were significantly smaller in

patients who experienced AF recurrence compared to
those who did not. The generation of atrial action poten-
tials by the pulmonary vein musculature constitutes a
major component of the ECG P wave and contributes to
prolonged PWD. Therefore, it is hypothesized that cath-
eter ablation of the pulmonary vein vestibule blocks this
action potential generation, resulting in shortened PWD.
The distinct changes observed in leads II, III, and aVF
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Fig. 5 ECG P wave parameters predicted and assessed using a nomogram. A Calibration curve. B ROC curve. C DCA curve

postoperatively may be attributed to the directional pat-
tern of atrial depolarization, which shifts from right to
left, resulting in a leftward and downward frontal vector
at approximately + 58, aligning closely with these specific
leads. Furthermore, our study noted a decrease in the
proportion of abnormal P-wave indexes, Pd, and P-wave
area post-ablation compared to preoperative levels. How-
ever, no significant changes were observed in the overall

changes of these indexes, nor was their relationship with
AF recurrence further investigated [19].

The increase in Pd is attributed to the dispersion of
atrial myocytes during depolarization or irregular tim-
ing of action potentials, which are critical factors con-
tributing to the initiation and perpetuation of AF [20].
Elevated Pd heightens the susceptibility to atrial arrhyth-
mias and is commonly used to forecast AF recurrence. As



Yu et al. Journal of Cardiothoracic Surgery (2025) 20:94

indicated by conducted studies, preoperative Pd values
were significantly higher in the recurrence group com-
pared to the non-recurrence group, with multivariate
analysis identifying a diagnostic threshold of preopera-
tive Pd>46 ms for predicting AF recurrence. Further-
more, postoperative Pd values were observed to be higher
in the AF recurrence group when compared to the non-
recurrence group, accompanied by significantly smaller
reductions in Delta-Pd in the recurrence group. Post-Pd
and Delta-Pd are recognized as predictive factors for AF
recurrence following ablation for PAF.

It is reported that significantly higher P-wave index val-
ues in patients who developed AF following Radio Fre-
quency Catheter Ablation (RFCA) compared to those
who did not experience AF [19]. As indicated in some
studies, a prolonged P-wave index is associated with an
increased risk of AF recurrence after electrical cardiover-
sion. Also, both P-wave duration and dispersion are indi-
cators of conduction delay and heterogeneity within the
atrium, providing predictive value for AF recurrence [12,
13]. However, in our study, we did not detect significant
differences in either the P-index or its change following
ablation. We hypothesize that this lack of significance
may stem from the minimal impact on the dispersion of
the effective atrial refractory period due to the electrical
isolation of the pulmonary veins during catheter ablation.

It has been reported that PWA in lead 1<0.1 is inde-
pendently associated with clinical recurrence of AF after
ablation [21]. Also, a scoring system incorporating abnor-
mal P-wave voltages has proven useful in predicting
new-onset AF, with P-wave amplitude<0.1 mV in lead I
independently linked to AF recurrence. Notably, P-wave
amplitude in lead I reveals a linear association with left
atrial voltage and conduction velocity, indicating its role
in assessing electroanatomic remodeling related to AF
[22]. As indicated in some studies, low P-wave amplitude
in lead I is an independent predictor of AF recurrence
following catheter ablation for PAF, reflecting structural
changes like left atrial enlargement that may change the
relationship with Bechmann’s bundle direction parallel
to lead L. This structural change can lead to an increased
angle between them and uneven conduction, thereby
reducing P-wave amplitude in lead I. However, in our
study, we did not find significant differences in postop-
erative P-wave amplitude and its change between the
recurrent and non-recurrent groups. This deviation from
expected outcomes may be attributed to limitations in
sample size.

Abnormal P-wave area is indicative of left atrial
enlargement and structural abnormalities [3, 23], and it
serves as an independent risk factor for AF [24]. In this
study, postoperative P-wave area was significantly larger
in the recurrent AF group compared to the non-recur-
rent group, and notably smaller than preoperative levels.
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This observation is attributed to changes in the duration
and amplitude of the P wave on ECG, influenced by the
combined effects of catheter ablation, which includes
atrial myocyte destruction and modification.

The absolute value of PtfV1 refers to the product of the
amplitude and duration of the terminal negative P wave
in lead V1, with values greater than 0.03 mm:-s being clas-
sified as abnormal. In cases of left atrial enlargement,
the ECG often reveals not only a longer P-wave dura-
tion but also a more pronounced negative P wave com-
ponent in lead V1. Each standard deviation increase in
the P-wave terminal force in lead V1 is associated with a
23% increased risk of AF. Most scholars agree that cath-
eter ablation, which isolates the pulmonary vein muscle
sleeve potential, results in a decreased absolute value of
PtfV1 compared to pre-ablation levels [25]. Our findings
indicated that the pre-ablation absolute value of PtfV1
was higher in the recurrent AF group than in the non-
recurrent group. Also, the post-ablation absolute value of
PtfV1 was lower than pre-ablation values and was closely
related to AF recurrence. Logistic regression analysis
identified post-ablation PtfV1 and the change in PtfV1
(Delta-PtfV1) as significant predictors of postoperative
AF recurrence.

P-wave parameters obtained from surface ECG effec-
tively reflect the changes in atrial electrical remodeling in
patients with AF, which are closely related to the occur-
rence, progression, and recurrence of AF after catheter
ablation. However, relying on a single P-wave parameter
is insufficient to comprehensively capture the changes
in atrial electrical remodeling. Therefore, this study
considered the risk weight of each indicator and inno-
vatively integrated the P-wave parameters to construct
a nomogram, which offers greater sensitivity and speci-
ficity for predicting the recurrence risk after ablation of
PAE. Among these parameters, PWD, Pd, and PWA are
key electrocardiographic indicators related to AF and its
recurrence [26]. Specifically, Pd and PWD reflect atrial
conduction discontinuity and heterogeneity, and numer-
ous clinical studies across various fields have docu-
mented their effects on AF [9, 27, 28].

The nomogram model integrates various risk factors
and visually presents the results of regression analysis,
intuitively predicting individual disease risk [29]. How-
ever, there has been no reported nomogram study spe-
cifically predicting the recurrence risk in patients with
PAF after ablation based on P-wave parameters. In this
study, we constructed a nomogram model to predict the
recurrence risk in PAF patients post-ablation by using the
analysis results from the regression model. The calibra-
tion curve and DCA demonstrated that the predicted risk
closely aligned with the observed outcomes, indicating
good predictive performance of the model. The nomo-
gram model integrates the P-wave parameters of the
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body surface electrocardiogram, reflecting the electro-
physiological changes of the heart before and after radio-
frequency ablation of paroxysmal atrial fibrillation, and
visualizing the risk of recurrence of atrial fibrillation after
ablation, providing significant clinical benefits.

Conclusion

Body surface ECG P-wave parameters can serve as valu-
able reference factors for predicting the recurrence of
PAF in patients following catheter ablation. The nomo-
gram model established based on these P-wave param-
eters provides an effective tool for predicting PAF
recurrence post-ablation.

Limitations

This study was a single-center retrospective study with an
insufficient sample size and a large time span of selected
patients, and no comparative analysis was conducted in
different ablation methods. Therefore, it cannot be ruled
out that different ablation methods and other factors may
have an impact on the change of P-wave parameters and
the recurrence rate of atrial fibrillation. In addition, no
further intracardiac electrophysiological examination
was performed for patients with late recurrence of atrial
fibrillation after ablation, and the source of the recur-
rence could not be determined.
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CKD Chronic Kidney Disease

VTE Venous Thrombo Embolism

AUC Area Under Curve

RFCA Radio Frequency Catheter Ablation
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