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Abstract
Background Pulmonary vein isolation (PVI) modulates the intrinsic cardiac autonomic nervous system and reduces atrial 
fibrillation (AF) recurrence.
Methods In this retrospective analysis, we investigated the impact of PVI on ECG interlead P-wave, R-wave, and T-wave 
heterogeneity (PWH, RWH, TWH) in 45 patients in sinus rhythm undergoing clinically indicated PVI for AF. We measured 
PWH as a marker of atrial electrical dispersion and AF susceptibility and RWH and TWH as markers of ventricular arrhyth-
mia risk along with standard ECG measures.
Results PVI acutely (16 ± 8.9 h) reduced PWH by 20.7% (from 31 ± 1.9 to 25 ± 1.6 µV, p < 0.001) and TWH by 27% (from 
111 ± 7.8 to 81 ± 6.5 µV, p < 0.001). RWH was unchanged after PVI (p = 0.068). In a subgroup of 20 patients with longer 
follow-up (mean = 47 ± 3.7 days after PVI), PWH remained low (25 ± 1.7 µV, p = 0.01), but TWH partially returned to the 
pre-ablation level (to 93 ± 10.2, p = 0.16). In three individuals with early recurrence of atrial arrhythmia in the first 3 months 
after ablation, PWH increased acutely by 8.5%, while in patients without early recurrence, PWH decreased acutely by 22.3% 
(p = 0.048). PWH was superior to other contemporary P-wave metrics including P-wave axis, dispersion, and duration in 
predicting early AF recurrence.
Conclusion The rapid time course of decreased PWH and TWH after PVI suggests a beneficial influence likely mediated via 
ablation of the intrinsic cardiac nervous system. Acute responses of PWH and TWH to PVI suggest a favorable dual effect 
on atrial and ventricular electrical stability and could be used to track individual patients’ electrical heterogeneity profile.
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1 Introduction

Atrial fibrillation (AF) affects nearly 40 million individu-
als worldwide [1]. Typically, AF begins as an arrhythmia 
triggered by pulmonary vein ectopic beats and evolves 
over time to a more substrate-driven arrhythmia, justify-
ing the statement that “AF begets AF,” as paroxysmal AF 
(PAF) often progresses to persistent AF [1, 2]. To inter-
rupt this pathway, catheter ablation of AF has increasingly 
gained importance in recent years, contributing to reduced 
AF burden and improved quality of life and left ventricu-
lar ejection fraction in selected patients [2–6]. Pulmonary 
vein isolation (PVI) attempts to eliminate AF by isolating 
triggering foci from the pulmonary vein–atrial region of 
the left atrium and also likely through autonomic modu-
lation by partially destroying intrinsic cardiac autonomic 
ganglionated plexi [2, 6, 7]. AF recurrence after ablation is 
commonly secondary to pulmonary vein reconnection [2].

Assessment of electrophysiological properties of the 
heart could disclose pathogenic pathways of increased 
risk for AF recurrence. Electrical heterogeneity or 
electrical dispersion can be defined as spatial and/or 
temporal non-uniformity in depolarization and repo-
larization of the heart and can easily be monitored 
with 12-lead ECGs, long-term ECG patches, or wired 
ambulatory ECG recorders [8, 9]. T-wave heterogeneity 
(TWH) has been shown to predict near-term mortal-
ity in women due to acute coronary syndrome as well 
as sudden cardiac death in a 5600-subject population 
survey, with a nearly 2-fold greater predictive power 
compared to QTc interval [10, 11]. PWH reflects elec-
trical dispersion of the atria, which participates in the 
underlying mechanism of AF [1, 2] and therefore might 
allow assessment of risk of AF recurrence after abla-
tion. This is the first study of PWH measurement to 
determine electrophysiological properties before and 
after AF ablation [1, 2, 12].

The goals of the present retrospective analysis were 
to monitor atrial and ventricular electrical heterogeneity 
profiles before and after PVI for AF using second central 
moment analysis [8–11] and to compare PWH to other con-
temporary P-wave indices to evaluate risk for AF recurrence.

2  Methods

2.1  Patients

Medical records of adult patients with paroxysmal or 
persistent AF referred to the Electrophysiology Section 
at Beth Israel Deaconess Medical Center (BIDMC) for 

PVI were analyzed. In this exploratory study, eligible 
patients (N = 45) were individuals whose ECGs were 
obtained ≤ 2.5 h pre-ablation and ≤ 24 h post-ablation, 
selected from among nearly 2000 individuals who pre-
sented to the electrophysiology study laboratory for PVI 
in sinus rhythm between July 2016 and December 2021. 
Individuals with previous PVI or left atrial ablation were 
excluded. Demographic and clinical information, type of 
AF, cardiac risk factors, comorbidities and medications 
were accessed. Recurrent arrhythmia after ablation was 
defined as documentation of AF, atrial flutter, or atrial 
tachycardia lasting ≥ 30 s.

2.2  Procedures

2.2.1  Ablation procedure

Patients were taken to the electrophysiology lab in 
a fasting state and placed under general anesthesia. 
Femoral venous access was obtained, a decapolar cath-
eter was placed in the coronary sinus, and transseptal 
access was obtained under intracardiac echocardiog-
raphy guidance. Multipolar mapping catheters (Penta-
ray® NAV ECO, Biosense Webster, Irvine CA, USA, 
or the Advisor™ HD Grid, Abbott, Chicago IL, USA) 
were used to create anatomic shells of the atria and 
baseline activation and voltage maps during coronary 
sinus pacing. Radiofrequency ablation was performed 
with open-irrigated contact force-sensing ablation cath-
eters (Thermocool Smarttouch® SF, Biosense Webster, 
Irvine CA, USA, or Tacticath™ SE, Abbott, Chicago 
IL, USA) with adjacent point-by-point lesions delivered 
in a wide antral approach for end block isolation of the 
left and right pulmonary veins. Further lesions were 
delivered as necessary to achieve PVI.

2.2.2  Electrocardiographic analysis

12-lead electrocardiograms (ECGs) were recorded (GE 
Healthcare, Milwaukee WI, USA) at 500 Hz with an ampli-
tude resolution of 4.88 µV immediately before ablation, 
within 24 h after the procedure, and at 4 to 13 weeks post-
ablation in select patients. Heart rate, PR interval, P-wave 
axis, duration, terminal force in  V1, and dispersion (calcu-
lated as the maximum minus the minimum P-wave duration 
among the 12 leads), QRS axis and duration, QT-interval 
dispersion (QTd), uncorrected and corrected QT interval 
(Bazett´s formula, QTc), and T-wave peak to T-wave end 
(TpTe) in lead  V5 were analyzed by a single blinded inves-
tigator (G.L.F.).
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2.2.3  Heterogeneity analysis

P-, R- and T-wave heterogeneity (PWH, RWH and TWH) 
were measured as previously described using dedicated 
leads (I, II,  V4,  V5,  V6) by second central moment analy-
sis [8, 12] from digitized standard 12-lead ECG record-
ings before and after the ablation. A single, blinded inves-
tigator (G.L.F.) calculated PWH, RWH, and TWH as the 
maximum splay in microvolts about the mean waveform 
throughout the P wave, R wave, and T wave, respectively, 
as previously described [8, 12] (Fig 1). 

2.3  Statistical analysis

Quantitative variables were expressed as means ± stand-
ard error of mean (SEM), and qualitative variables were 
expressed as percentage values. The normality of the 
data distribution was assessed using the Kolmogorov-
Smirnoff test. Student´s t-test was employed to compare 
continuous variables, and a p-value < 0.05 was consid-
ered significant. Fisher´s exact test or Pearson´s Chi-
square analysis were used to analyze qualitative data 
and frequencies of occurrence. Estimation statistics were 
used to compare the acute effects of PVI on heterogene-
ity values [13]. Additionally, we used Student´s paired 
T-test to compare ECG and heterogeneity variables 

among a subgroup of the total cohort with longer fol-
low-up (4 to 13 weeks after ablation) to pre- and ear-
lier post-ablation variables. Hierarchical multiple linear 
regression was used to explore the predictive variables 
associated with PWH and TWH. Independent predictors 
of PWH and TWH among ECG parameters and demo-
graphic and clinical data by previous univariate analysis 
with a p-value < 0.1 were retained for the final multiple 
linear regression model. All statistical procedures were 
performed using IBM SPSS software package for Win-
dows, version 17 (IBM, Armonk, NY, USA) and Micro-
soft® Excel® for Microsoft 365 MSO (Version 2211).

3  Results

3.1  Patient characteristics

The study included 45 individuals with paroxysmal 
(86.7%) or persistent AF (13.3%) referred for ablation 
who presented in sinus rhythm at the time of the elective 
PVI (Table 1). Women composed 60% of the cohort, and 
mean age at time of ablation was 66 ± 1.1 years. ECG 
records of 20 patients were available at 4 to 17 weeks 
after ablation.

3.2  ECG parameters

ECGs were recorded immediately before (0.97 ± 0.08 h) 
and at ≤16 ± 1.1 h after the end of the procedure and the 
results are presented along with longer-term follow-up in 
20 patients (Table 2).

3.3  P‑, R‑ and T‑wave heterogeneity

PVI acutely reduced PWH by 20.7% (p < 0.001) and TWH 
by 27% (p < 0.001) but did not alter RWH (Table 2, Fig. 2). 
Using estimation statistics [13], the paired mean differences 
between pre- and post-ablation for PWH, TWH and RWH 
were -6.46 [95% CI -9.56, -3.82], p < 0.001; -29.9 [95% CI 
-43.4, -17.7], p < 0.001; and -18.6 [95% CI -41.4, -1.92], 
p = 0.068, respectively.

The percentage decrease in P-, R- and T-wave heteroge-
neity was similar in PAF compared to persistent AF patients 
(18.5% vs. 36.2%, p = 0.14; 7.1% vs. 8.9%, p = 0.44; and 
25.8% vs. 34.8%, p = 0.37, respectively).

Pre-ablation PWH and RWH values were higher in males 
compared to females, but TWH did not differ (36 ± 3.2 vs. 
28 ± 2.0 µV, p = 0.01; 322 ± 38.6 vs. 209 ± 16.2 µV, p = 0.002; 
and 124 ± 9.6 vs. 102 ± 11.2 µV, p = 0.08, respectively). PVI 

Fig. 1  Signal processing and computing of the second central 
moment calculation of P-wave heterogeneity (PWH), R-wave hetero-
geneity (RWH), and T-wave heterogeneity (TWH) in a representative 
patient with atrial fibrillation before ablation and at 9 hours after 
the procedure. Greater splay (heterogeneity) can be observed before 
ablation
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decreased PWH and TWH similarly in males and females (23.4 
vs.18.4%, p = 0.26; 15.4 vs. 36.3%, p = 0.18), respectively.

The ≥ 102 µV TWH cut point of abnormality, a marker 
of ventricular tachycardia/fibrillation and arrhythmic 
death [11], was exceeded by 55.6% of pre-ablation 
patients (72.2% in males and 44.4% in females) and by 
26.7% of post-ablation patients (44.4% in males and 
14.8% in females)  (p = 0.0053). After 4 to 13  weeks, 
TWH ≥ 102 µV was present in 45% of the cohort (71.4% 
in males and 30.8% in females) (p = 0.43 compared to 
pre-ablation; p = 0.14 compared to hours after ablation) 
(Fig. 3).

In univariate regression analyses, sex, heart fail-
ure, focal ablation lines after PVI, P-wave axis and PR 
interval were related to PWH (Supplementary Table 1). 
After hierarchical multivariate regression, the full model 
(Model 5, Supplementary Table 2) explained 22.3% of 
PWH (p = 0.009 for the model), but only sex was still 
significantly correlated with PWH, explaining 9.6% of 
PWH (Model 1, Supplementary Table 2, p = 0.023 for the 
model).

QRS duration and age were related to TWH in uni-
variate analysis (Supplementary Table 3). Multivariate 
regression showed that the full model (Model 2, Supple-
mentary Table 4) explained 11.8% of TWH (p = 0.029 for 
the model), but only QRS duration remained significantly 
correlated with TWH, explaining 6.7% of its variance 
(Model 1, Supplementary Table 4, p = 0.049).

Additional exploratory evaluation of correlations between 
heart rate and heterogeneity adding pre- and post-ablation 
values revealed that heart rate exhibited a negative corre-
lation with TWH, explaining 4.4% of its variance (stand-
ardized beta = 161.74, adjusted R² = 0.0442, p = 0.027). 
Heart rate had no correlation with PWH (p = 0.34) or RWH 
(p = 0.16).

3.4  Subgroup analyses and longer follow‑up

From the original 45-patient cohort, we analyzed 20 
individuals (mean age = 66 ± 1.6  years, 65% female) 
whose ECGs were available at 4 to 13 weeks after ablation 
(mean 47 ± 3.7 days after ablation). In this subgroup, PWH 
remained reduced by 19.5% (p = 0.01) but TWH recovered to 
a 16% overall reduction (p = 0.16) compared to pre-ablation 
(Fig. 4).

Heart rate remained elevated at the longer follow-up, 
while P-wave duration, uncorrected QT interval, QTd, 
and TpTe remained reduced. Although QTc interval 

Table 1  Patient characteristics

Key: aChronic kidney disease (based on glomerular filtration rate, 
GFR): G2 GFR: 60–89  mL/min/1.73  m2; G3a GFR: 45–59  mL/
min/1.73  m2; G3b GFR: 30–44  mL/min/1.73  m2; G4 GFR: 
15–39 mL/min/1.73  m2; G5 GFR: < 15 mL/min/1.73  m2

b Heart failure (HF) was diagnosed as: Admission for HF, New York 
Heart Association (NYHA) > I, diuretic use
c Coronary artery disease was diagnosed as: > 70% lesion on coronary 
angiography or positive stress test
d Additional ablation lines included cavotricuspid isthmus, roof line, 
and mitral lines
Note: LVEF = left ventricular ejection fraction

Variable Patients (N = 45)

Age at ablation (years) 66 ± 1.1
Female sex, n (%) 27 (60%)
Body mass index (kg/m2) 31.1 ± 0.9
Hypertension, n (%) 29 (64%)
Dyslipidemia, n (%) 27 (60%)
Diabetes, n (%) 6 (13.3%)
Current smoker, n (%) 1 (2.2%)
Chronic obstructive pulmonary disease, n (%) 1 (2.2%)
Chronic kidney  diseasea, n (%) 14 (31.1%)

  G2 9 (20%)
  G3a 2 (4.4%)
  G3b 2 (4.4%)
  G4 1 (2.2%)

Obstructive sleep apnea, n (%) 12 (26.7%)
Heart  failureb, n (%) 8 (17.8%)

  Preserved LVEF 5 (11.1%)
  Reduced LVEF 3 (6.7%)

Coronary artery  diseasec, n (%) 6 (13.3%)
Atrial fibrillation, n (%) 45 (100%)

  Paroxysmal 39 (86.7%)
  Persistent 5 (11.1%)
  Long-standing persistent (> 1 year) 1 (2.2%)

Ablation technique, n (%)
  Total pulmonary vein ablation 45 (100%)
  Posterior wall ablation 5 (11.1%)
  Additional ablation  linesd 31 (68.9%)
  Additional focal ablation 2 (4.4%)

Anti-arrhythmic agents, n (%)
  Amiodarone 7 (15.6%)
  Flecainide/Propafenone 6 (13.3%)
  Sotalol 2 (4.4%)
  Dofetilide 1 (2.2%)
  Dronedarone 1 (2.2%)
  Beta-Blocker 24 (53.3%)
  Calcium Channel Blocker 13 (28.9)
  Digoxin 1 (2.2%)
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Table 2  Heterogeneity levels and ECG parameters of patients with atrial fibrillation: pre-ablation, hours post-ablation, and weeks post-ablation

Key: aComparison between pre-ablation and hours after ablation (n=45)
b Comparison between pre-ablation and weeks after ablation (n=20)
c Comparison between hours after ablation and weeks after ablation (n=20)
PWH = P-wave heterogeneity; RWH = R-wave heterogeneity; TWH = T-wave heterogeneity; TpTe = T-peak to T-end
Note: Data are presented as means ± SEM. Bold font indicates p < 0.05

Pre-Ablation (N = 45) 16 Hours After Ablation 
(N = 45)

4 to 13 Weeks After Ablation 
(N = 20)

P-value

PWH (µV) 31 ± 1.9 25 ± 1.6 25 ± 1.7 p < 0.001a

p = 0.01b

p = 0.31c

RWH (µV) 254 ± 19.8 235 ± 18 190 ± 16.1 p = 0.068a

p = 0.15b

p = 0.44c

TWH (µV) 111 ± 7.8 81 ± 6.5 93 ± 10.2 p < 0.001a

p = 0.16b

p = 0.11c

Heart Rate (bpm) 59 ± 1.6 68 ± 1.6 67 ± 2.5 p < 0.001a

p = 0.048b

p = 0.33c

PR Interval (ms) 180 ± 4.9 179 ± 5.0 160 ± 5.8 p = 0.53a

p = 0.1b

p = 0.2c

QRS duration (ms) 92 ± 2.1 93 ± 1.8 88 ± 1.9 p = 0.17a

p = 0.48b

p = 0.46c

QRS axis (degrees) 25 ± 4.6 27 ± 4.6 22 ± 8.1 p = 0.35a

p = 0.38b  
p = 0.46c

P-wave axis (degrees) 46 ± 4.6 57 ± 3.5 45 ± 7.6 p = 0.06a

p = 0.4b

p = 0.3c

P-wave dispersion (ms) 25 ± 1.5 26 ± 1.3 26 ± 2.1 p = 0.48a

p = 0.18b

p = 0.42c

P-wave duration (ms) 121 ± 1.9 119 ± 2.0 107 ± 2.3 p = 0.02a

p = 0.006b

p = 0.38c

P-wave terminal force in  V1 (ms*mm) 30 ± 3.2 21 ± 2.8 22 ± 4.4 p = 0.001a

p = 0.1b

p = 0.37c

P-wave area, lead II (ms*mV) 7.1 ± 0.5 6.3 ± 0.4 5.4 ± 0.6 p = 0.067a

p = 0.17b

p = 0.17c

Uncorrected QT interval (ms) 459 ± 4.3 448 ± 6.5 417 ± 8.7 p = 0.002a

p = 0.03b

p = 0.19c

QTc interval (Bazett) (ms) 453 ± 4.3 473 ± 5.3 408 ± 5.5 p < 0.001a

p < 0.001b

p < 0.001c

TpTe (ms) 123 ± 3.4 113 ± 2.9 112 ± 3.8 p = 0.002a

p = 0.027b

p = 0.22c

QT dispersion (ms) 42 ± 2.4 41 ± 2.2 34 ± 1.7 p = 0.76a  
p = 0.017b

p = 0.016c
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increased from pre-ablation baseline to hours after abla-
tion ( p < 0.001), longer follow-up showed decreased 
values ( p < 0.001) (Table 2, Fig. 3). QTc ≥ 450 ms for 
men and ≥ 460  ms for women was present in 43.2% 
of the cohort pre-ablation (33.3% for men; 50% for 
women), 66.7% at 16 h post-ablation (38.9% men; 85.2% 
women) and 5% (0% men; 7.7% women) at 4 to 13 weeks 
post-ablation (p = 0.03 for pre- vs. hours post-ablation; 
p = 0.002 for pre- vs. weeks post-ablation; and p < 0.001 
for hours post- vs. weeks post-ablation).

To study the influence of heart rate on heteroge-
neity, we analyzed a subgroup of 17 patients who 
had < 10% variation in heart rate after ablation (mean 

age = 68 ± 1.9  years, 41.2% female, heart rate before 
and after PVI = 62 ± 2.0 vs 63 ± 2.0 bpm, p = 0.06). In 
this group, PWH decreased from 33 ± 2.9 to 25 ± 2.9 µV 
(p = 0.003) and TWH decreased from 131 ± 14.6 to 
97 ± 12.7 µV (p = 0.02) after ablation.

We compared individuals who received PVI-only 
to those with additional ablation lines (84.4%). PWH 
and TWH values decreased in patients with PVI-only 
by 24.1% and 14.7%, but these changes were not sig-
nificantly different compared to patients with addi-
tional ablation lines, namely 20.4% (p = 0.39) and 29.6% 
(p = 0.24).

Fig. 2  Change in atrial and 
ventricular heterogeneity in 45 
patients at hours after abla-
tion. P-wave heterogeneity 
(PWH) and T-wave hetero-
geneity (TWH) were acutely 
reduced after ablation. R-wave 
heterogeneity (RWH) was not 
significantly reduced. Pre=pre-
ablation; Post=post-ablation.

Fig. 3  Portion of patients with 
abnormal repolarization after 
ablation. Top: Patients with 
abnormal values of T-wave 
heterogeneity (≥ 102 µV) 
pre-ablation (N = 45), hours 
post-ablation (N = 45), and 
weeks post-ablation (N = 20). 
Bottom: Patients with abnormal 
QTc interval (Bazett’s) (≥ 450 
for males and ≥ 460 for females) 
pre-ablation, hours post-abla-
tion, and weeks post-ablation
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3.5  PWH in patients with early recurrence of atrial 
arrhythmias

Three individuals from the original 45-patient cohort 
experienced early recurrence of atrial arrhythmia, defined 
as AF, atrial flutter, or atrial tachycardia within 3 months 
after ablation. Two patients had atrial flutter at 4 days and 
one at 77 days after ablation. In these three individuals, 
PVI increased PWH within hours after ablation by 8.5% 
while in patients without early recurrence, PVI decreased 
PWH by 22.7% (p = 0.048). In 18 patients with early plus 
later recurrence (604 ± 128 days after ablation), the dif-
ference in PWH decrease after ablation reached border-
line p-value (0.06) for recurrence at any time. By com-
parison, neither P-wave axis, P-wave duration, nor P-wave 
dispersion values pre- or post-ablation, nor their absolute 
difference, was associated with early recurrence or recur-
rence at any time. P-wave terminal force in  V1 at base-
line was significantly greater in patients with early recur-
rence compared to individuals with no early recurrence. 

However, there were no statistical differences in their 
decreased values after PVI in early-recurrence or recur-
rence at any time compared to no recurrence (Table 3).

4  Discussion

4.1  Main findings

This is the first report of simultaneous assessment of inter-
lead heterogeneity of P-, R-, and T-wave morphology follow-
ing PVI in patients with AF. We found that PVI produced 
reductions in PWH and TWH in the immediate post-ablation 
period (Table 2). PWH remained reduced at 4 to 13 weeks 
following ablation, whereas TWH partially returned to pre-
ablation levels. In the present cohort, PWH was superior to 
other contemporary P-wave metrics including P-wave axis, 
dispersion, duration, and terminal force in predicting early 
AF recurrence (Table 3).

Fig. 4  Atrial and ventricular heterogeneity in 20 patients with longer-
term follow-up. At 4 to 13 weeks after ablation, P-wave heterogene-
ity (PWH) maintained lower values compared to pre-ablation and 
was similar to hours post-ablation; T-wave heterogeneity (TWH) 

partially returned to pre-ablation level. R-wave heterogeneity (RWH) 
was similar at the three different time points. Pre = pre-ablation; 
Hours = hours after ablation; Weeks = weeks after ablation
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Table 3  Effects of PVI on P-wave metrics among individuals with early recurrence of atrial fibrillation (AF) and AF recurrence at any time after 
ablation, compared to individuals without AF recurrence

Key: aComparison between pre-ablation among early AF recurrence vs. no early AF recurrence
b Comparison between hours after ablation among early AF recurrence vs. no early AF recurrence
c Comparison between post- minus pre-ablation difference among early AF recurrence vs. no early AF recurrence
d Comparison between pre-ablation among any AF recurrence vs no AF recurrence
e Comparison between hours after ablation among any AF recurrence vs. no AF recurrence
f Comparison between post- minus pre-ablation difference among AF recurrence at any time vs. no AF recurrence
AF = atrial fibrillation; PWH = P-wave heterogeneity
Note: Data are presented as means ± SEM. Bold font indicates p < 0.05

Pre- Ablation (N = 3 for early recur-
rence; N = 18 for any recurrence; 
N = 27 for no recurrence)

16 Hours after Ablation (N = 3 for 
early recurrence; N = 18 for any 
recurrence; N = 27 for no recurrence)

Mean difference 
pre- to post- abla-
tion

P-value

Early Recurrence of AF
PWH (µV) 30 ± 3.8 32 ± 5.1  + 3 ± 3.3
P-wave axis (degrees) 60 ± 0.2 67 ± 10.8  + 7 ± 12.5
P-wave duration (ms) 129 ± 0.4 125 ± 1.1 -3.5 ± 10.6
P-wave dispersion (ms) 19 ± 7.7 26 ± 7  + 7 ± 13.5
P-wave terminal force in  V1 (ms*mm) 51 ± 6.9 28 ± 7 -23 ± 9.6

No Early Recurrence of AF
PWH (µV) 31 ± 2.0 24 ± 1.6 -7 ± 1.5 p = 0.4a  

p = 0.09b

p = 0.048c

P-wave axis (degrees) 45 ± 4.8 56 ± 3.7  + 9 ± 5.3 p = 0.19a

p = 0.2b  
p = 0.47c

P-wave duration (ms) 120 ± 0.2 118 ± 0.2 -3 ± 1.1 p = 0.13a  
p = 0.21b

p = 0.45c

P-wave dispersion (ms) 26 ± 1.5 26 ± 1.3 -1 ± 1.7 p = 0.14a

p = 0.47b  
p = 0.21c

P-wave terminal force in  V1 (ms*mm) 29 ± 3.3 19 ± 3 -9 ± 3.1 p = 0.04a

p = 0.22b  
p = 0.13c

Any Recurrence of AF
PWH (µV) 28 ± 2.7 24 ± 3 -4 ± 1.8
P-wave axis (degrees) 49 ± 6.7 57 ± 6.7  + 6 ± 7.3
P-wave duration (ms) 123 ± 3.7 122 ± 3.9 -1 ± 1.9
P-wave dispersion (ms) 24 ± 2.7 25 ± 2  + 1.2 ± 2.7
P-wave terminal force in  V1 (ms*mm) 26 ± 5.3 19 ± 4.3 -8 ± 4.2

No Recurrence of AF
PWH (µV) 34 ± 2.5 25 ± 1.7 -8 ± 2.1 p = 0.06d  

p = 0.34e

p = 0.06f

P-wave axis (degrees) 43 ± 6.3 56 ± 9.8  + 12 ± 6.9 p = 0.25d  
p = 0.48e

p = 0.3f

P-wave duration (ms) 119 ± 1.8 116 ± 2.1 -4 ± 1.5 p = 0.15d  
p = 0.12e

p = 0.1f

P-wave dispersion (ms) 26 ± 1.7 27 ± 1.7  + 1.3 ± 2.4 p = 0.2d  
p = 0.18e  
p = 0.49f

P-wave terminal force in  V1 (ms*mm) 33 ± 4 22 ± 3.7 -12 ± 4.1 p = 0.15d  
p = 0.14e

p = 0.23f
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4.2  Triggers, substrate and modulating factors 
and the influence of PVI on AF

Factors such as pressure or volume overload with stretch-
related fibrosis, inflammation, fatty infiltration, ischemia, 
atrial dysfunction, genetic predisposition, ionic handling, 
ion-channel alterations, and neuro-humoral tone favor atrial 
electrical and anatomical remodeling, which may explain the 
progression from paroxysmal episodes to persistent forms 
of AF [1, 14–16]. AF itself and its associated risk factors 
and comorbid conditions favor arrhythmia perpetuation [1, 
2]. Thus, early interruption of these processes is beneficial.

An important modulating factor in the perpetuation of 
AF is the autonomic nervous system [14]. Choi and col-
leagues demonstrated in a canine model that activation of the 
intrinsic cardiac nervous system precedes AF either alone 
(72%) or in association with (28%) sympathovagal extrinsic 
autonomic nervous system activation [17]. AF can be trig-
gered by both sympathetic and parasympathetic stimuli [15, 
18, 19]. Imbalance between these two components can pro-
mote uncoupling between a vagally shortened atrial effective 
refractory period with a sympathetic increase in calcium 
transients, a phenomenon called calcium transient triggering 
[20]. For AF onset, this seems particularly important in the 
pulmonary veins [21].

Adding ganglionic plexi ablation to PVI increased the 
success rate of AF ablation in a randomized trial [22]. How-
ever, since lesions from standard pulmonary vein ablation 
typically encompass areas with high ganglionic plexi con-
centrations, it is possible that autonomic denervation is an 
additive mechanism contributing to favorable PVI results 
[23]. Our cohort exhibited increased heart rates shortly after 
ablation with a sustained response weeks later. Although 
alternative tests such as procedural extracardiac vagal stimu-
lation, heart rate variability, tilt-test, exercise tolerance test,  
and atropine test would be ideal to evaluate the effects of 
parasympathetic and sympathetic denervation in the follow-
up, increases in minimum and mean heart rates after ablation 
have been related to and considered the simplest parameter 
changed by cardioneuroablation [24–27].

4.3  Atrial heterogeneity and ECG variables after PVI

We observed an immediate reduction in atrial electrical 
heterogeneity after ablation. This response was sustained 4 
to 13 weeks later. An increase in atrial effective refractory 
period caused by decreased vagal tone, isolation of trigger-
ing activity from PV or non-PV foci, and decreased critical 
tissue mass available for simultaneously circulating wavelets 
could be responsible for reduced heterogeneity [1, 2, 15]. 
Inhomogeneous atrial electrical conduction is related to AF 
risk and has been proposed as the cause of P-wave disper-
sion [28, 29].

Interestingly, heart rate was not correlated with PWH, 
and in a subgroup with < 10% variation in heart rate after 
ablation, a PWH reduction was also noted. This observation 
suggests that decreased vagal tone evident as increased heart 
rate is not the sole mechanism for PWH reduction.

P-wave duration was also reduced after ablation, which 
could further implicate an increase in sympathetic tone [30]. 
Several groups reported that increased P-wave duration after 
ablation obtained with signal averaged P-wave analysis was 
associated with AF recurrence in patients with persistent or 
paroxysmal AF [31–33]. However, other studies reported 
that pre-ablation P-wave duration predicted recurrence [34], 
while others found no association between AF recurrence 
and P-wave duration [35].

Female patients composed 60% of our cohort, although, 
in unselected populations, the age-adjusted incidence, preva-
lence, and lifetime risk of AF are lower in women compared 
to men [1]. In multivariate analysis, only female sex was 
significantly correlated with PWH. We also demonstrated 
lower levels of heterogeneity before and after ablation in 
women compared to men. However, PWH and TWH reduc-
tion after ablation was similar for men and women. Since 
women tend to have smaller hearts, reduced critical tissue 
mass for circulating wavelets could be responsible for the 
observed reduced heterogeneity [1, 2, 15].

4.4  Ventricular heterogeneity and ECG variables 
after PVI

Within 24  h after ablation, TWH was substantially 
decreased, but by weeks after the procedure, it had returned 
partially to pre-ablation levels. Although higher sympathetic 
tone is linked to increased electrical dispersion, afterdepo-
larizations, and arrhythmias [15], other factors, such as seda-
tion during ablation, stress relief after the end of procedure, 
or the acute reduction in vagal tone, sympathetic output, 
and optimized sympathovagal balance could be alterna-
tive explanations to our findings. In addition, bradycardia, 
as observed in pre-ablation patients, could have promoted 
repolarization dispersion, as previously demonstrated [36] 
and ablation, by its acute effect on heart rate secondary to 
parasympathetic output alterations, could explain the rapid 
initial decrease in TWH. These mechanisms appear to have 
less importance in ventricular depolarization, since QRS 
duration, QRS axis, and RWH were similar before and after 
ablation.

Other parameters related to ventricular electrical dis-
persion, such as uncorrected QT interval, TpTe, and QTd, 
decreased hours or weeks after ablation. QTc interval 
(Bazett´s) increased hours after ablation and decreased 
weeks later. Our results are similar to those reported 
by Nguyen et  al., who found increased QTc interval 
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immediately after ablation, which returned to pre-ablation 
levels at 30–90 days [37]. Chikata et al. found that uncor-
rected QT interval was prolonged at 4 h after ablation and 
then decreased on the first day and at 1 and 3 months, but 
QTc interval (Bazett´s) maintained higher values until the 
third month after ablation [38]. Similar to our and other 
reports, they demonstrated that female sex was associated 
with a more pronounced prolongation of the uncorrected 
QT interval compared to men [38, 39]. Hermans et al., 
however, found no association between ablation and QTc 
interval or QTd, although there was a shorter duration of 
uncorrected QT interval on the first day and at three months 
after ablation [40]. In that study, however, individuals were 
younger and fewer were female. These studies also reported 
increased heart rates after ablation [37, 38, 40].

The fact that the directional changes in TWH and QTc 
interval differed in our study suggests that these measure-
ments reflect differing electrophysiologic properties. While 
QTc interval includes electrical myocyte depolarization and 
repolarization, incorporating systolic and diastolic periods, 
TWH reflects temporal and/or spatial differences in repolari-
zation of neighboring myocytes [8].

4.5  Limitations

This hypothesis-generating study was a retrospective medi-
cal records analysis that explored acute and short-term 
patterns of atrial and ventricular heterogeneity in patients 
undergoing ablation for AF. Because of the small num-
ber of individuals studied, the potential role of PWH as a 
tool for tracking risk for AF recurrence will require further 
analysis and, although patients underwent routine follow-
up, underestimation of asymptomatic AF recurrence and AF 
burden may have occurred. Second, the absence of a control 
group (either in sinus rhythm or in AF but not referred for 
PVI) in longitudinal settings precludes further insights into 
thresholds for normal/abnormal levels of PWH, TWH and 
RWH for clinical significance. Third, although exploratory 
investigations of subgroups of different types of AF and of 
ablation procedures did not show significant differences in 
heterogeneity, the absence of late atrial mapping to search 
for PVI reconnections prevented detailed anatomical correla-
tion between ablation lines and heterogeneity results. And 
last, updated echocardiographic data were not available for 
correlation analyses with heterogeneity values.

5  Conclusion

This is the first study to measure atrial and ventricular 
electrical heterogeneity concurrently before and after PVI 
for AF using second central moment analysis. We found 
that PWH was reduced within hours after ablation and 

remained decreased at 4 to 13 weeks after the procedure. 
TWH, a marker of sudden death in epidemiological studies, 
decreased acutely after ablation and only partially returned 
to pre-ablation levels weeks later. The potential role of elec-
trical heterogeneity after ablation regarding early success 
rates and AF recurrence risk holds promise but requires 
further study.
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