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Long P-wave duration immediately after pulmonary vein isolation
on radiofrequency catheter ablation for atrial fibrillation predicts
clinical recurrence: correlation with atrial remodeling in persistent
atrial fibrillation
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Abstract

P-wave morphology reflects atrial remodeling and indicates prognosis after radiofrequency catheter ablation (RFCA) for
atrial fibrillation (AF). The impact of p-wave morphology after excluding the effect of pulmonary vein (PV) substrate on
outcomes is unknown. We evaluated the p-wave morphology on electrocardiography immediately after PV isolation for clini-
cal outcomes. Eighty-four consecutive patients (47 with paroxysmal AF and 37 with persistent AF) who underwent RFCA
were included. P-wave duration (PWD) and amplitude in all leads were examined during sinus rhythm immediately after PV
isolation. We evaluated the relationship between electrocardiogram parameters and AF recurrence, according to the type of
AF and following ablation, and the correlation with left atrial (LA) volume, low voltage ratio, and fixed conduction time.
During 12 months of follow-up, 20 patients experienced recurrence. The cut-off value of PWD > 120 ms in lead I showed a
sensitivity of 75% and specificity of 69% for predicting recurrence. PWD was significantly correlated with LA volume, low
voltage, and conduction velocity. Significantly higher recurrence rates were observed in patients with PWD > 120 ms than in
those with PWD <120 ms (p <0.001), and the difference was more pronounced in patients with persistent AF. Multivariate
analysis demonstrated that PWD > 120 ms was independently associated with recurrence in the total population (hazard ratio
2.00; 95% confidence interval 1.27-3.22; p=0.003) and in patients with persistent AF. In conclusion, long PWD after PV
isolation predicts AF recurrence, which might be associated with the extent of the LA substrate in persistent AF.
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Introduction remarkable performance with maintaining sinus rhythm,

because ectopic activity in PVs plays the important role of

Radiofrequency catheter ablation (RFCA) is an effective
method of rhythm control for atrial fibrillation (AF), and
its success rate is approximately 70-80% with a single
procedure [1]. Pulmonary vein (PV) isolation of AF has a
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initiating and perpetuating AF [2]. However, there is often
a problem of AF recurrence after RFCA, which is mainly
because of PV reconnection or substrate remodeling of the
left atrium (LA). LA remodeling refers to the spectrum of
pathophysiological changes in atrial structure and mechani-
cal and electric functions, which often becomes associated
with an increased risk of cardiovascular and embolic events
and mortality through an intervention of AF [3-5].

P-wave morphology on an electrocardiogram (ECG) can
be a simple and non-invasive tool to reflect the process of
electrical and structural remodeling, because its duration
and amplitude can be associated with atrial conduction and
the direction of atrial depolarization and myocardial mass.
In particular, prolonged p-wave duration (PWD) has been
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proven to represent AF-associated atrial structural altera-
tions [6]. There are several studies in which pre-ablation
p-wave morphology can be identified as a predictor of AF
recurrence after PV isolation [6—12]. However, standard
measurement of PWD on ECG can be calculated at the
time of sinus rhythm only. The p-wave morphology during
AF rhythm cannot be assessed before the procedure, and
therefore, p-wave analysis is not possible prior to ablation in
patients with persistent AF. By contrast, there are few prior
studies investigating the relationship of post-ablation p-wave
morphology with the procedure outcome [13, 14]. The
p-wave could also change after catheter ablation because of
the modification of atrial myocardial condition. In particular,
the p-wave after PV isolation could reflect the remaining
atrial substrate in the LA and be a potential marker for esti-
mating LA substrate requiring additional ablation after PV
isolation. It is unclear whether p-wave morphology could
be a predictor of prognosis and a representative marker for
the estimation of additional LA substrate after excluding the
effect of arrhythmogenic PV substrate by catheter ablation.

Thus, this study aimed to investigate the relationship
between p-wave morphology on ECG immediately after
PV isolation and before additional substrate procedure with
prognosis after ablation for AF, and to evaluate the correla-
tion between p-wave morphology and LA volume, voltage
substrate, and conduction velocity.

Material and methods
Study population

The present study retrospectively analyzed a catheter abla-
tion database at Kasugai Municipal Hospital in Japan. A
total of 84 consecutive patients with symptomatic, refrac-
tory AF who underwent RFCA for the first time between
January 2017 and May 2018 were enrolled. The indication
for catheter ablation is in accordance with recent guide-
lines [15]. All patients underwent preprocedural imaging
study using contrast computed tomography (CT), in which
replacement fluid was sometimes needed for patients with
renal failure. Each three-dimensional (3D) LA anatomical
structure was constructed with this imaging to prepare for
catheter ablation and to measure prior LA volume. Tran-
sthoracic and transesophageal echocardiography were also
performed to comprehend information, including the exist-
ence or absence of LA thrombus before the procedure. The
exclusion criteria for this study were as follows: (i) severe
valvular heart disease; (ii) previous RFCA treatment; (iii)
follow-up period <3 months after ablation; (iv) non-radi-
ofrequency, cryoballoon ablation treatment; and (v) failure
to restore sinus rhythm by cardioversion after PV isola-
tion. This study was approved by our institutional ethics

committee. All patients provided written informed consent
prior to the procedure. All examinations and procedures
were performed in compliance with the principles of the
Declaration of Helsinki.

Catheter ablation and postprocedural follow-up

Antiarrthythmic drugs (AADs) were discontinued for at least
five half-lives before catheter ablation in all patients. All
ablation procedures, including PV isolation, were performed
under the guidance of the 3D-electroanatomical mapping
system (CARTO, Biosense Webster) with LA geometry
obtained from the CT image. We used a 3.5 mm tip, open-
irrigated contact force sensing ablation catheter (25-35 W,
42 °C, irrigation flow rate of 17-30 mL/min; NaviStar Ther-
moCool SmartTouch, Biosense Webster, Inc.), a circular
mapping catheter (Lasso, Biosense Webster, Inc), and a
multi-electrode mapping catheter (PentaRay, Biosense Web-
ster, Inc.). The contact force of the catheter was targeted at
10-25 g, and catheter stability was set with a force—time
integral of > 100 g*s. PV isolation was confirmed by the
elimination of PV potentials as recorded by a circular map-
ping catheter and the bi-directional electrical block between
the LA and PV. When AF rhythm persisted after PV isola-
tion, external cardioversion was performed to restore sinus
rhythm. In addition to circumferential PV isolation, cavotri-
cuspid isthmus (CTI) ablation was applied to prevent a typi-
cal common atrial flutter, if necessary. After the procedure,
atrial arrhythmia was introduced by rapid atrial stimulus
pacing with a high dose of isoproterenol infusion, and then
focal ablation for extra PV origin and linear ablation were
added for the provoked AF or atrial flutter, if necessary.

All patients were followed-up through the outpatient
clinic for 1 year after discharge and were checked for AF
recurrence. They were instructed to see their attending phy-
sician 1-2 weeks and 1 month after discharge, and thereafter,
every 3 months for 1 year. At each follow-up consultation,
they underwent 12-lead surface ECG and were asked if they
had any symptoms related to the presence of arrhythmia.
Twenty-four-hour Holter monitoring was also performed at
least 1, 3, and 12 months after discharge. AF recurrence was
defined as an episode of AF or atrial tachycardia lasting 30 s
or longer after a blanking period of 3 months following the
procedure.

P-wave analysis on 12-lead surface ECG

P-wave morphology was examined during sinus rhythm
immediately after PV isolation and CTI ablation and before
the intravenous infusion of isoproterenol and pacing stimula-
tion. “Post-ablation” p-wave on surface ECG was analyzed
with a paper speed of 100 mm/s and more than 32 mm/mV
(BARD LabSystem Pro EP; Boston Scientific). The signal
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from each lead was filtered through a setting between 0.1
and 100 Hz. P-wave morphology in the limbs and precordial
leads was analyzed by an experienced investigator who was
completely blinded to the outcomes and patient characteris-
tics. The p-wave amplitude (PWA) was measured from the
wave’s peak or nadir to the isoelectric line, and the PWD was
measured between the p-wave’s beginning and end based on
the isoelectric line. The p-wave in lead V1 is pronouncedly
biphasic compared with the other leads, and it was divided
into positive and negative wave portions based on the iso-
electric line, which were evaluated for the outcomes in pre-
vious reports [16—18]. On the other hand, the parameters
in other leads were unified as a simple morphology to be
measured using the conventional one.

Measurement of LA volume in CT image

All CT scans were performed on a 64-slice scanner before
RFCA. Radiocontrast amount adjusted by the patient’s body
weight was administered in 25-30 s. Subsequently, a 3D
image, including the LA and PVs, was created, and the final
image was constructed to measure LA volume after exclud-
ing all PVs.

Measurement of LA local conduction

Post-ablation LA conduction time was measured immedi-
ately after PV isolation during sinus rhythm by inserting a
fixed electrode catheter (BeeAT, Japan Life Line) into the
coronary sinus (CS). This conduction time could represent
a local conduction velocity through the fixed distance of
the electrode catheter. The proximal side of the electrode
catheter was placed at the ostium of the coronary sinus. The
time delay between the beginning of the proximal and distal
electrode potentials on the four continuous electrodes of the
catheter was measured using the LabSystem as described
above [19]. In this calculation, the potentials of the four
continuous electrodes should have had the same polarity
to avoid collision sites of two different conductions in this
local area.

Measurement of LA low voltage ratio

An LA voltage map was generated with bipolar electrograms
in the multi-electrode mapping catheter (PentaRay, Biosense
Webster, Inc.) with 800-1200 points during sinus rhythm
after PV isolation. The introduction of atrial arrhythmia by
isoproterenol and pacing stimulation was performed after
creating the whole voltage map in the LA in all cases. The
low-voltage area was defined as an amplitude of <0.5 mV,
and the ratio of the low-voltage area to LA area was calcu-
lated using an area measurement software equipped with the
CARTO system.
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Statistical analyses

Continuous data are expressed as means + standard devia-
tions, and categorical parameters are presented as numbers
(percentages). Comparison of the baseline characteristics
and ECG parameters between the recurrence and non-recur-
rence groups was assessed using Student’s 7 tests for continu-
ous values and y” tests or Fisher’s exact test for categorical
values. Intra-class correlation coefficient estimates were
used to assess the intra- and inter-observer reproducibility
of the ECG parameter measurements. The receiver-operating
characteristic (ROC) curves for each parameter were plot-
ted, and the areas under the curves (AUCs) were compared.
The cut-off value of the AF recurrence in the parameter was
determined based on the ROC curve. Kaplan—-Meier sur-
vival curve analysis was used to estimate the prognosis, and
the difference in the curves was assessed using a log-rank
test. The prognostic value of each factor was first evaluated
using univariate Cox regression analysis. Significant factors
in the univariate analysis were entered into a multivariate
Cox regression model to identify independent predictors.
Pearson’s correlation coefficient analysis was used to evalu-
ate the relationship between ECG parameters and each LA
remodeling parameter. A p value of <(0.05 was considered
statistically significant. Statistical analysis was performed
with JMP (JMP, SAS Institute Inc., Cary, NC, USA).

Results

Baseline patient characteristics in patients
with and without recurrence of AF

In the total population (n=284), 20 patients had recurrence
during the 1 year follow-up period after ablation. Table 1
shows the comparison of clinical characteristics between
patients with and without AF recurrence 1 year after abla-
tion. The recurrence group had a significantly larger LA
diameter and LA volume than the non-recurrence group.
No significant differences in other factors, including the type
of AF, comorbidities, and CHADS2 and CHA2DS2-VASc
scores, were observed between the two groups.

Among the total population, 47 patients had paroxys-
mal AF, while 37 patients had persistent AF. Recurrence
occurred in 8 patients (17%) with paroxysmal AF and 12
(32%) with persistent AF. Table 2 shows the baseline char-
acteristics of the recurrence and non-recurrence groups
for each type of AF. A history of heart failure was more
frequent, and the CHADS?2 score was significantly higher
in the recurrence group than in the non-recurrence group
in patients with paroxysmal AF. By contrast, LA volume
was larger in the recurrence group than in the non-recur-
rence group in patients with persistent AF. The recurrence
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Table 1 Baseline characteristics in the clinical recurrence and non-
recurrence groups

Parameters No clinical Clinical P value
recurrence recurrence
N=64 N=20
Age (years) 673 +£82 67.7 +8.8 0.835
Gender (male/female, %) 65.6/34.4 85.0/15.0 0.098
Body mass index (kg/m2) 239 +5.1 233 +6.6 0.693
Current or former smoker 36 (56.3) 15 (75.0) 0.134

(%)

Persistent AF (%) 25 (39.1) 12 (60.0) 0.100
Open heart surgery (%) 0(0.0) 1(5.0) 0.238
Comorbidity

Type 2 diabetes mellitus 8 (12.5) 4(20.0) 0.307

(%)
Hypertension (%) 37 (57.8) 12 (60.0) 0.862
Dyslipidemia (%) 23 (35.9) 6 (30.0) 0.626
Chronic kidney disease 12 (18.8) 3(15.0) 0.497
(%)

Coronary artery disease 2 (3.1) 3 (15.0) 0.085
(%)

Congestive heart failure 14 (21.9) 7 (35.0) 0.237
(%)

Previous stroke (%) 10 (15.6) 6 (30.0) 0.136
CHADS?2 score 14+12 20+09 0.056
CHA2DS2-VASc score 24+15 31+13 0.051
Medication at admission (%)

ACE inhibitor or ARB 21 (32.8) 7(35.0) 1.000

(%)

Beta-blocker (%) 23 (35.9) 9 (45.0) 0.564
Echocardiography

LA dimension (mm) 393+5.5 429 +6.1 0.013

LV ejection fraction (%) 654+ 11.7 67.1 £ 11.0 0.633

E/e’ 11.6 +3.5 114 +3.1 0.846

Primary measurements

LA volume (mL) 129.8 + 32.6 162.1 +38.7 <0.001

Local LA conduction 62.8 +8.2 713+ 6.9 <0.001
time (ms)

LA low voltage ratio (%) 9.6 +13.2 158 +£12.5 0.089

ACE angiotensin converting enzyme, ARB angiotensin II receptor
blocker, LA left atrium

group exhibited a longer local conduction time than the
non-recurrence group both in paroxysmal AF and persis-
tent AF. A comparison of the ablation procedure between
the recurrence and non-recurrence groups according to the
type of AF is shown in Table 3. PV isolation was success-
fully achieved in all patients. Thirteen patients (28%) with
paroxysmal AF and 23 patients (62%) with persistent AF
required additional ablation after PV isolation and CTI abla-
tion. The recurrence rate between the additional ablation and
non-additional ablation groups was observed in 2/13 (15%)
and 6/34 (18%) patients with paroxysmal AF (p >0.999),

and 10/23 (43%) and 2/14 patients (14%) with persistent AF
(p=0.088), respectively. No significant difference in indi-
vidual procedure outcomes was observed between the recur-
rence and non-recurrence groups in both the paroxysmal AF
and persistent AF groups.

Electrocardiogram characteristics for the prognosis
after ablation

Table 4 shows the comparison of the ECG characteristics
of the PWD and PWA in all leads between the recurrence
and non-recurrence groups. The recurrence group showed
a significantly longer PWD in lead I (125.4+12.9 vs.
113.8+11.3 ms, p<0.001), IT (p =0.003), IIT (p =0.006),
aVR (p=0.005), and aVF (p=0.021) than did the non-
recurrence group. There was no significant difference in
PWA among all leads between the two groups. Intra- and
inter-observer correlation coefficients of the PWD involv-
ing leads I, II, III, aVR, and aVF in 30 patients who were
randomly selected from the study population were 0.76 [95%
confidence interval (CI) 0.56-0.88; p <0.001] and 0.75 (95%
CI0.55-0.87; p<0.001), respectively.

Assessment of PWD and its impact on the outcome
after ablation according to the cut-off value

We selected five ECG values (PWDs in lead I, II, III, aVR,
and aVF) showing a significant association with AF recur-
rence after ablation, which were presumed reliable param-
eters for predicting the risk of AF recurrence, and further
assessed each property to detect the most useful parameter
with a cut-off value on the ROC analysis. Among the five
ECG parameters, the ROC curve analysis identified PWD
in lead I as the most reliable parameter for predicting AF
recurrence after RFCA, with the highest AUC of 0.76
(Fig. 1). The cut-off value of PWD in lead I was determined
to be 120 ms, based on the ROC curve with a sensitivity of
75% and specificity of 69% for predicting AF recurrence.
Kaplan—Meier survival curve analysis demonstrated a sig-
nificantly lower rate of AF event-free survival after abla-
tion in patients with PWD > 120 ms than in those with
PWD <120 ms in the entire study population (p <0.001,
Fig. 2).

Predictive value of PWD in lead |

In the entire study population, univariate Cox regression
analysis identified LA diameter [hazard ratio (HR) 1.10;
95% CI 1.02-1.18; p=0.013) and PWD in lead 1> 120 ms
(HR 2.15; 95% CI 1.38-3.44; p=0.001) as significant
parameters for AF recurrence following ablation. On multi-
variate analysis, LA diameter (HR 1.08; 95% CI 1.00-1.16;
p=0.049) and the PWD in lead I> 120 ms (HR 2.00; 95%
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Table 2 Comparison of the baseline characteristics between the recurrence and non-recurrence groups in patients with paroxysmal AF and per-

sistent AF
Parameters Paroxysmal AF (N = 47) Persistent AF (N = 37)
No clinical recurrence  Clinical recurrence P value No clinical recurrence Clinical recurrence P value
N=139 N=38 N=25 N=12
Age (years) 68.2 +7.5 65.6 +12.2 0434 64.7+9.38 69.1 +5.9 0.165
Gender (male/female, %) 59.0/41.0 87.5/12.5 0.129  80.0/20.0 83.3/16.7 0.594
Body mass index (kg/m2) 243 +4.8 247+ 6.5 0.837 232+55 224+ 6.8 0.710
Current or former smoker (%) 19 (48.7) 6 (75.0) 0.167 18 (72.0) 9 (75.0) 0.588
Comorbidity
Type 2 diabetes mellitus (%) 5 (12.8) 1(12.5) 0.733  3(12.0) 3(25.0) 0.290
Hypertension (%) 22 (56.4) 5(62.5) 0.535 14 (56.0) 7(58.3) 0.893
Dyslipidemia (%) 17 (43.6) 1(12.5) 0.103  5(20.0) 541.7) 0.160
Chronic kidney disease (%) 5(12.8) 1(12.5) 0.733  7(28.0) 2 (16.7) 0.376
Coronary artery disease (%) 1(2.6) 1(12.5) 0.315 1(4.0) 2 (16.7) 0.241
Congestive heart failure (%) 4(10.3) 5(62.5) 0.004 10 (40.0) 2 (16.7) 0.148
Previous stroke (%) 5(12.8) 2(25.0) 0.340 4 (16.0) 4(33.3) 0.136
CHADS2 score 1.2+1.0 2.1+0.8 0.021 16+13 1.8+ 1.0 0.588
CHA2DS2-VASc score 23+13 3.0+ 1.1 0.150 24+1.7 32+14 0.186
Medication at admission (%)
ACE inhibitor or ARB (%) 17 (43.6) 3(37.5) 0.511 11 (44.0) 7 (58.3) 0.278
Beta-blocker (%) 16 (41.0) 5(62.5) 0.254 16 (64.0) 541.7) 0.250
Echocardiography
LA dimension (mm) 373+44 415+ 7.4 0.156  42.1 +£5.8 438 +53 0.390
LV ejection fraction (%) 703 +8.9 68.3+ 129 0.582 579+164 66.3 + 10.1 0.114
E/e’ 11.9+ 3.9 11.5+25 0.820 11.0+2.38 11.3+3.6 0.757
Primary measurements
LA volume (mL) 120.3 +29.8 144.2 +39.0 0.057 1447 +31.7 174.1 £35.0 0.015
Local LA conduction time 62.8 + 8.7 70.0 + 6.3 0.034 628+7.6 722 +7.5 0.002
(ms)
LA low voltage ratio (%) 7.5+49 133+119 0.255 129 £20.0 17.6 +13.2 0.502

ACE angiotensin converting enzyme, ARB angiotensin II receptor blocker, LA left atrium

CI 1.27-3.22; p=0.003) remained independent predictors
for AF recurrence (Table 5).

Predictive value of PWD in lead | according
to the type of AF and following ablation strategy

The population was divided into patients with paroxysmal
AF and persistent AF, and predictors of recurrence were
evaluated in each group. Among the patients with persistent
AF, the cut-off value of PWD in lead I was determined to
be 120 ms for predicting AF recurrence, which was similar
to the value analyzed in the total study population. PWD in
lead I> 120 ms was the only significant predictor for AF
recurrence (HR 3.35; 95% CI 1.70-8.57; p <0.001) on uni-
variate analysis. By contrast, a history of heart failure (HR
2.65; 95% CI 1.24-6.05; p=0.013) was the predictor of
recurrence in patients with paroxysmal AF (Table 6). PWD
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was not significantly associated with recurrence of AF in
patients with paroxysmal AF.

The population was divided into four groups according
to the type of AF and cut-off value of PWD > 120 ms in
lead I, and the prognosis of the recurrence was compared
among the four groups. Patients with persistent AF and
PWD > 120 ms showed the lowest rate of AF event-free
survival in comparison with that of the other groups (Sup-
plementary Fig. 1). Furthermore, the total population was
alternatively classified into four groups according to the
requirement of additional ablation and the cut-off value of
PWD in lead I, and the prognosis was similarly compared
among the groups. Of note, patients with PWD > 120 ms had
a higher rate of AF recurrence regardless of the additional
ablation procedure in the Kaplan—Meier survival curve anal-
ysis (Supplementary Fig. 2).

When focusing on the group without additional ablation
(n=48) meaning a single PV isolation procedure, the cut-off
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Table 3 .P.rocedural parameters Parameters No clinical recurrence Clinical recurrence P value
in the clinical recurrence and N =64 N =20
non-recurrence groups
Ablation procedures
Paroxysmal AF 39 8
Pulmonary vein isolation (%) 39 (100.0) 8 (100.0) n/a
LA linear ablation (%) 1(2.6) 0(0.0) 0.830
Mitral isthmus ablation (%) 1(2.6) 0(0.0) 0.830
SVC isolation (%) 1(2.6) 0(0.0) 0.830
Non-PV foci ablation (%) 8 (20.5) 2 (25.0) 0.550
Cavotricuspid isthmus ablation (%) 35 (89.7) 7(87.5) 0.625
Other additional ablation (%) 0(0.0) 0(0.0) n/a
Persistent AF 25 12
Pulmonary vein isolation (%) 25 (100.0) 12 (100.0) n/a
LA linear ablation (%) 6 (24.0) 4(33.3) 0.412
Mitral isthmus ablation (%) 2 (8.0) 2 (16.7) 0.391
SVC isolation (%) 0(0.0) 1(8.3) 0.324
Non-PV foci ablation (%) 5(20.0) 3(25.0) 0.520
Cavotricuspid isthmus ablation (%) 19 (76.0) 11 (91.7) 0.253
Other additional ablation (%) 0(0.0) 0(0.0) n/a
Procedure time (min) 226.1 +50.4 227.0 +39.1 0.942

AF atrial fibrillation, LA left atrium, PV pulmonary vein, SVC superior vena cava

value of PWD in lead I for recurrence (n=38) was 122 ms.
The PWD in lead I> 122 ms (HR 1.86; 95% CI 1.06-3.28;
p=0.029), CHADS?2 score (HR 1.76; 95% CI 1.09-2.78;
p=0.022), and LA diameter (HR 1.10; 95% CI 1.01-1.20;
p=0.036) were significant predictors for AF recurrence in
the univariate analysis.

Relation between PWD and other LA remodeling
measurements

As described earlier, LA volume, LA local conduction time,
and LA low voltage ratio were measured as possible correla-
tive remodeling parameters with PWD. In the total study
population, PWD in lead I was significantly correlated with
LA volume on 3D-CT (r=0.394, p<0.001) and conduc-
tion time velocity (r=0.451; p<0.001), and was mildly
correlated with LA low voltage ratio (r=0.273, p=0.017)
(Fig. 3). The population was divided into sub-groups of
paroxysmal AF and persistent AF, and the correlation was
similarly evaluated in each group. Significant correlations
were observed between PWD and LA volume (r=0.591,
p=0.017) and conduction time velocity (r=0.424;
p=0.011) in patients with persistent AF (Fig. 4). By con-
trast, the PWD was significantly correlated with conduction
time velocity (r=0.465, p=0.001) and LA low voltage ratio
(r=0.491, p<0.001) in patients with paroxysmal AF. We
further evaluated the correlation between patients with addi-
tional ablation and those without. Both groups exhibited a

significant relationship between PWD and LA remodeling
parameters (Fig. 5).

The ROC curve analyses to assess the prognostic value
of LA volume, LA conduction time, and low voltage ratio
for the risk of AF recurrence showed an AUC of 0.74 and
a cut-off value of 153.0 mL with a sensitivity of 70% and
specificity of 78% in LA volume; an AUC of 0.79, and a cut-
off value of 66 ms with a sensitivity of 84% and specificity
of 63% in LA conduction time; and an AUC of 0.67 and a
cut-off value of 15.7% with a sensitivity of 53% and speci-
ficity of 90% in LA low voltage ratio (Fig. 6), respectively.

Discussion

The major findings of the present study are as follows: (i)
prolonged PWD on ECG immediately after PV isolation was
significantly related to the clinical recurrence of AF after
RFCA, (ii) the prognostic value of PWD was stronger in
patients with persistent AF than in those with paroxysmal
AF, (iii) the longer PWD in lead I was significantly corre-
lated with enlarged LA volume and delayed LA conduction,
and (iv) the prognostic value of the longer PWD was defini-
tive for recurrence regardless of the application of ablation
in addition to PV isolation.

Many studies have indicated the association of p-wave
morphology in ECG with AF recurrence after catheter
ablation. A statistically significant difference was reported
between the mean PWD of subjects with recurrent AF and
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Table 4 Comparison of the ECG parameters in all leads between the
recurrence and non-recurrence groups

Parameters No clinical recur- Clinical recurrence P value
rence N=20
N=64

P-wave duration (ms)
Lead I 113.8 +11.3 1254 + 129 <0.001
Lead II 1179 £ 15.2 1299 +15.2 0.003
Lead III 117.3 £ 10.8 128.7 £ 15.6 0.006
Lead aVR 120.5 + 11.6 129.6 + 14.9 0.005
Lead aVL 119.1 +9.8 126.1 + 15.9 0.073
Lead aVF 1200 + 11.4 129.7 + 16.5 0.021
Lead V1 (pos) 54.0 £15.6 61.1 +18.5 0.092
Lead VI (neg) 64.3+17.0 69.1 + 18.5 0.297
Lead V2 98.5+17.3 974 +17.4 0.862
Lead V3 1054 +17.8 101.9 + 16.2 0.626
Lead V4 1122 +19.3 110.1 £ 16.7 0.497
Lead V5 117.7 +19.2 116.6 + 194 0.827
Lead V6 1199 +17.2 1183 +£17.9 0.725

P-wave amplitude (mV)
Lead I 0.041 +£0.019 0.040 = 0.019 0.702
Lead II 0.097 + 0.038 0.092 + 0.029 0.569
Lead III 0.078 £ 0.035 0.070 = 0.019 0.287
Lead aVR 0.061 + 0.027 0.058 + 0.016 0.588
Lead aVL 0.033 +£0.018 0.035 + 0.017 0.619
Lead aVF 0.086 + 0.034 0.078 + 0.023 0.315
Lead V1 (pos) 0.067 + 0.045 0.065 + 0.041 0.929
Lead V1 (neg) 0.063 + 0.029 0.073 £ 0.040 0.203
Lead V2 0.086 + 0.044 0.094 + 0.043 0.500
Lead V3 0.088 + 0.039 0.084 + 0.035 0.623
Lead V4 0.079 £ 0.031 0.072 + 0.022 0.356
Lead V5 0.067 + 0.030 0.060 + 0.020 0.277
Lead V6 0.058 +0.023 0.049 + 0.016 0.098

ECG electrocardiogram

those without. In particular, PWD in 12-lead ECG pre-abla-
tion was analyzed in most cases, where the cut-off value
was reported to range from 120 to 140 ms [7]. Caldwell
et al. studied PWD pre-ablation among paroxysmal AF
undergoing PV isolation and reported that PWD > 140 ms
predicted AF recurrence with an OR of 2.41 [10]. Mugnai
et al. reported a PWD > 120 ms as a predictor of recurrence
in patients with drug-resistant symptomatic paroxysmal AF
and normal left atrial size [6]. Wu et al. also demonstrated
that patients with paroxysmal AF having advanced interatrial
block were at an increased risk of AF recurrence after cath-
eter ablation, and defined it as a PWD > 120 ms and biphasic
morphology in inferior leads [8]. Among these studies, PWD
was identified as the longest PWD in all leads obtained from
12-lead ECG. The cut-off points were different from each
other, which was, however, a priori defined. However, our
study is unique from the perspective of clinical utility in

@ Springer

calculating the cut-off value based on the ROC curves plot-
ted and comparing the AUCs in all leads to scientifically
investigate the most reliable value.

As these previous reports indicated, the p-wave morphol-
ogy of sinus rhythm before ablation was considered to play
an important role in predicting the outcome and degree of
severity of AF. However, there are few studies that have
analyzed the “post-ablation” p-wave morphology. The PWD
could change with its morphology after PV isolation. Naka-
tani et al. determined the coefficient of variation of PWD
as an index of atrial conduction heterogeneity with 12-lead
ECG and demonstrated that it significantly decreased after
catheter ablation in AF-free patients [14]. Other studies
reported significantly decreased PWD on the surface ECG
as well as signal-averaged ECG and the disappearance of
notched p-wave after catheter ablation [11, 20]. Although the
pathogenesis of p-wave modification after catheter ablation,
such as decreased PWD, is unclear, one possible reason is
that it may be caused by the shortening of conduction dis-
tance after electrical elimination of the PV. The conductance
of the PV area can create atrial late potentials in the p-wave,
which indicates prolonged PWD in patients with AF [21].
This hypothesis may also indicate that p-wave morphology
analyzed after PV isolation may lead to a more accurate
reflection of LA electrical condition except for the compo-
nent of the PV muscle sleeves. Several studies have verified
the relation of p-wave morphologic characteristics with LA
remodeling factors, including voltage substrate, conduction,
anatomy, stratification of AF, and AF burden [22, 23]. The
PWD was also correlated with LA enlargement and volume
index, which were measured by M-mode or 3D transtho-
racic echocardiography [24-26]. However, the former stud-
ies did not examine the p-wave morphology while focusing
on patients with AF scheduled for catheter ablation. In this
regard, the PWD immediately after PV isolation examined in
the present study may be an accurate marker for representing
LA remodeling, which was shown to have a significant cor-
relation with LA low voltage ratio, volume, and conduction
time velocity in the total population.

Of interest, the difference in AF free-survival according
to the cut-off value of 120 ms for PWD in lead I was more
pronounced in persistent AF than in paroxysmal AF. This
could be because progressive pathology of persistent AF
comes mainly from the LA substrate, and p-wave morphol-
ogy after PV isolation may strongly reflect uncorrupted LA
substrate conditions as mentioned earlier [27]. By contrast,
most patients with paroxysmal AF generally have a less
damaged, healthy myocardium in the LA after excluding that
in PV sleeves. One possible reason why Jadidi et al. could
show a strong significance between PWD and several LA
remodeling outcomes is because of the inclusion of patients
with persistent AF only [28]. It is plausible that PWD imme-
diately after PV isolation had a positive correlation with LA
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Fig. 1 The receiver-operating characteristic curves of the PWD in lead I, II, III, aVR, and aVF, which were found to be significant factors for the
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Fig.2 Comparison of the
Kaplan—Meier survival curves
of AF-free survival after the
ablation between patients with
PWD <120 ms in lead I and
those with PWD > 120 ms. AF
atrial fibrillation, PWD p-wave
duration

Table 5 Predictors of clinical
recurrence after ablation in
the total study population in
univariate and multivariable
Cox regression analyses
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CI confidence interval, HR hazard ratio, PWD p—wave duration
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Table 6 Predictors of clinical
recurrence after ablation in

Parameters

Univariate analysis

Multivariate analysis

patients with paroxysmal AF HR (95% CI) P value HR (95% CI) P value
and persistent AF in univariate
and multivariate Cox regression Paroxysmal AF
analyses History of heart failure 3.07 (1.51-6.80) 0.002 2.65 (1.24-6.05) 0.013
Left atrial diameter (mm) 1.16 (1.02-1.32) 0.025
Persistent AF
PWD in lead I >120 ms 3.35(1.70-8.57) <0.001
AF atrial fibrillation, CI confidence interval, HR hazard ratio, PWD p-wave duration
Total population
LA volume Local conduction Low voltage
(ml) time (ms) ratio (%)
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y=0.285x-22.313

Fig.3 Correlations of the PWD in lead I with LA volume, LA conduction time, and LA low voltage ratio in the total population. LA left atrium,

PWD p-wave duration

conduction time velocity and especially with LA volume in
patients with persistent AF. In addition, PWD in patients
with paroxysmal AF had a positive correlation with LA con-
duction time velocity and LA voltage ratio. It is speculated
that anatomic factors might surpass electrical factors in the
PWD analysis of persistent AF. There is still no study indi-
cating what the p-wave morphology reflects according to
remodeling progression, and this should be examined for
future issues.

The present study showed a significantly poor outcome
in patients with PWD > 120 ms, regardless of the additional
ablation procedure. Moreover, there was a significant rela-
tionship between prolonged PWD and AF recurrence in
patients undergoing PV isolation without any additional
ablation for LA. The significant correlation between the

@ Springer

PWD and LA remodeling parameters in the additional and
non-additional ablation groups might indicate that the PWD
immediately after PV isolation might be a parameter for LA
remodeling and an additional ablation strategy. In this con-
text, using the PWD measurement immediately after PV
isolation in addition to the conventional strategy of isopro-
terenol infusion and pacing stimulation might contribute to
clinical outcomes. Our results may have a possible clinical
implication of PWD assessment for estimating outcomes and
deciding an additional ablation after PV isolation. A further
prospective investigation with a large sample size will be
required to validate PWD following PV isolation and the
need for additional ablation in the future.
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Fig.4 Correlations of the PWD in lead I with LA volume, LA conduction time, and LA low voltage ratio in patients with paroxysmal and per-

sistent AF. LA left atrium, PWD p-wave duration

Study limitations

This was a retrospective study conducted in a single institu-
tion. The number of patients enrolled in this study was rela-
tively small. Although p-wave morphology generally reflects
both left and right atrial electrical properties, the analysis
of atrial volume, low voltage, and conduction time was per-
formed only in the LA in our study. Conduction time was
also calculated during sinus rhythm, not under CS proximal
pacing, which could not eliminate the influence of activa-
tion through the Bachmann bundle. We studied post-ablation
p-wave characteristics in patients with paroxysmal and per-
sistent AF undergoing RFCA, and most patients with per-
sistent AF were required to undergo cardioversion after PV
isolation. However, cardiac electrophysiological properties
after cardioversion are still controversial. The parameters
of the p-wave were measured manually, and concern of the

measurement variability could remain despite the moderate
correlation of inter-and intra-observer variability shown in
this study. Because of the limited performance of follow-up
examinations (e.g., 12-lead ECG, 24 h Holter monitoring),
rhythm assessment in our study could cause underestimation
of AF recurrence.

Conclusions

PWD in lead I immediately after PV isolation was the most
reliable parameter to predict AF recurrence. In persistent
AF, the prognostic value of this parameter was strongly
found and might be associated with the extent of the LA
substrate. It could also be the prior method for deciding the
ablation strategy with the recent developed approaches and
management of AF vulnerability [4, 5, 29, 30].
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