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Abstract
Persistent atrial fibrillation (PeAF) predictors after dual-chamber pacemaker (PM) implanta-

tion remain unclear. We sought to determine these predictors and establish an integrated

scoring model. Data were retrospectively reviewed for 649 patients (63.8 ± 12.3 years,

48.6% male, mean CHA2DS2–VASC score 2.7 ± 2.0) undergoing dual-chamber PM implan-

tation. PeAF was defined as documented AF on two consecutive electrocardiograms

acquired�7 days apart. During a 7.1-year median follow-up (interquartile range 4.5–10.1

years), 67 (10.3%) patients had PeAF. Multivariable analysis showed the following indepen-

dent predictors of future PeAF: ischemic stroke or transient ischemic accident history (haz-

ard ratio [HR] 2.03, 95% confidence interval [CI] 1.03–3.50, p = 0.040), atrial fibrillation/

flutter history (HR 1.80, 95% CI 1.01–3.20, p = 0.046), sinus node disease (HR 2.24, 95%

CI 1.16–4.35, p = 0.016), left atrial enlargement (>45 mm, HR 2.14, 95% CI 1.26–3.63, p =

0.005), and time in automatic mode switching >1% at first follow-up interrogation (HR 2.58,

95% CI 1.51–4.42, p < 0.001). An integrated scoring model combining these predictors

showed good discrimination performance at the seven-year follow-up. (C-statistic 0.716,

95% CI 0.629–0.802, p < 0.001). Significantly greater seven-year PeAF incidences were

seen in patients with higher scores (2–5) than in those with lower scores (0–1) (22.8% ±

3.8% vs. 5.3% ± 1.7%, p < 0.001). In conclusion, an integrated scoring model combining

clinical, echocardiographic, and electrocardiographic characteristics is useful for predicting

future PeAF in patients with a dual-chamber PM.

Introduction
Persistent/permanent atrial fibrillation (PeAF) is a clinically important atrial arrhythmia seen
after the implantation of a permanent pacemaker (PM). It has a reported incidence ranging
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2%–12% according to various definitions of PeAF [1–6]. Atrial fibrillation (AF) after PM implan-
tation is progressive in nature [2,4,7–9], and some previous studies have reported that prolonged
duration of AF after PM is associated with increased risk of mortality, stroke, or systemic embo-
lism [6,10,11]. Indeed, as recently developed advanced pacing modes have been shown to
decrease PeAF progression in clinical trials, the importance of defining a group at high risk of
PeAF, who would benefit from early application of these recent innovations, has increased [12].

Traditionally, VVI pacing modes, or non-physiological ventricular pacing, which inevitably
cause AV dissociation and increase cumulative V pacing, have been known to be associated
with future PeAF [1,3,7,13]. However, predictors of PeAF after the implantation of a dual-
chamber pacemaker, which has become current practice, remain unclear. Although some pre-
vious studies have suggested that predictors of future PeAF include a prior history of atrial
arrhythmia [1,3,5,14], sinus node disease (SND) [1], the cumulative percentage of ventricular
pacing [14], left atrial enlargement (LAE), or decreased LA function [15,16], most of these
studies were limited by short duration of follow-up or limited data confined to the patient’s
clinical characteristics and baseline evaluations.

Recently developed advanced pacemaker technologies show excellent diagnostic capabilities
and may serve as a new source of data for evaluating the electrophysiological status of cardiac
chambers and detecting non-manifested atrial arrhythmia during follow-up [4,11,17,18]. We
therefore hypothesized that, in addition to the patient’s baseline characteristics and diagnostic
evaluations, data related to the PMmay be associated with, and even predict, future PeAF. To
test our hypothesis, we comprehensively evaluated the characteristics, evaluations, PM data,
and long-term outcomes of patients who received a dual-chamber PM in our institute, and
used this to identify independent predictors of PeAF. In addition, we established an integrated
scoring model that combines all these factors to predict in practice future PeAF.

Methods

Study population
A total of 912 patients who received a PM in the period January 2001 to December 2012 were
initially included in the study (Fig 1). After excluding patients with PeAF before PM insertion
(n = 37), a single-chamber PM (n = 98), follow-up loss before the first scheduled follow-up
(n = 59), or significant missing values (n = 69), data from 649 patients who received dual-
chamber pacemakers were evaluated in this analysis. This retrospective study was conducted
according to the ethical guidelines of the 1975 Declaration of Helsinki and received a priori
approval by our Institutional Review Board. The requirement for informed consent was
exempted by the board for this study.

Data collection and follow-up
Clinical, laboratory, and outcome data were obtained via careful review of the medical records
of all patients by independent research personnel. Clinical baseline characteristics, comorbidity
status, and medications for all patients were acquired from review of medical records at the
time of admission for pacemaker insertion. Echocardiographic data from before the index pro-
cedure was used in the analysis, and measurements were made according to guidelines from
the American Society of Echocardiography [19]. Diagnosis of bradyarrhythmia was confirmed
by a review of all available medical records, 12-lead electrocardiograms (ECGs), Holter moni-
toring, or telemetry data. Diagnosis of SND was made in symptomatic patients with docu-
mented sinus pause or block, and tachycardia–bradycardia syndrome.

The pacemakers from all enrolled patients were programmed to the DDDmode at the time
of discharge. Patients were initially followed for three months after the index procedure and
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then once a year afterwards. The follow-up interval was shortened in patients with clinically
important arrhythmias, or significant comorbidities. Interrogation data on measured parame-
ters and PM settings were gathered the day after the index procedure and at the first outpatient
visit. Data regarding sensed P- or R-wave amplitude, pacing threshold, and impedance of leads
were also obtained at after the index procedure and at the first outpatient visit, while data from
event counters, including the cumulative percentage of A or V pacing and the numbers of
times or percentage of time spent in the automatic mode switching (AMS) mode, were
acquired at follow-up visits. The atrial tachycardia detection rate for the triggering of AMS
during the initial follow-up period was usually set to 225 beats per minute for St. Jude models
(n = 564, 86.9%), and 175 beats per minutes for Medtronic models (n = 78, 12.0%). The
activation of AMS during the early follow-up period was decided by the attending physician,
and follow-up information was obtained from outpatient visits, telephone contacts with living
patients or family members, or review of medical records from other hospitals, as appropriate.
The median follow-up duration of the study population was 7.1 years (interquartile range
[IQR] 4.5–10.1 years); this is equivalent to 4,475 person-years.

Study outcome and definitions
The main outcome of this study was to determine PeAF incidence, which was defined as docu-
mented AF on two consecutive ECGs acquired�7 days apart using 12-lead ECG, Holter moni-
toring, telemetry, or interrogation data [1,4,20]. AF episodes detected only on device event
counters or histograms were not considered as a study outcome unless they were corroborated
by other modalities. Differentiation between persistent and permanent AF was also not

Fig 1. Flow diagram of study patients.

doi:10.1371/journal.pone.0160422.g001
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considered because diagnosis of these was driven by the attending physician’s decision to revert
to a sinus rhythm.

Statistical analysis
Summary statistics are presented as frequencies, percentages, means ± SD, or medians (inter-
quartile range). For continuous variables, the unpaired Student’s t-test and the Mann–Whitney
U test were used to assess differences between groups. Chi-square tests and Fisher’s exact test
were used to compare frequencies of categorical variables, and receiver operating characteristic
(ROC) analysis was used to determine optimal cut-off values and to assess the model’s discrim-
ination performance. Pairwise comparisons between ROC curves were made using Delong’s
method, and a Cox proportional hazards model was used to identify factors associated with the
development of PeAF. Variables with a p value� 0.1 in univariate analyses, and those with sig-
nificant clinical relevance, were included in the multivariable Cox regression model. The final
models for study outcome were determined using the backward stepwise elimination proce-
dure. The discrimination performance of the model was assessed using the c-statistic, and
model calibration was assessed using the Hosmer–Lemeshow test. Because of the limited over-
all study population and clinical outcomes, the discrimination performance of the model was
validated in two ways: (1) using a three-fold split-sample validation procedure, and; (2) using
the bootstrap method. In the split-sample procedure, we divided the total sample randomly
into three separate groups, and used two-thirds of the population as a training set and the
remaining one-third as a test set. The area under the ROC curve (AUC) for each dataset was
calculated. To improve robustness, this procedure was repeated three times for each dataset
used as either a training test or a test set. The bootstrap method involved acquiring 1,000 ran-
dom samples from the original dataset and then estimating the distribution of AUC values.
Cumulative survival, and event-free survival, rate curves were generated using the Kaplan–
Meier method and compared using the log-rank test. All p values were two-sided, and a value
of p< 0.05 was considered significant; statistical analyses were performed using SPSS (version
18.0; SPSS Inc., Chicago, IL) and R software version 3.1.2.

Results

Baseline characteristics
PeAF was diagnosed in 67 (10.3%) patients during the follow-up period. The baseline characteris-
tics of the patients with, and without, PeAF are summarized in Table 1; mean age (64.5 ± 9.5 vs.
63.9 ± 12.6, p = 0.773), proportion of male patients (46.6% vs. 48.8%, p = 0.695), mean CHA2DS2–
VASC score (3.0 ± 1.8 vs. 2.7 ± 1.7, p = 0.153), and CHADS2 score (1.7 ± 1.4 vs. 1.5 ± 1.3,
p = 0.223) did not differ significantly between patients with, and without, PeAF. History of previ-
ous stroke or transient ischemic accident (stroke/TIA, 22.4% vs. 11.2%, p = 0.008), and AF or atrial
flutter (AF/AFL, 52.2% vs. 14.6%, p< 0.001), were more frequent in the patients with PeAF than
in those without. Using baseline echocardiography, left atrial size was shown to be significantly
larger (45.0 ± 8.4 vs. 40.9 ± 7.0 mm, p< 0.001), and LA enlargement (LAE), defined as a LA of
more than 45 mm, was more frequently found in the PeAF group (47.8% vs. 27.3%, p< 0.001).
The number of patients with mitral stenosis or a prosthetic heart valve was not significantly differ-
ent between the groups, whereas moderate, or severe, tricuspid regurgitation (TR) (19.4% vs. 7.1%,
p< 0.001) and SND as an indication of PM (70.1% vs. 32.6%, p< 0.001) were more frequent in
the PeAF group. In terms of discharge medication, anti-arrhythmic drugs were more frequently
prescribed in the PeAF group, reflecting a higher prevalence of prior AF or AFL in this group.

Regarding the immediate post-procedure PM interrogation data acquired the day after
index procedure, sensed signal amplitude, pacing threshold, and impedance of both chambers
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did not differ significantly between the groups (Table 2). However, in the first follow-up inter-
rogation, acquired a median of 88 days (IQR 33–126) after discharge, measured P-wave ampli-
tude was lower (median 2.0 mV [IQR 1.4–2.9] vs. 2.7 mV [IQR 1.8–4.0], p = 0.001), and the

Table 1. Baseline characteristics of the study population.

Variables No PeAF (n = 582) PeAF (n = 67) p

Age 63.9 ± 12.6 64.5 ± 9.5 0.773

Male, n (%) 284 (48.8) 31 (46.6) 0.695

Body mass index 23.9 ± 3.3 24.6 ± 2.8 0.067

Hypertension, n (%) 385 (66.2) 49 (73.1) 0.250

Diabetes mellitus, n (%) 151 (25.9) 15 (22.4) 0.527

Peripheral arterial disease, n (%) 15 (2.6) 1 (1.5) 0.588

Prior Stroke/TIA, n (%) 65 (11.2) 15 (22.4) 0.008

Coronary artery disease, n (%) 136 (23.4) 21 (31.3) 0.149

Valvular heart disease, n (%) 76 (13.1) 13 (19.4) 0.153

Congestive heart failure, n (%) 85 (14.6) 9(13.4) 0.796

COPD, n (%) 28 (4.8) 4 (6.0) 0.678

Chronic renal failure, n (%) 51 (8.8) 6 (9.0) 0.958

Prior cardiac surgery, n (%) 89 (15.3) 13 (19.4) 0.381

Prior AF/AFL, n (%) 85 (14.6) 35 (52.2) 0.001

Mean CHA2DS2–VASC score 2.7 ± 1.7 3.0 ± 1.8 0.153

CHA2DS2–VASC score distribution 0.207

0 43 (7.4) 6 (9.0)

1 112 (19.2) 7 (10.4)

�2 427 (73.4) 54 (80.6)

Mean CHADS2 score 1.5 ± 1.3 1.7 ± 1.4 0.223

CHADS2 score distribution 0.731

0 135 (23.2) 13 (19.4)

1 202 (34.7) 23 (34.3)

�2 245 (42.1) 31 (46.3)

Echocardiography data

LA, mm 40.9 ± 7.0 45.0 ± 8.4 0.001

LA > 45 mm, n (%) 159 (27.3) 32 (47.8) 0.001

LVEF, % 59.4 ± 9.6 57.7 ± 9.7 0.153

RV–RA PG, mmHg 26.9 ± 10.3 26.3 ± 8.0 0.597

Moderate TR, n (%) 41 (7.1) 13 (19.4) 0.001

Mitral stenosis, or prosthetic heart valves, n (%) 26 (4.5) 6 (6.0) 0.579

ECG data

Sinus node disease, n (%) 190 (32.6) 47 (70.1) 0.001

Heart rate 48.9 ± 14.2 53.3 ± 14.5 0.018

QRS width 108.7 ± 28.0 103.9 ± 22.3 0.178

Discharge medication

Antiarrhythmic drugs, n (%) 33 (5.7) 14 (20.9) 0.001

Beta-blockers, n (%) 71 (12.2) 9 (13.4) 0.771

Non-DPH CCB, n (%) 33 (5.7) 5 (7.5) 0.554

Digoxin, n (%) 13 (2.2) 3 (4.5) 0.262

Data are presented as mean ± SD, median (interquartile range), or number (%). Abbreviations: TIA, transient ischemic accident; COPD, chronic obstructive

pulmonary disease; AF, atrial fibrillation; AFL, atrial flutter; LA, left atrium; LVEF, left ventricular ejection fraction; RV, right ventricle; RA, right atrium; PG,

pressure gradient; TR, tricuspid regurgitation; DPH, diphenhydramine; CCB, calcium channel blocker.

doi:10.1371/journal.pone.0160422.t001
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proportion of patients with a low P-wave amplitude (�2.5 mV), defined as being below the
median value for the total population, was significantly higher in the PeAF group than in the
non-PeAF group (67.2% vs. 49.0%, p = 0.005). The percentage of cumulative atrial pacing was
significantly higher in the PeAF group (46.9% ± 32.2% vs. 31.2% ± 33.7%, p< 0.001), which
may reflect the higher SND incidence in these patients. Among the subset of patients for whom
AMS was activated during the initial follow-up period (n = 431, 66.4% of the total population),
the percentage with an AMS event was greater in the PeAF group than in the non-PeAF group
(76.7% [46 of 60] vs. 44.5% [165 of 371]), p< 0.001), as was the percentage of time spent in the
AMS-activated state (AMS burden, 10.4v ± 19.7% vs. 2.0% ± 9.3, p = 0.017).

Predictors of persistent atrial fibrillation
The predictive value of each variable was analyzed using a Cox proportional hazards model
(Table 3). In univariable analysis, prior stroke/TIA, prior AF/AFL, SND, LAE, moderate or
severe TR, low P-wave amplitude at the first follow-up (�2.5 mV), and cumulative atrial pac-
ing were significantly associated with future PeAF. In the subset of AMS-activated patients
(n = 431), in addition to the aforementioned variables, high AMS burden (>1%) was also asso-
ciated with PeAF.

Table 2. Pacemaker settings and data acquired immediately post-procedure and at follow-up interrogation.

Variables No PeAF (n = 582) PeAF (n = 67) p

Immediately post-procedure

Measured P-wave amplitude, mV 2.8 (1.8–3.6) 2.5 (1.8–0.5) 0.477

A pacing threshold, mV 0.6 ± 0.2 0.7 ± 0.4 0.024

A lead impedance, ohm 478.0 ± 100.8 453.0 ± 78.9 0.050

Measured R-wave amplitude, mV 10.3 (7.9–12.5) 9 (7–12.5) 0.238

V pacing threshold, mV 0.6 ± 0.2 0.6 ± 0.2 0.072

V lead impedance, ohm 618.8 ± 124.4 596.3 ± 118.8 0.161

SAVI 152.2 ± 21.4 159.3 ± 26.7 0.041

PAVI 172.8 ± 20.3 178.5 ± 24.6 0.074

Follow-up interrogation*

Measured P-wave amplitude, mV, 2.7 (1.8–4) 2.0 (1.4–2.9) 0.001

Low P amplitude, n (%) † 285 (49.0) 45 (67.2) 0.005

A pacing threshold, mV 0.8 ± 0.4 0.8 ± 0.3 0.151

A lead impedance, ohm 473.1 ± 85.8 460.3 ± 78.7 0.248

Measured R-wave amplitude, mV, 11 (8–12.5) 11 (8–12.5) 0.949

Measured R amplitude, mV 10.6 ± 4.4 10.3 ± 3.2 0.566

V pacing threshold, mV 1.0 ± 0.3 1.0 ± 0.4 0.899

V lead impedance, ohm 579.4 ± 113.5 559.7 ± 118.5 0.182

Cumulative A pacing, % 31.2 ± 33.7 46.9 ± 32.2 0.001

Cumulative V pacing, % 75.2 ± 36.2 67.7 ± 34.6 0.105

AMS-activated patients n = 371 n = 60

Patients with events, n (%) 165 (44.5) 46 (76.7) 0.001

Burden, % 2.0 ± 9.3 10.4 ± 19.7 0.017

Burden > 1%, n (%) 52 (14.0) 28 (46.7) 0.001

Data are presented as mean ± SD, median (interquartile range), or number (%). Abbreviations: A, atrium; V, ventricle; SAVI, sensed atrioventricular interval;

PAVI, paced atrioventricular interval; AMS, automatic mode switching.

*Data acquired at a median of 88 days (interquartile range 33–126) after the index procedure

†Sensed P-wave amplitude� 2.5 mV.

doi:10.1371/journal.pone.0160422.t002
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To identify independent predictors of PeAF, we established two multivariable Cox propor-
tional hazards models according to patient group. Model 1 was developed for the entire study
population (n = 649), whereas Model 2 was established for just AMS-activated patients (n = 431).
In Model 1, using backward elimination, prior stroke/TIA (hazard ratio [HR] 2.07, 95% confi-
dence interval [CI] 1.15–3.74, p = 0.015), prior AF/AFL (HR 2.84, 95% CI 1.65–4.89, p< 0.001),
SND (HR 2.64, 95% CI 1.47–4.74, p = 0.001), and LAE (HR 2.08, 95% CI 1.27–3.40, p = 0.003)
were found to be independent predictors of future PeAF for the entire population. In Model 2
(AMS-activated patients, n = 431), prior stoke/TIA (HR 2.03, 95% CI 1.09–3.29, p = 0.026), prior
AF/AFL (HR 1.80, 95% CI 1.01–3.20, p = 0.046), SND (HR 2.24, 95% CI 1.16–4.35, p = 0.016),
LAE (HR 2.14, 95% CI 1.26–3.63, p = 0.005), and AMS burden> 1% (HR 2.58, 95% CI 1.51–
4.42, p< 0.001) were found to be independent predictors of future PeAF.

Integrated scoring model
We defined an integrated risk score for each model as the number of independent risk factors
present. Thus, the maximum possible scores were four in Model 1 (total population) and five
in Model 2 (the AMS-activated patients). Fewer patients were seen in the higher score category
(Fig 2), and the discrimination performance of each scoring model after seven years of follow-
up are summarized in Table 4. Model 1 showed good discrimination in terms of predicting
future PeAF, with a c-statistic of 0.768 (95% confidence interval [CI] 0.690–0.845), a significant
improvement (p< 0.001) compared to the previously reported HATCH score system [21].
The sensitivity and specificity of Model 1 at its optimal cutoff value (risk score�2) were 72.4%
and 76.5%, respectively. In the subset of AMS-activated patients (n = 431), Model 2 also
showed significantly better discrimination performance (c-statistic 0.716, 95% CI 0.629–0.802,
sensitivity 71.8%, and specificity 66.6% for risk score�2) compared with the HATCH score
(p< 0.001). For this subset of patients, the c-statistic of Model 2 was slightly better than that of
Model 1 in a pairwise comparison (p = 0.025). The good discrimination performance of both
models was also robust on the basis of the validation results using both split-sample and boot-
strap methods (S1 Table).

Table 3. Predictors of persistent or permanent atrial fibrillation.

Univariable analysis Multivariable analysis Multivariable model on AMS-
activated patients (n = 431)

Variable HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age (per single year) 1.02 (0.99–1.04) 0.153

Male 0.74 (0.48–1.20) 0.226

BMI 1.05 (0.98–1.13) 0.175

Prior Stroke/TIA 2.55 (1.43–4.54) 0.001 2.07 (1.15–3.74) 0.015 2.03 (1.09–3.29) 0.026

Prior AF/AFL 5.40 (3.34–8.72) 0.001 2.84 (1.65–4.89) < 0.001 1.80 (1.01–3.20) 0.046

SND 4.34 (2.57–7.33) 0.001 2.64 (1.47–4.74) 0.001 2.24 (1.16–4.35) 0.016

LA > 45 mm 2.67 (1.65–4.32) 0.001 2.08 (1.27–3.40) 0.003 2.14 (1.26–3.63) 0.005

Moderate TR 2.74 (1.49–5.03) 0.001

Low P-wave amplitude at follow-up (�2.5 mV) 2.21 (1.35–3.61) 0.002

A pacing (each 1%) 1.01 (1.00–1.02) 0.001

V pacing (each 1%) 0.99 (0.99–1.00) 0.124

AMS burden > 1% 3.76 (2.26–6.27) 0.001 2.58 (1.51–4.42) 0.001

Abbreviations: AMS, automatic mode switching; BMI, body mass index; TIA, transient ischemic accident; AF, atrial fibrillation; AFL, atrial flutter; SND; sinus

node disease; LA, left atrium; TR, tricuspid regurgitation; A, atrial; V, ventricular.

doi:10.1371/journal.pone.0160422.t003
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We defined those patients with a score of zero to one as the low-risk group, and those with a
score of more than one as high-risk for future PeAF. Using this cut-off, 27.1% of patients
(n = 176) in Model 1 and 33.3% (n = 164) in Model 2 were defined as high risk (Fig 2). In the
Kaplan–Meier analysis, the high score group showed a significantly higher PeAF incidence
after seven years of follow-up in both models one (20.6% ± 3.4% vs. 2.9% ± 0.9%, p< 0.001)
and two (22.8% ± 3.8% vs. 5.3% ± 1.7%, p< 0.001, Fig 3).

Discussion
In this retrospective review of our PM patients, we have made several important findings
regarding PeAF after PM. First, documented PeAF incidence after PM was 10.3% after more
than seven years follow-up. Second, several independent predictors of future PeAF were identi-
fied by a comprehensive review of clinical, echocardiographic, electrocardiographic, and inter-
rogation data. Third, an integrated scoring model that combined these predictors showed
excellent discrimination performance, and the addition of interrogation data in the model
enhanced this function. Fourth, the high-risk group, defined by this integrated model, showed
a significantly higher PeAF incidence during long-term follow-up.

The cited PeAF incidence after PM from previous studies varies greatly between 2% and
12%; this variability may stem from the use of different definitions of PeAF, from clinically

Fig 2. Numbers of patients in models one and two based on integrated scores.

doi:10.1371/journal.pone.0160422.g002

Table 4. Predictive function of integrated scoringmodels compared to the HATCH scoringmodel after seven years of follow-up.

SN at maximal accuracy (%)† SP at maximal accuracy (%)† c-statistic (95% confidence interval) Hosmer-Lemeshow;—p-value

Total population (n = 649)

HATCH 47.9 62.6 0.596 (0.508–0.683) 0.860

Model 1 72.4 76.5 0.768 (0.690–0.845) 0.425

AMS-activated population (n = 431)

HATCH 50.5 67.4 0.609 (0.518–0.701) 0.995

Model 1 68.5 69.9 0.697 (0.608–0.785) 0.688

Model 2 71.8 66.6 0.716 (0.629–0.802) 0.976

†Optimal cut-off value for all three models (HATCH, Model 1, and Model 2) was risk score�2. Abbreviations: SN, sensitivity; SP, specificity; AMS,

automatic mode switching.

doi:10.1371/journal.pone.0160422.t004
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diagnosed chronic AF to a more stringent definition of persistent AF based on continuous Hol-
ter monitoring [1–6]. The definition of PeAF used in our study (i.e., at least two consecutive
positive ECGs acquired�7 days apart) was based on reports by Skanes et al. [1], and Sweeny
et al. [4]. As our study incorporated only objectively documented PeAF, and all patients were
regularly followed up in a single center, our findings provide reliable epidemiological data on
PeAF incidence after PM insertion. In addition, considering that the progression of AF is time
dependent, and usually involves a long delay [22,23], more than seven years of follow-up with
a relatively large number of patients is another major strength of our current study.

Most of the independent predictors identified in our study, including prior AF/AFL, SND,
and LAE, have already been evaluated in previous work [1,3,5,14,15,16]. In addition, a firm
association between subclinical AF and prior stroke/TIA was established by a recent large trial
[11]. As well as these “traditional” risk factors (Model 1), the addition in the present study of
PM interrogation data during early follow-up, especially of AMS data, established an even
stronger predictive model with excellent discrimination performance (Model 2). Thus,
although we do not believe that episodes of AMS activation should be interpreted as episodes
of AF/AFL, because triggering of AMS activation is strongly correlated with AF episodes
[24,25], we do believe that the cumulative burden of AMS activation during early follow-up
may be a surrogate marker for the burden of AF in these patients. Indeed, currently evolving
AF-detection algorithms for PMs may potentially provide even better data for diagnosing and
predicting future PeAF.

One interesting finding of our study is the association in the univariable analysis between
future PeAF and low P-wave amplitude at follow-up, although this was not found in the imme-
diate post-procedure period. Although not demonstrated in previous studies, we believe that
low P-wave amplitude at follow-up may reflect electrical remodeling of the atrium, which
could be a substrate for future PeAF. Indeed, the work of Brandt et al. showed that low atrial
amplitude was associated with old age or SND [26], whereas another study by Sanders et al.
showed low atrial voltage in patients with SND and attributed the association between low
atrial voltage, SND, and AF to atrial remodeling [27]. In addition to the importance of the P-
wave amplitude itself, our data highlights the temporal change in the P-wave after PM, and the

Fig 3. PeAF incidence in low or high-scoring groups defined by integrated scoringmodels one and two. PeAF incidence in the high-scoring group
was significantly greater than in the low-scoring group for both models one (20.6% ± 3.4% vs. 2.9% ± 0.9%, p < 0.001) and two (22.8% ± 3.8% vs. 5.3% ±
1.7%, p < 0.001).

doi:10.1371/journal.pone.0160422.g003
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importance of serial follow-up of interrogation data. In terms of acquisition timing, we believe
that follow-up interrogation data may more precisely reflect the electrophysiological substrate
of the cardiac chamber because it would not be affected by inflammation or tissue edema at the
time of lead insertion. Although it was not an independent predictor in our multivariable anal-
ysis model, there may be an association between low P-wave amplitude and atrial remodeling.
Further data is required to verify this hypothesis.

The integrated scoring model in our study incorporated traditional risk factors, and newly
identified variables from follow-up interrogation data. Through adequate dichotomization of
variables according to their clinical relevance, we developed a scoring model that is both easy
to apply and interpret. This model comprehensively combines all available data and may more
accurately reflect the patient’s risk than the previous HATCH scoring model, which is mainly
dependent on clinical variables [21]. We believe that the high scoring group in our cohort rep-
resents a genuine high-risk group that will exhibit a higher PeAF incidence, although further
prospective studies evaluating the benefit of the early application of novel AF-preventive pac-
ing methods in these high-risk patients are required [12].

There were several limitations to our study. The inherent limitation of selection bias stem-
ming from the retrospective nature of the analysis was inevitable, and diagnosis of subclinical
PeAF could be underestimated as only objectively “documented” cases were defined as a study
outcome. In addition, data regarding AF events, or duration, according to the AF-detection
algorithms of the PMs were not incorporated into the scoring model, as they only became
available in recent years. Similarly, intracardiac electrograms during AMS events have only
been available in recent years. Thus, as PeAF after PM develops over a long time period, more
data are needed to clarify the value of these algorithms and the use of intracardiac electrograms
during AMS events. In addition, the clinical impact of PeAF after PM could not be evaluated
because of the limited numbers of patients and short follow-up period, whereas the relatively
lower discrimination performance of the HATCHmodel in our population compared to the
original could stem from differences in comorbidities. Finally, as the risk score in our study
was not validated in other populations, application of our findings to other patient groups
should be treated with caution.

Conclusion
An integrated scoring model combining clinical, echocardiographic, and electrocardiographic
characteristics is useful for predicting future PeAF in patients with dual-chamber PM.
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