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Background-—Although circumferential pulmonary vein isolation (CPVI) catheter ablation may not be sufficient for long-standing
persistent atrial fibrillation (L-PeAF), it is not clear which ablation strategy is beneficial in addition to CPVI. We sought to investigate
whether additional complex fractionated atrial electrogram (CFAE)-guided ablation improves clinical outcomes in L-PeAF patients
who exhibit continuous atrial fibrillation (AF) after CPVI and linear ablation (Line).

Methods and Results-—This study enrolled 137 L-PeAF patients (71.4% male, 61.6�10.9 years old) who underwent
radiofrequency catheter ablation. We conducted CPVI+Line based on the Dallas lesion set (posterior box+anterior line) after
baseline CFAE mapping in all patients. If AF was defragmented (terminated or changed to atrial tachycardia), the procedure was
stopped (AF-Defrag group, n=29). If AF was maintained after CPVI+Line, we mapped the CFAE again and randomly assigned the
patient to the CPVI+Line group (n=54) or the additional CFAE ablation group (CPVI+Line+CFAE group, n=54). L-PeAF was
defragmented during CPVI+Line in 21.2% of patients (29/137, AF-Defrag group). The mean CFAE cycle length was prolonged
(P<0.001), and CFAE area (CFAE cycle length <120 milliseconds) was reduced (P<0.001) after CPVI+Line in the remaining
patients. Procedure time was longer in the CPVI+Line+CFAE group than the CPVI+Line group (P=0.023), but procedure-related
complication rates did not vary. During 22.3�13.2 months of follow-up, the clinical recurrence rates were 17.2% in the AF-Defrag
group, 18.5% in the CPVI+Line group, and 32.1% in the CPVI+Line+CFAE group (log rank, P=0.166).

Conclusions-—Although CPVI+Line reduces and localizes CFAE area, additional CFAE ablation after CPVI+Line does not improve
the clinical outcomes of catheter ablation in patients with L-PeAF. ( J Am Heart Assoc. 2017;6:e004811. DOI: 10.1161/JAHA.
116.004811.)
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C atheter ablation is an established treatment modality for
atrial fibrillation (AF),1 and circumferential pulmonary

vein isolation (CPVI) is the cornerstone technique of AF
catheter ablation,2 particularly for paroxysmal AF. However,
the maintenance mechanisms for persistent AF (PeAF) with
complex atrial substrates and non–pulmonary vein (PV)
triggers are different from their paroxysmal counterpart, and
thus CPVI alone does not generally achieve a satisfactory

clinical outcome in catheter ablation for PeAF.3 Many
additional substrate modification strategies for PeAF ablation
have been proposed, the 2 most widely used of which are
additional linear ablation (Line) and complex fractionated
atrial electrogram (CFAE) ablation in conjunction with CPVI.4,5

Many previous studies have demonstrated an incremental
benefit of additional linear ablation following CPVI.4–8 Simi-
larly, some studies and meta-analyses have shown that CFAE
performed in addition to CPVI produces better rhythm
outcomes than CPVI alone in PeAF.9,10 However, these efforts
have seen only limited clinical success, less than 50% in long-
standing PeAF (L-PeAF), raising the question as to whether the
current additional strategies beyond CPVI are both appropri-
ate and being performed in appropriate candidates. Moreover,
a recent large randomized controlled trial, STAR AF II, failed to
show any incremental benefit of additional CFAE ablation or
Line following CPVI for PeAF patients with an AF burden of
around 80 hours per month.11 Because of unsatisfactory
ablation outcomes in PeAF, several small studies have
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combined the 2 additional strategies, namely, CFAE and linear
ablation in addition to CPVI. However, conflicting results have
been reported by these studies, raising concerns about the
potentially proarrhythmic effects of extensive ablation.12-14

We hypothesized that additional CFAE ablation might be the
most beneficial technique and therefore should be performed
only in L-PeAF patients for whom AF was not terminated or
defragmented following CPVI and Line. Thus, the aims of this
study were (1) to characterize the changes of CFAE area and
mean cycle length (CL) before and after CPVI and Line, (2) to
explore the prognostic value of additional CFAE ablation after
CPVI and Line, and (3) to identify predictors of better clinical
outcomes in patients with L-PeAF undergoing catheter
ablation.

Methods

Study Population
The study protocol adhered to the principles of the Declara-
tion of Helsinki and was approved by the Institutional Review
Board at Yonsei University Health System. All patients
provided written informed consent for inclusion in the Yonsei
AF Ablation Cohort Database, and open-labeled simple

randomization with equal allocation into 2 groups was
achieved using a table of random numbers (ClinicalTrials.gov
Identifier: NCT02175043). We chose the sample size on the
basis of statistical analysis to prove the superiority of
additional CFAE ablation after CPVI and linear ablation, which
was described in a previous study comparing ablation
strategies in patients with persistent AF. A 2-sided signif-
icance level of 5% was used against an estimated difference
between the groups of 25%, and at least 47 patients in each
group were required. Considering an AF defragmentation in
25% and a potential dropout rate of 5%, a total study cohort of
136 patients was calculated. The study population included
137 consecutive patients (71.4% male, age 61.6�10.9 years)
with L-PeAF, which means AF lasting longer than 1-year (mean
AF duration 56.5�53.9 months),15 who underwent a catheter
ablation procedure from June 2014 through December 2015
in Yonsei University Health System, Seoul, South Korea
(Figure 1). AF duration was determined using electrocardio-
graphic findings and not based on the presence of symptoms
alone. After baseline CFAE mapping, we conducted CPVI and
linear ablations using the consistent ablation protocol of the
Dallas lesion set: CPVI, cavotricuspid isthmus ablation,
posterior wall box lesion (roof line and posterior inferior line),
and anterior line.6 If AF continued after linear ablation, we

Figure 1. Study flowchart of patient distribution. AF indicates atrial fibrillation. CFAE, complex
fractionated atrial electrogram; CPVI, circumferential pulmonary vein isolation; Line, linear ablation.
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mapped CFAE again, and patients were prospectively and
randomly assigned to 1 of 2 groups according to the
radiofrequency catheter ablation (RFCA) method. In the
CPVI+Line group, patients were cardioverted, and the proce-
dure was finished without additional ablation (n=54), whereas
in the CPVI+Line+CFAE group, additional CFAE ablation was
performed (n=54). Patients whose AF terminated or changed to
atrial tachycardia (AT) were excluded from randomization and
classified in the AF-Defrag group (n=29) (Figure 1). We
compared pre– and post–linear ablation CFAE maps and
clinical outcomes of the CPVI+Line, CPVI+Line+CFAE, and AF-
Defrag groups. Exclusion criteria were as follows: (1) perma-
nent AF refractory to electrical cardioversion; (2) AF with
valvular disease ≥grade 2; (3) associated structural heart
disease other than left ventricular hypertrophy; (4) history of
cardiac surgery; and (5) previous ablation procedure. Before all
ablation procedures, the anatomy of the LA and PV was visually
defined using 3-dimensional (3D)-CT scans (64 Channel, Light
Speed Volume CT, Brilliance 63, Philips, Amsterdam, The
Netherlands). All antiarrhythmic drugs were discontinued for a
period of at least 5 half-lives, and amiodarone was stopped at
least 4 weeks before the procedure.

Electrophysiological Mapping
Intracardiac electrograms were recorded using the Prucka
CardioLab™Electrophysiology system (General ElectricMedical
Systems, Milwaukee, WI). RFCA was performed in all patients
using 3D electroanatomical mapping (NavX, St Jude Medical,
Inc, Minnetonka, MN) merged with 3D spiral CT. Double
transseptal punctures were made, and multiview pulmonary
venograms were obtained. After transseptal access had been
secured, a circumferential PV-mapping catheter (Lasso; Bio-
sense-Webster Inc, Diamond Bar, CA) was introduced with a
long sheath (Schwartz left 1, St Jude Medical, Inc). Systemic
anticoagulation was performed with intravenous heparin to
maintain an activated clotting time of 350 to 400 seconds
during the procedure. For electroanatomical mapping, the 3D
geometries of both the LA and PV were obtained using the NavX
system and were then merged with 3D spiral CT images.

CFAE Mapping
We employed a previously validated CFAE mapping technique
with an automated algorithm (NavX, St Jude Medical, Inc).16 In
brief, high-frequency atrial electrograms acquired using a
Lasso catheter were analyzed to compute the mean CFAE cycle
length (CFAE-CL) between multiple deflections over a specified
period of time, which was represented on the geometric shell
as a color-coded display. CFAE areas were defined as sites
having a CFAE-CL of <120 milliseconds. The recommended
CFAE-CL tool settings were peak-to-peak sensitivity of 0.03 to

0.05 mV (to avoid sensing noise), electrogram refractory
period of 40 milliseconds, electrogram width of <15 millisec-
onds, and electrogram segment length of 5 seconds. A dense
CFAE map (minimum 500 points) was made for the entire LA
(Figure 2A). In all patients whose AF was maintained after
linear ablation, post–linear ablation CFAE maps were acquired
with the same protocol (Figure 2B). The LA was divided into 6
regions for CFAE regional analysis as follows: LA appendage,
LA septum, LA anterior wall, LA posterior wall, LA posterior
inferior wall, and left lateral isthmus area (Figure 2B).

Radiofrequency Catheter Ablation
Details of the RFCA technique and strategy used in our center
were described in our previous study.17 Briefly, we used an
open irrigated-tip catheter (Coolflex, St Jude Medical Inc,
Minnetonka, MN; 25-35 W; irrigation rate of 10-15 mL/min)
to deliver RF energy for ablation. All patients initially
underwent CPVI and cavotricuspid isthmus ablation. Roof
line, posterior inferior line, and anterior line6 were added as
the standard lesion set, also known as the “Dallas lesion set”

Figure 2. CFAE maps before (A) and after CPVI+linear ablation
(B). B, LA was divided into 6 regions for CFAE regional analysis as
follows: (1) LA appendage, (2) LA septum, (3) LA anterior wall, (4)
LA posterior wall, (5) LA posterior inferior wall, and (6) LA isthmus
area. Color indicates the mean CFAE cycle length (CFAE-CL)
between multiple deflections over a specified period of time,
which is represented on the geometric shell as a color-coded
display. CFAE areas are defined as sites having a CFAE-CL of
<120ms. AF indicates atrial fibrillation; CFAE, complex fractio-
nated atrial electrogram; CPVI, circumferential pulmonary vein
isolation; LA, left atrium.
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(Figure 2B). Adenosine-guided dormant conduction elimina-
tion strategy was not applied in PV isolation. To generate the
posterior box lesion, linear ablation of the roof line and
posterior inferior line was performed by connecting both sides
of the CPVI at the top and bottom levels, respectively. The
anterior line was generated by ablation from the mitral
annulus at the 12 o’clock position toward the LA roof line.6

Operators could opt to perform additional ablation in the
superior vena cava or non-PV foci at their discretion. In the
CPVI+Line+CFAE group, CFAE ablation procedures were
guided by CFAE maps. After generating the protocol-directed
lesion set, we restored sinus rhythm by internal cardioversion
(10- to 20-J biphasic shocks, Physio-Control Corp, Redmond,
WA), except for 6 patients whose AF defragmented during
additional CFAE ablation. When bidirectional blocks of linear
ablation lines were not achieved, additional ablation was
performed to generate bidirectional blocks of these lines.
However, if bidirectional blocks could not be achieved after 3
attempts of linear ablation, those lines were kept unblocked
to avoid collateral damage. If there were mappable AF triggers
or atrial premature beats with isoproterenol infusion (5 lg/
min), we carefully mapped and ablated the non-PV foci as
much as possible. All RFCA procedures were conducted
according to the protocol specified above by 2 operators with
more than 10 years of experience.

Postablation Management and Follow-Up
Among 137 patients, 35 (26.2%) maintained antiarrhythmic
medication before AF recurrence because of a high chance of
recurrence with frequent atrial premature beats or short runs
of nonsustained AT. Patients visited the outpatient clinic
regularly 1, 3, 6, and 12 months after RFCA and then every
6 months thereafter or whenever they experienced symp-
toms. All patients underwent electrocardiography during every
visit and 24-hour Holter recording at 3 and 6 months and then
every 6 months thereafter in accordance with the 2012 HRS/
EHRA/ECAS Expert Consensus Statement guidelines.18 How-
ever, patients reporting symptoms of palpitations underwent
Holter monitor or event monitor recordings and were
evaluated for the possibility of arrhythmia recurrence. The
primary endpoint was clinical recurrence of atrial tach-
yarrhythmia as any episode of AF or AT at least 30 seconds
in duration.18 Any electrocardiographic documentation of AF/
AT recurrence after 3 months of the blanking period was
diagnosed as clinical recurrence.18 Secondary endpoints were
clinical recurrence of AF/AT off antiarrhythmic drugs, peripro-
cedural complications, total procedure time, and ablation
time. However, AF/AT recurrence in the first 3 months after
catheter ablation (blanking period) was counted as early
recurrence. Early recurrence was neither classified as clinical
AF/AT recurrence nor used in all data analyses.

Statistical Analysis
Statistical analysis was performed using SPSS (Statistical
Package for Social Sciences, Chicago, IL) software for
Windows (version 20.0). Continuous variables were expressed
as the mean�SD and were compared using ANOVA and
Student t test. Categorical variables were reported as
frequencies (percentage) and were compared using chi-
squared test and Fisher exact test. Pre- and post-CFAE
mapping data were compared using paired t tests. Kaplan-
Meier analyses with log-rank tests were used to calculate AF
recurrence-free survival over time and to compare recurrence
rates across groups. Multivariate Cox regression analyses
were used to assess independent predictors of AF recurrence
after catheter ablation. A P<0.05 (2-sided) was considered
statistically significant.

Results

Baseline Characteristics and CFAE Mapping
Baseline characteristics of the overall study population
among AF-Defrag, CPVI+Line, and CPVI+Line+CFAE groups
are shown in Table 1. There were no significant differences
in patient characteristics between the CPVI+Line group and
the CPVI+Line+CFAE group, nor among all 3 groups. We
acquired baseline CFAE-CL maps in all 137 patients, and
baseline CFAE-CLs were not significantly different among the
3 groups (Figure 3A and 3B). AF was terminated (n=20) or
changed to AT (n=9) during CPVI and linear ablation in 29
patients (AF Defrag group, 21.2%), and thus, post–linear
ablation CFAE-CL maps were available for 108 patients who
were subsequently randomized. After linear ablation using
the Dallas lesion set, mean CFAE-CL was significantly
prolonged (P<0.001), and CFAE area (CFAE-CL <120 mil-
liseconds) was significantly reduced regardless of LA region
(P<0.001, Figure 3C and 3D). The mean 33.9�36.2% of
post–linear CFAE area was colocalized with the preablation
CFAE area.

Procedural Characteristics
The CPVI+Line+CFAE group had a longer total procedure time
than the CPVI+Line group (P=0.023; Table 2). In contrast,
there was no difference in procedure-related complication
rates between the 2 groups (P=0.696). Total procedure time
(P=0.061), ablation time (P=0.539), complication rates
(P=0.924), and postprocedural antiarrhythmic drug persis-
tence rates (P=0.531) were not significantly different among
the AF-Defrag, CPVI+Line, and CPVI+Line+CFAE groups
(Table 2). LA posterior wall isolation was achieved in 51.8%
(71/137) of the total population and in 58.6% (17/29), 42.6%
(23/54), and 57.4% (31/54) in the AF-Defrag group,
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CPVI+Line group, and CPVI+Line+CFAE group, respectively
(Table 2).

Additional CFAE and Clinical Outcomes
During 22.3�13.2 months of follow-up, 32 of 137 patients
(23.4%) experienced clinical recurrence of AF. Kaplan-Meier
analysis of AF recurrence-free rates showed no significant
differences between the AF-Defrag group and AF-sustained
groups (P=0.339, Figure 4A), nor between the 2 randomized
(CPVI+Line vs CPVI+Line+CFAE) groups (log-rank P=0.119,
Figure 4B). There were also no significant differences among
the 3 groups (P=0.166, Figure 4C). The proportion of
patients taking antiarrhythmic drugs 3 months after ablation
was not significantly different among the 3 groups (Table 2),
and the clinical rhythm outcomes of the patients without
antiarrhythmic drugs were consistent with the overall patient
set (Figure 5). According to Cox regression analysis for
clinical recurrence of AF among the patients whose AF
persisted after linear ablation and were randomized, addi-
tional CFAE ablation after linear ablation did not improve

clinical outcome of catheter ablation in univariate analysis
(HR 1.84, 95% CI 0.84-4.02, P=0.128); however, a larger LA
volume index measured by heart CT was independently
associated with clinical recurrence in multivariate analysis
(HR 1.02, 95% CI 1.00-1.03, P=0.016; Table 3). Among all
patients in the study, both a larger LA volume index (CT; HR
1.02, 95% CI 1.01-1.04, P=0.004) and additional CFAE
ablation (HR 2.66, 95% CI 1.15-6.17, P=0.022) were
independently associated with clinical recurrence after
catheter ablation for long-standing PeAF in multivariate
Cox regression analysis (Table 4).

Among 32 patients with clinical (AF/AT) recurrence, there
were no differences in the proportion of patients who required
redo ablation procedures (35.7% vs 27.8% P=0.712, 7.3% of
overall patients). The achievement of bidirectional block of
linear lesions also did not affect patterns of recurrence type
(AT vs AF recurrence, Table S1). A total of 13.9% (19/137) of
patients had non-PV triggers during the ablation procedure;
however, their clinical recurrence rate (7/19, 36.8%) was not
statistically different from that for negative non-PV trigger
patients (25/118, 21.2%, P=0.150).

Table 1. Comparison of Baseline Characteristics

AF-Defrag (n=29) CPVI+Line (n=54) CPVI+Line+CFAE (n=54) P Value* P Value†

Male (%) 21 (72.4%) 35 (64.8%) 44 (81.5%) 0.051 0.149

Age, y 63.76�11.76 62.59�9.68 59.31�11.44 0.111 0.140

AF duration, months 45.67�42.20 61.82�63.69 57.48�50.75 0.724 0.510

BSA, m2 1.79�0.19 1.78�0.17 1.84�0.19 0.085 0.222

BMI, kg/m2 25.39�2.81 25.08�2.74 25.22�2.90 0.804 0.892

CHA2DS2-VASc score 2.72�2.10 2.72�1.97 2.04�1.64 0.052 0.057

Heart failure (%) 8 (27.6%) 12 (22.2%) 11 (20.4%) 0.814 0.752

Hypertension (%) 18 (62.1%) 35 (64.8%) 29 (53.7%) 0.240 0.481

Diabetes mellitus (%) 6 (20.7%) 15 (27.8%) 12 (22.2%) 0.505 0.709

Stroke/TIA (%) 7 (24.1%) 11 (20.4%) 8 (14.8%) 0.448 0.555

Vascular disease (%) 5 (17.2%) 15 (27.8%) 9 (16.7%) 0.165 0.311

Echocardiographic parameters

LA diameter, mm 44.69�5.15 45.43�6.14 45.24�5.40 0.868 0.850

LAVI, mL/m2 43.13�13.72 46.71�15.05 43.00�12.47 0.174 0.334

LVEDD, mm 50.28�5.82 50.19�4.95 51.31�6.05 0.291 0.532

LVEF, % 61.34�11.30 58.94�9.82 61.69�8.21 0.118 0.292

LVMI, g/m2 95.76�21.71 99.99�24.47 97.97�29.98 0.716 0.807

E/Em 11.44�3.50 11.60�4.71 10.33�5.24 0.195 0.348

LAVI by CT 97.76�19.31 108.91�31.88 100.16�21.93 0.135 0.156

Values are expressed as n (%) or mean�SD. BMI indicates body mass index; BSA, body surface area; CHA2DS2-VASc score, the scoring system that estimates stroke risk of non-valvular AF
patients based on the presence of Congestive heart failure, hypertension, Age ≥75 (doubled), Diabetes mellitus, prior Stroke or transient ischemic attack (doubled)-Vascular disease, Age
65–74 years and Sex category (female); E/Em, the ratio of early diastolic mitral inflow velocity (E) to early diastolic mitral annular velocity (Em); LA, left atrium; LAVI, LA volume index; LV,
left ventricle; LVEDD, LV end diastolic dimension; LVEF, LV ejection fraction; LVMI, LV mass index; TIA, transient ischemic attack.
*P-values between the CPVI+Line and CPVI+Line+CFAE groups.
†P-values among all 3 groups.
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Discussion
The main finding of this prospective randomized study was
that additional CFAE ablation did not improve clinical
outcome of catheter ablation in patients with L-PeAF who
underwent catheter ablation with CPVI and empirical Line
with Dallas lesion set (posterior box lesion and anterior line).
During CPVI and linear ablation, 21.2% of patients showed
AF termination or defragmentation to AT, whereas the
remainder demonstrated prolongation of mean CFAE-CL and
reduced CFAE area compared to their preablation CFAE map.
However, AF defragmentation or termination did not affect
clinical outcomes. Compared to CPVI+Line, additional CFAE
ablation prolonged procedure time without improving AF-free
survival after L-PeAF ablation. Among all of the patients
included in this study, a larger LA volume index and

additional CFAE were independently associated with clinical
recurrence of AF.

Controversies in CFAE Ablation
CFAE was first reported during intraoperative mapping by
Konings et al and is mostly observed in areas of slow
conduction and/or at pivot points, where wavelets turn
around at the end of the arcs of functional blocks.19

Nademanee et al demonstrated that CFAEs could be the
critical site for AF perpetuation and are an ideal target site for
extensive ablation, reporting a 91% success rate of PeAF
ablation at 1-year follow-up.20 However, subsequent random-
ized studies have revealed conflicting results,21,22 and the
exact mechanisms of CFAE formation by which elimination of
CFAE can improve AF-free survival remain unclear. CFAE may

Figure 3. Comparisons of CFAE area (%) and CFAE mean cycle length (milliseconds) among the 3 groups (baseline, A, and B), and between
pre– and post–linear ablations in the 2 randomized groups (C and D). ABL indicates ablation; AF, atrial fibrillation; AF-Defrag, AF terminated/
changed to AT during linear ablation; CFAE, complex fractionated atrial electrogram; CPVI, circumferential pulmonary vein isolation; LA, left
atrium; LAA, LA appendage; LAAW, LA anterior wall; LAPIW, LA posterior inferior wall; LAPW, LA posterior wall; LAS, LA septum; Line, linear
ablation; LLI, left lateral isthmus area.
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reflect slow conduction with wavelet collision,19 wavebreaks
near high-frequency drivers,23 locations of epicardial gan-
glionated plexi,24 or remote activity at the recording site.25

Although some of these mechanisms could explain the critical
sites for AF perpetuation, others suggest a bystander role. The
percentage CFAE area is usually lower in PeAF than

Table 2. Comparison of Procedural Results and Clinical Outcomes

AF-Defrag (n=29) CPVI+Line (n=54) CPVI+Line+CFAE (n=54) P Value* P Value†

Procedural result

Procedure time, min 230.17�48.01 219.54�60.70 244.91�53.14 0.023‡ 0.061

Ablation time, s 6842�1223 6677�917 6956�1631 0.276 0.539

Complications§ 2 (6.9%) 3 (5.6%) 4 (7.4%) 0.696 0.924

Major complications 0 (0%) 0 (0%) 1k (1.9%) 0.315 0.461

BDB achievement

RL 25/29 (86.2%) 49/54 (90.7%) 45/54 (83.3%) 0.252 0.519

PIL (LAPW isolation) 17/29 (58.6%) 23/54 (42.6%) 31/54 (57.4%) 0.211 0.373

AL 21/29 (72.4%) 42/54 (77.8%) 41/54 (75.9%) 0.820 0.862

Clinical outcomes

Follow-up, mo 23 [17-28] 21 [10-33] 26 [10-35] 0.209 0.433

Early recurrence 7/29 (24.1%) 19/54 (35.2%) 21/54 (38.9%) 0.690 0.396

AF/AT recurrence 5/29 (17.2%) 10/54 (18.5%) 17/53 (32.1%) 0.106 0.170

AT recurrence 3/29 (10.3%) 3/54 (5.6%) 12/54 (22.2%) 0.012‡ 0.035‡

The proportion of recurrence mode 0.057 0.131

AF 2/5 (40.0%) 7/10 (70.0%) 5/54 (29.4%)

AT 3/5 (60.0%) 3/10 (30.0%) 12/54 (70.6%)

AAD after blanking period 6/29 (20.7%) 11/54 (20.4%) 15/54 (27.8%) 0.368 0.615

AF/AT recurrence or AAD use as recurrence endpoint 7/29 (24.1%) 15/54 (27.8%) 21/54 (38.9%) 0.221 0.294

AF/AT recurrence in AAD off population 2/23 (8.7%) 5/43 (11.6%) 8/39 (20.5%) 0.271 0.422

Values are expressed as n (%), mean�SD or median [interquartile range]. AAD indicates antiarrhythmic drug; AF, atrial fibrillation; AL, anterior line; AT, atrial tachycardia; BDB, bidirectional
block; LA, left atrium; LAPW, LA posterior wall; PIL, posterior inferior line; RL, roof line.
*P-values between the CPVI+Line and CPVI+Line+CFAE groups.
†P-values among all 3 groups.
‡P<0.05.
§1 case of transient respiratory arrest related to anesthesia, 2 cases of groin puncture site complications that did not require additional surgery or procedures, 5 cases of transient sick
sinus node syndrome not requiring pacemaker.
k1 case of atrioesophageal fistula.

Figure 4. Kaplan-Meier analysis of AF recurrence-free rates in AF-Defrag vs AF-sustained group (A), CPVI+Line vs
CPVI+Line+CFAE groups (B), and among AF-defrag vs CPVI+Line vs CPVI+Line+CFAE groups (C). AF-Sustained group=Both
CPVI+Line group and CPVI+Line+CFAE group. AF indicates atrial fibrillation; AF-Defrag, AF terminated/changed to AT
during linear ablation; CFAE, complex fractionated atrial electrogram; CPVI, circumferential pulmonary vein isolation; Line,
linear ablation.
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paroxysmal AF26 and is more likely to be present in a healthy
atrium, particularly in the septum, rather than a dense scar.27

Extensive CFAE ablation may generate an unnecessary scar
that is proarrhythmic after a long-duration of ablation in

patients with PeAF.28,29 Therefore, in this study, we reduced
the CFAE area as much as possible using linear ablation and
evaluated the effect of additional CFAE ablation. Spatiotem-
poral reproducibility of an AF driver or high dominant

Figure 5. Kaplan-Meier analysis of freedom from AF recurrence without antiarrhythmic drugs in AF-Defrag vs AF-sustained groups (A),
CPVI+Line vs CPVI+Line+CFAE groups (B), and among AF-defrag vs CPVI+Line vs CPVI+Line+CFAE groups (C). *AF-Sustained group=Both
CPVI+Line group and CPVI+Line+CFAE group. AF indicates atrial fibrillation; AF-Defrag, AF terminated/changed to AT during linear ablation;
CFAE, complex fractionated atrial electrogram; CPVI, circumferential pulmonary vein isolation; Line, linear ablation.

Table 3. Cox Regression Analysis of Clinical Variables Predictive of AF Clinical Recurrence After Catheter Ablation in the AF-
Sustained Group

Clinical Recurrence

Univariate Analysis Multivariate Analysis

HR (95% CI) P Value HR (95% CI) P Value

Additional CFAE 1.84 (0.84–4.02) 0.128

Male 1.38 (0.58–3.26) 0.469 1.98 (0.72–5.49) 0.187

Age 0.99 (0.95–1.03) 0.657 1.02 (0.97–1.07) 0.429

AF duration 1.00 (1.00–1.00) 0.686

BSA 1.29 (0.18–8.99) 0.800

BMI 1.01 (0.88–1.15) 0.944

E/Em 1.02 (0.95–1.10) 0.548

LVEF (%) 0.99 (0.95–1.04) 0.701

LA diameter 0.98 (0.92–1.05) 0.602

LA volume index by TTE 1.02 (0.99–1.05) 0.251

LA volume index by CT 1.01 (1.00–1.03) 0.032† 1.02 (1.00–1.03) 0.016*

Heart failure 0.99 (0.42–2.34) 0.975

Hypertension 0.91 (0.42–1.98) 0.814

Diabetes mellitus 0.93 (0.37–2.30) 0.869

Stroke/TIA 0.61 (0.30–1.26) 0.181

BDB of RL 1.23 (0.37–4.11) 0.736

BDB of PIL (LAPW isolation) 1.19 (0.56–2.56) 0.649

BDB of AL 1.37 (0.51–3.68) 0.533

AF indicates atrial fibrillation; AL, anterior line; AT, atrial tachycardia; BDB, bidirectional block; BMI, body mass index; BSA, body surface area; CFAE, complex fractionated atrial
electrogram; CI, confidence interval; E/Em, the ratio of early diastolic mitral inflow velocity (E) to early diastolic mitral annular velocity (Em); HR, hazard ratio; LA, left atrium; LAPW, LA
posterior wall; LV, left ventricle; LVEF, LV ejection fraction; PIL, posterior inferior line; RL, roof line; TIA, transient ischemic attack; TTE, transthoracic echocardiography.
AF-Sustained group consists of CPVI+Line group and CPVI+Line+CFAE group.
*P<0.05.
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frequency site was reported to be relatively low,30 and a mean
34% of post–linear ablation CFAE area was colocalized with
preablation CFAE in this study. Moreover, identifying optimal
target sites for CFAE ablation is usually dependent on a
subjective visual approach, and even objective and repro-
ducible automated software has failed to have a significant
impact on ablation outcomes.31

Optimal Ablation Strategy for Long-Standing
PeAF
The STAR AF-II trial indicated that additional CFAE or linear
ablation following CPVI increases procedural time and does
not improve ablation outcomes in patients with PeAF.11

Furthermore, CPVI alone has produced disappointing long-
term success for maintenance of sinus rhythm in patients
with L-PeAF. On the other hand, highly successful ablation
outcomes in PeAF ablation have been reported for the
combination of sequential CPVI and elimination of complex
atrial electrical activity followed by linear ablation in a
“stepwise” approach.32 Because many previous randomized

controlled studies have shown an incremental benefit of linear
ablation following CPVI,4-8 linear ablation seems to reduce
critical mass via LA compartmentalization,33,34 both initiation
and perpetuation of AF, and CFAE area35,36 by changing AF
wave dynamics.36

Recently, several studies have suggested that CFAE ablation
after CPVI and linear ablation may minimize unnecessary
collateral damage to the atrium with similar clinical efficacy as
the “stepwise” approach.13,36 However, a randomized study by
Wong et al reported no benefit of CFAE ablation after CPVI and
linear ablation in PeAF.14 Therefore, in the present study, we
recruited and randomized L-PeAF patients who did not have AF
defragmentation after linear ablation, and our results were
consistent with the previous study. The proportion of AT
recurrence (excluding AF recurrence) seemed to be higher in
the CPVI+Line+CFAE group than in the other groups (P=0.035),
although some of them were taking antiarrhythmic drugs at the
timing of clinical recurrence. Furthermore, in overall patients
including the AF-Defrag group, CFAE ablation in addition to
linear ablation appeared to be an independent predictor for
clinical recurrence of AF (Table 4). Additional CFAE ablation

Table 4. Cox Regression Analysis of Clinical Variables Predictive of AF Clinical Recurrence After Catheter Ablation in the Total
Patient Population

Clinical Recurrence

Univariate Analysis Multivariate Analysis

HR (95% CI) P Value HR (95% CI) P Value

Additional CFAE 1.92 (0.96–3.86) 0.066 2.66 (1.15–6.17) 0.022*

Male 1.42 (0.63–3.16) 0.396 2.26 (0.84–6.11) 0.107

Age 1.00 (0.96–1.03) 0.880 1.02 (0.98–1.07) 0.331

AF duration 1.00 (1.00–1.00) 0.486

BSA 0.78 (0.13–4.80) 0.792

BMI 0.98 (0.86–1.11) 0.705

E/Em 1.01 (0.94–1.08) 0.846

LVEF (%) 1.00 (0.96–1.04) 0.969

LA diameter 0.97 (0.91–1.04) 0.388

LA volume index by TTE 1.01 (0.99–1.04) 0.393

LA volume index by CT 1.02 (1.00–1.03) 0.017* 1.02 (1.01–1.04) 0.004*

Heart failure 1.18 (0.55–2.56) 0.667

Hypertension 0.93 (0.46–1.89) 0.844

Diabetes mellitus 1.01 (0.44–2.35) 0.979

Stroke/TIA 0.65 (0.36–1.17) 0.152

BDB of RL 0.86 (0.33–2.24) 0.759

BDB of PIL (LAPW isolation) 1.17 (0.58–2.35) 0.670

BDB of AL 1.48 (0.60–3.62) 0.395

AF indicates atrial fibrillation; AL, anterior line; AT, atrial tachycardia; BDB, bidirectional block; BMI, body mass index; BSA, body surface area; CFAE, complex fractionated atrial
electrogram; CI, confidence interval; E/Em, the ratio of early diastolic mitral inflow velocity (E) to early diastolic mitral annular velocity (Em); HR, hazard ratio; LA, left atrium; LAPW, LA
posterior wall; LV, left ventricle; LVEF, LV ejection fraction; PIL, posterior inferior line; RL, roof line; TIA, transient ischemic attack; TTE, transthoracic echocardiography.
*P<0.05.
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seems to generate unnecessary scarring with worsened rhythm
outcomes. Although the extent of CFAE ablation in the current
study may be controversial, such as right atrial CFAE,37 it is not
clear whether the antifibrillatory effect of extensive CFAE
ablation represents true trigger ablation38 or a reduction in
critical mass. Several new strategies for AF ablation have been
introduced, such as rotor,39 dominant frequency,40 or driver
domain.41 However, optimal mapping and ablation strategies
for L-PeAF remain challenging and controversial, and operators
need to keep in mind the concept of “more touch, more scar.”

Future Directions
Ablation of L-PeAF is challenging, and the benefit of the 2 most
widely used substrate modification strategies, CFAE and linear
ablation, remains uncertain. For linear ablation, long-lasting
bidirectional block may guarantee favorable outcomes. For
CFAE ablation, localization and mapping of true functional
CFAE is an important issue. However, both strategies require
extensive ablation and carry with them the risk of collateral
damage and inadvertent scar generation. Careful mapping and
ablation for non-PV triggers could result in better clinical
outcomes.42 Patient-specific substrate modification strategies
targeting rotors39 or low-voltage areas43 have produced
encouraging early results but need to be verified in further
studies. Therefore, AF ablation should be considered at the
earlier stage of AF progression as much as possible,44 and
careful patient selection according to clinical or genetic factors
may improve the outcomes of catheter ablation for L-PeAF.45

Limitations
Our study should be interpreted in the context of the following
limitations. First, because the current study included a
relatively small number of patients from a single center, the
findings cannot be generalized to all patients with L-PeAF.
Second, this study could have inherited biases because of the
study design with open-labeled simple randomization. Third,
because there was no CPVI-alone group, which may achieve
similar or even better efficacy, optimal ablation strategy for L-
PeAF cannot be clearly suggested in this study. Fourth, CFAE
ablation was limited to the LA in this study. Fifth, CFAE
detection by a single system (NavX system) could be a
limitation because there are significant discordances in CFAE
mapping depending on the system and its settings.46

Conclusions
We conducted a prospective randomized study to compare 2
different ablation strategies for L-PeAF and demonstrated that
additional CFAE ablation after CPVI and linear ablation does

not improve clinical outcomes despite more extensive abla-
tion and longer procedure time.
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SUPPLEMENTAL MATERIAL 
 

 

 

 

 

Table S1. Proportion of patients who required repeat ablation procedure and bidirectional block 

achievement rates of linear ablation lesions according to the mode of recurrence. 

 
AF recurrence 

(n=14) 

AT recurrence 

(n=18) 
p-value 

Redo procedure 5 (35.7%) 5 (27.8%) 0.712 

BDB Achievement    

Roof line 78.6% (11/14) 88.9% (16/18) 0.631 

PI line (LAPW isolation) 50.0% (7/14) 61.1% (1/18) 0.530 

Anterior line 64.3% (9/14) 88.9% (16/18) 0.195 

BDB = bidirectional block, LAPW = Left atrial posterior wall, PI line = posterior inferior line. 


