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Catheter ablation is now an established treatment for 
patients with symptomatic drug-refractory atrial fibrilla-

tion (AF; class I, level of evidence A).1,2

Editorial see p 999

After the seminal work of Haïssaguerre et al3 demonstrat-
ing that AF could be triggered by pulmonary ectopy, strategies 
targeting the pulmonary veins have become the cornerstone 
for AF catheter ablation procedures.4

However, those studies also showed that relapses occur in 
≤30% of paroxysmal AF patients in the first year and 70% of 
patients with persistent AF even when all the pulmonary veins 
are successfully isolated.5 The focus has subsequently shifted 
to targeting areas of abnormal left atrial tissue which may act 

as a substrate for sustaining AF episodes in addition to pulmo-
nary vein isolation. Complex fractionated atrial electrograms 
(CFAEs) have emerged as one of the possible sources for sus-
taining AF and CFAE ablation has become a widespread adju-
vant strategy in ablation.6

Despite joint Heart Rhythm Society, European Heart 
Rhythm Association and European Cardiac Arrhythmia 
Society Consensus recommendations endorsing more 
extensive ablation for persistent AF, including targeting 
CFAEs±linear ablation,4 evidence to support the incremental 
benefit of CFAE ablation remains largely absent.7,8 This meta-
analysis aims to assess the impact of additional CFAE abla-
tion in patients undergoing pulmonary vein isolation (PVI) for 
ablation of AF.
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Background—Ablation of complex fractionated atrial electrograms (CFAEs) has been proposed as a strategy to improve 
outcomes in atrial fibrillation (AF) catheter ablation, but the use of this technique remains contentious. We aimed to 
assess the impact of CFAE ablation in addition to pulmonary vein isolation (PVI) in patients undergoing ablation for AF.

Methods and Results—We performed a random effects meta-analysis of studies comparing PVI versus PVI+CFAE ablation. 
The outcomes of freedom from AF/atrial tachycardia after 1 or several ablation procedures and acute procedural–related 
complications were assessed. Studies were searched on MEDLINE, EMBASE, COCHRANE, and clinicaltrials.gov, 
and sensitivity analyses were performed. Thirteen studies including a total of 1415 patients were considered eligible. 
Additional ablation of CFAEs resulted in no improvement in mid-term procedural outcome or freedom from AF or 
atrial tachycardia (odds ratio [OR], 0.80; 95% confidence interval [CI], 0.58–1.10; P=0.17). Sensitivity analysis of 398 
paroxysmal AF ablation procedures showed no incremental benefit of CFAE ablation (OR, 0.80; 95% CI, 0.46–1.38; 
P=0.42). PVI+CFAE ablation versus PVI alone did not improve the overall rate of freedom from AF or atrial tachycardia 
in patients with persistent AF (OR, 1.01; 95% CI, 0.63–1.64; P=0.96) or longstanding persistent AF (OR, 0.84; 95% CI, 
0.24–2.96; P=0.79). There was no increase in procedural-related adverse events (OR, 1.06; 95% CI, 0.41–2.75; P=0.91).

Conclusions—Despite the apparent safety of this technique, CFAE ablation did not improve freedom from AF/atrial 
tachycardia in patients with paroxysmal or persistent AF. The role of CFAE ablation in addition to PVI should be 
questioned and other alternatives assessed to improve the outcome of AF ablation.  (Circ Arrhythm Electrophysiol. 
2015;8:1017-1029. DOI: 10.1161/CIRCEP.115.003019.)
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Methods
Study Selection
We performed searches on MEDLINE (via PubMED), EMBASE, 
clinicaltrials.gov, and COCHRANE databases (from inception to 
November 30, 2014) using the following search string: AF and cath-
eter ablation and (CFAE or complex fractionated atrial electrograms).

Reference lists of all accessed full-text articles were further 
searched for sources of potentially relevant information. The authors 
of full-text papers and congress abstract authors were also contacted 
by e-mail to retrieve additional information.

Only longitudinal studies performed in humans were considered 
for inclusion. The population, intervention, comparison and outcome 
(PICO) approach was used.9 The population of interest included 
patients with AF and the intervention was catheter ablation of AF, 
consisting of PVI and optional CFAE ablation. Comparisons were 
performed between patients receiving PVI versus PVI plus CFAE 
ablation. The outcomes were freedom from AF or atrial tachycardia 
(AT) recurrence; ablation-related complications.

Minimum follow-up duration was 6 months. Both registries and 
randomized trials were considered eligible for analysis. Empirical 
ablation of lines was allowed if this was performed as part of the 
ablation protocol in both treatment groups. The Methods section of 
evaluated studies was reviewed to confirm the suitability and compo-
sition of the reported end point.

To be eligible, studies needed to present matched control-groups 
and the only difference in the treatment strategy had to be perform-
ing CFAE ablation in 1 group and no CFAE ablation in the com-
parator. If other differences between treatment groups were observed 
in the study protocol (eg, use of different mapping or imaging sys-
tems; comparisons of patients with persistent AF converting to sinus 
rhythm while having their PVI versus patients remaining in AF after 
PVI), the study was not considered appropriate for inclusion. If at 
least 3 treatment groups were present in the study, and only 1 of them 
was considered inadequate, the study could still be considered eligi-
ble and data of the 2 appropriate treatment groups included. Full-text 
articles remaining unpublished >3 years after initial congress abstract 
presentation were not considered appropriate for inclusion.

The definitions of AF or AT relapse, blanking period, and methods 
used for monitoring during follow-up were collected in all studies. The 
following events were considered ablation-related complications and their 
incidence in both treatment groups was assessed: cardiac tamponade or 
pericardial effusion requiring pericardiocentesis, stroke or transient isch-
emic attack, atrio-oesophageal fistula, and pulmonary vein stenosis.

Three independent reviewers (R.P., N.S., and G.B.) screened all 
abstracts and titles to identify potentially eligible studies. The full text 
of these potentially eligible studies was then evaluated to determine 
the eligibility of the study for the review and meta-analysis. Agreement 
of at least 2 reviewers was required for decisions about inclusion 
or exclusion of studies. Study quality was formally evaluated using 

the Delphi Consensus criteria for randomized controlled trials10 and 
a modified Newcastle–Ottawa Quality Assessment Scale for Cohort 
Studies11 by 3 reviewers (R.P., N.S., and G.B.). An agreement between 
the 3 reviewers was mandatory for the final classification of studies.

Data extraction and presentation for the preparation of this article 
followed the recommendations of the PRISMA group.12 The follow-
ing data were extracted for characterizing each patient sample in the 
selected studies, whenever available: demographics and sample char-
acterization, AF duration, presence of structural heart disease, atrial 
size, ablation technique and criteria for defining CFAE, location of 
ablated CFAE, follow-up duration, number of procedures, monitoring 
of AF relapse, and use of antiarrhythmic agents.

Statistical Analysis
Data were pooled using random effects, according to the Mantel–
Haenszel model, through Review Manager (RevMan), version 
5.1. (Copenhagen: The Nordic Cochrane Center, The Cochrane 
Collaboration, 2011). The odds ratio (OR) and respective 95% con-
fidence interval (95% CI) were used as a measurement of treatment 
effect. Pairwise comparisons were performed for the end points:  
AF/AT relapse and ablation-related complications.

To assess study design–related factors potentially interfering with 
the results of the meta-analysis, several sensitivity analyses were per-
formed to assess the impact of baseline differences in the population, 
study design, CFAE mapping and treatment approaches, and follow-
up in the AT or AF relapse outcomes. Sensitivity analyses were only 
performed for conditions fulfilled by at least 2 studies and gathering 
at least 15% of the whole meta-analysis population.

Statistical heterogeneity on each outcome of interest was quantified 
using the I2 statistic. The I2 statistic describes the percentage of total 
variation across studies because of heterogeneity rather than chance. 
Values of <25%, 25% to 50%, and >50% are by convention classified 
low, moderate, and high degrees of heterogeneity, respectively.

Funnel plots and meta-regression analyses were obtained using 
Comprehensive Meta-Analysis software (version 2). Funnel plots 
were used for evaluating the presence of publication bias and traced 
for comparisons including >10 studies (minimum number for assur-
ing the appropriateness of the method).13 A meta-regression (using 
the unrestricted maximum likelihood method) was performed for 
comparisons involving >10 studies for assessing the possible asso-
ciation of modulator variables with the end point AF or AT relapse.

Heterogeneity-adjusted trial sequential analysis was applied to the 
meta-analysis to reduce the risk of random error because of repetitive 
testing of accumulating data.14 The optimal information size with ad-
aptation of monitoring boundaries, and the cumulative Z statistics after 
each trial were assessed. This was based on an α significance level of 
5% and a β of 20% (80% power), an expected reduction in AT or AF 
relapse of 30% and a 50% increase in complications, the observed 
incidence rate in the control group, and the variation across trials (I2).

Results
Search Results
A total of 398 entries were retrieved for analysis of titles and 
abstracts. Of these, 374 were excluded as they were either 
duplicates or deemed unsuitable for the purpose of our meta-
analysis (editorials, letters, reviews, or case reports). The 
remaining 24 results were carefully screened, and after analy-
sis of their full-text, only 8 were considered adequate for the 
purpose of our meta-analysis.7,15–21 A careful review of their 
reference list provided 4 more entries that were selected after 
revision of the full text.22–25 Manual searches also provided 1 
last entry, a randomized controlled trial recently published in 
a Hot-Line Session at a major cardiovascular meeting.8 The 
selection process is illustrated in Figure 1. There was an excel-
lent agreement between investigators on the inclusion of the 
selected trials.

WHAT IS KNOWN

Complex fractionated atrial electrograms (CFAEs) 
have emerged as one of the possible sources for 
sustaining atrial fibrillation, and CFAE ablation has 
become a widespread adjuvant strategy in ablation.
The impact of CFAE ablation in addition to pulmo-
nary vein isolation in patients undergoing catheter 
ablation of atrial fibrillation is still controversial.

WHAT THE STUDY ADDS

CFAE ablation seems to be safe.
We failed to confirm the overall benefit of CFAE ab-
lation in addition to pulmonary vein isolation.
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Baseline data and the design of selected trials are sum-
marized in Tables 1 and 2. The final population for this meta-
analysis included 1415 patients (815 treated with PVI+CFAE 
ablation and 600 with PVI).

Nine studies were randomized controlled trials.7,8,17,19–24 
Of the 5 multicenter trials,7,8,16,17,22 only 116 was nonrandom-
ized. Quality assessment of the included studies is shown in 
Table I in the Data Supplement. Two randomized controlled 
studies had ≥6 Delphi criteria7,8 and all cohort studies had a 
Newcastle–Ottawa score of ≥7.

Treatment groups were balanced at baseline (Table 1). Most 
studies had small patient samples, usually <100 participants. 
The percentage of persistent AF patients markedly differed 
between studies. In most studies, patients were in their fifties 
and AF had been diagnosed <5 to 6 years before ablation. In 1 
study, the mean left atrium (LA) size was in the normal range,20 
whereas in the remainder a mild to moderate LA dilation was 
observed. In all studies, LA size was characterized according to 
a single linear dimension (diameter). Eligibility/patient selec-
tion criteria for each study are illustrated in Table 2.

CFAE definition and the approach used for CFAE map-
ping and ablation in each trial are presented in Table 2 and 
Table II in the Data Supplement. Some studies used auto-
matic algorithms incorporated into 3-dimensional mapping 

systems,7,8,16,18,20,24 whereas others relied on operator-guided 
analysis of electrograms.15,17,19,21–23,25

Data about outpatient treatment, relapse definition, and 
follow-up in the different studies are shown in Table 3. Mean 
follow-up duration was >12 months in the majority of stud-
ies. Most studies relied on clinical appointments, 12-lead 
ECG, and 24- or 48-hour Holter monitors for follow-up pur-
poses. Some studies used external loop recorders7,15–19,22,23 or 
transtelephonic monitoring.7,8,21,24 Interrogation of existing 
cardiac devices was used in 3 studies,7,16,22 but implantable 
loop recorders were not used routinely in any of the studies. 
During follow-up, patients underwent a mean of 1 to 1.4 abla-
tion procedures.

Role of Additional CFAE Ablation and Outcomes
The pooled data of studies comparing PVI alone versus 
PVI+CFAE ablation showed a lack of significant benefit in 
favor of any treatment strategy in terms of freedom from AF 
or AT (PVI=29.7% versus PVI+CFAE=31.3%; OR, 0.80; 95% 
CI, 0.58–1.10; P=0.17). Only 2 studies showed benefits of the 
PVI+CFAE ablation strategy,7,25 whereas the remainder were 
neutral (Figure 2A). While in Nam et al25 data on AF dura-
tion was not provided and only persistent AF patients were 
treated, the Substrate and Trigger Ablation for Reduction of 

Figure 1. Flowchart diagram illustrating study selection methodology.
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Atrial Fibrillation (STAR AF)7 study included patients with 
longer AF duration from diagnosis and also a third of patients 
had high-burden paroxysmal AF.

The incidence of severe complications was low, usually <1 
to 1.5%. More extensive ablation did not lead to an increase in 
procedural complications (PVI=1.5% versus PVI+CFAE=1.5%; 
OR, 1.06; 95% CI, 0.41–2.75; P=0.91; Figure 2B).

The observed I2 values showed moderate heterogeneity 
for freedom from AF/AT (I2=32%). Conversely, heterogeneity 
of procedural complications was low (I2=0%). Funnel plots 
(Figure I in the Data Supplement) for the 2 main end points do 
not suggest the presence of selection bias.

Figure 3A and 3B illustrates the necessary sample power 
to demonstrate a 30% reduction in AF or AT relapse and a 
50% increase in complications in patients having CFAE abla-
tion performed in addition to PVI. Despite failing to show a 
significant reduction in this end point, this meta-analysis was 
sufficiently powered to show a 30% reduction in AF or AT 
relapse using a more extensive ablation strategy (1011 patients 
needed). From a safety perspective, and despite the apparently 
reassuring data, a sample of 4891 patients would be required 
to statistically confirm that additional CFAE ablation does not 
lead to an increase in complications because of the low inci-
dence of complications.

Sensitivity Analyses
Several scenarios were assessed to find specific subsets of 
patients or treatment approaches that could show the benefit of 
additional CFAE ablation in patients undergoing PVI (Table 4).

When separately pooling data on nonrandomized stud-
ies, benefit was found in favor of PVI+CFAE ablation with a 
statistically significant almost 50% lower likelihood of AF or 
AT relapse: PVI+CFAE=15.0% versus PVI=25.5%; OR, 0.52; 
95% CI, 0.31 to 0.86; P=0.01.

A trend for a 38% reduction in relapses in patients under-
going PVI+CFAE ablation who also had empirical linear 
ablation (at least 1 of the following: mitral isthmus, left atrial 
roof, cavotricuspid isthmus, or superior vena cava isolation) 
was also observed: PVI+CFAE±linear ablation=14.6% ver-
sus PVI±linear ablation=14.6%; OR, 0.62; 95% CI, 0.37 to 
1.03; P=0.07. Sensitivity analysis of the remaining studies 
(those without empirical linear ablation) revealed no benefit of 
CFAE ablation: PVI+CFAE=37.2% versus PVI=34.1%; OR, 
0.87; 95% CI, 0.57 to 1.31; P=0.49. All remaining assessed 
scenarios demonstrated no clear benefit of CFAE ablation.

Meta-Regression: Assessment of Moderator Variables
The assessment of potential moderator variables through meta-
regression is shown in Table III in the Data Supplement. A 

Table 1. Selected Studies for the Systematic Review: Baseline Information

Author
Study Design, 

Acronym

Sample Size, 
Pts Persistent AF Age Women AF Duration, Y LA Size, mm LA Size, mm

Structural Heart 
Disease

PVI PVI+CFAE PVI PVI+CFAE PVI PVI+CFAE PVI PVI+CFAE PVI PVI+CFAE PVI PVI+CFAE PVI PVI+CFAE PVI PVI+CFAE

Verma et al15 Single-center 
cohort

100 100 40% 40% 57±12 56±9 37% 37% 5.3±3.0 5.1±2.0 42±9 43±10 53±12 53±11 31% 34%

Elayi et al22 Multicenter  
RCT

48 49 100% 100% 58±10 59±11 31% 35% 5.5±3.5 6.3±2.5 45±7 46±6 52 55 46% 47%

Verma et al16 Multicenter 
cohort

35 35 40% 40% 60 61 23% 26% 4.9±4.5 5.5±4.0 43±9 41±10 53±8 53±7 29% 34%

Deisenhofer  
et al23

Single-center 
RCT

48 50 0% 0% 58±10 55±10 31% 18% 4±3 4±4 43±6 44±5 * * 58% 68%

Di Biasi et al17 Multicenter  
RCT

35 34 0% 0% 57±8 58±8 17% 12% 5.3±5.7 5.3±5 43±6 44±6 55±8 55±6 … …

Lin et al18 Single-center 
cohort

30 30 100% 100% 49±12 49±10 13% 20% 5.4±6.4 8.4±7.2 40±5 41±8 56±8 54±8 23% 17%

Oral et al19 Single-center 
RCT

50 50 100% 100% 58±10 62±8 18% 18% 6±5 5±4 47±6 46±6 53±12 54±9 72% 74%

Verma et al7

STAR-AF
Multicenter  

RCT
32 34 34% 35% 55±11 59±10 25% 26% 6.4±6.6 7.6±9.4 43±5 41±6 62±7 59±12 NA NA

Chen et al20 Single-center 
RCT with 
crossover

35 58 0% 0% 52±13 56±11 29% 33% 4.4±1.9 4.3±3.9 35±4 34±4 66±4 64±3 5%† 3%

Dixit et al24

RASTA
Single-center  

RCT
55 51 100% 100% 59±8 60±9 13% 10% 4.7±5.4 3.6±3.3 48±7 49±8 56±9 56±14 … …

Nam et al25 Prospective 
single-center 

cohort

35 35 0% 0% 51±11 54±11 14% 14% … … 40±5 40±5 61±5 59±6 … …

Nürich et al21 Single-center 
RCT

33 35 0% 0% 59±2 63±2 39% 37% 3.0 4.0 40±1 40±1 67±1 68±1 6%† 9%

Verma et al8  
STAR-AF 2

Multicenter 
RCT

64 254 100% 100% 58±10 60±9 22% 18% 4.3±6.3 4.2±5.0 44±6 44±6 55±11 57±10 … …

AF indicates atrial fibrillation; CFAE, complex fractionated atrial electrograms; LA, left atrium; LV, left ventricle; NA, not available; PVI, pulmonary vein isolation; Pts, patients; RCT, randomized 
controlled trial; and STAR-AF, Substrate and Trigger Ablation for Reduction of Atrial Fibrillation.

*LV ejection fraction <35% was an exclusion criterion.
†Only history of coronary artery disease. Most patients with structural heart disease were excluded.
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Table 2. Selected Studies for the Systematic Review: Procedure Information

Author Patient Selection CFAE Mapping and Definition
CFAE Location

% of PVI Ablation Details (Lines+Imaging)

Verma et al15 Consecutive patients with drug- 
resistant AF referred for first ablation 
procedure vs matched controls 
treated in the previous 3 mo

AF induced if pts in SR. Mapping using 
the circular mapping catheter: (1) 
rapid atrial electrograms with a short 
cycle length (<120 ms) averaged over 
a 10-s period or (2) fractionated atrial 
electrograms composed of 2 deflections 
or more and perturbation of the baseline 
with continuous deflection of a prolonged 
activation complex over a 10-s recording 
period

LA septum and anterior wall
CFAE ablated in 90% of pts
PVI=100%

ICE-guided ablation
SVC line

Elayi et al22 One hundred forty four consecutive 
pts with longstanding persistent and 
drug-resistant AF referred for first 
procedure of AF ablation

Mapping using the ablation catheter: (1) 
atrial electrograms with fractionation and 
composed of 2 deflections or more and 
with continuous activity of the baseline or 
(2) atrial electrograms with a cycle length 
≤120 ms

LA, right atrium, and CS
PVI=100%

CARTO or NavX mapping system
SVC line (if PV-like potentials)
CTI ablation line when an 
isthmus-dependent flutter was 
documented. Mapping and 
ablation was attempted if AF 
organized into AT

Verma et al16 Thirty-five consecutive patients  
with symptomatic drug-refractory  
AF, with no prior open-heart surgery 
and with LA <55 mm, undergoing a 
first catheter ablation procedure.  
Matched controls treated in the 
previous 6 mo

AF induced if pts in SR. CFAE mapping 
using the circular mapping and the 
ablation catheter. The NavX mapping 
system automated algorithm for CFAE 
mapping was used: regions with a mean 
CL <120 ms were defined as CFAE and 
were targeted for ablation

LA and CS
PVI=100%

NavX mapping system
If AF regularized to an atrial 
flutter/tachycardia, which did 
not terminate after all CFAE sites 
were ablated, the flutter/ 
tachycardia was electrically 
cardioverted without specifically 
targeting the flutter/tachycardia 
circuit/focus

Deisenhofer et al23 Pts with drug-resistant  
paroxysmal AF having ≥4 episodes 
per month and referred for a first 
ablation procedure

AF induced if pts in SR. Mapping with 
ablation catheter: (1) atrial electrograms 
with fractionated electrograms composed 
of 2 deflections or more, and perturbation 
of baseline with continuous deflection of a 
prolonged activation complex over a 10-s 
recording period, or (2) atrial electrograms 
with a short cycle length (120 ms) 
averaged over a 10-s recording period

LA, right atrium, and CS
CFAE ablated in only 60% of pts
PVI=98% (both treatment arms)

CARTO mapping system
Additional lines in the LA if AF 
organized into AT

Di Biasi et al17 Pts with drug resistant  
paroxysmal AF diagnosed for  
≥1 y, referred for a first ablation 
procedure and presenting with 
spontaneous AF in the laboratory

If AF terminated before CFAE ablation or 
before all CFAEs were ablated, induction 
of AF was performed. Mapping with 
ablation catheter: (1) atrial electrograms 
with 2 deflections or more or with 
fractionated baseline complexes with 
continuous activity over a 10-second 
recording time or (2) atrial electrograms 
with a cycle length ≤120 ms over a 10-s 
recording period

Left and the right atrium, 
including the CS
PVI=100%

CARTO or NavX mapping system
SVC line (if PV-like potentials)
When AF organized into AT, an 
attempt to map and terminate 
the AT during ablation was 
performed

Lin et al18 Sixty consecutive pts with drug- 
resistant nonparoxysmal AF referred 
for a first AF ablation procedure. 
Controls were ablated before  
the availability of the automatic 
algorithm.

CFAE mapping using the ablation catheter. 
The NavX mapping system automated 
algorithm for CFAE mapping was used. 
Only continuous CFAEs were ablated and 
were defined as: continuous CFAEs (>8 
s) by an averaged fractionated interval of 
<50 ms over a 5-s recording period

LA and proximal CS
PVI=100%

NavX mapping system
Linear ablation of the LA roof, 
mitral isthmus and CTI
When AF organized into AT, an 
attempt to map and terminate 
the AT during ablation was 
performed
Focal AT or sites of atrial 
ectopics were mapped and 
ablated (the SVC was ablated if 
these arose from that structure)

(Continued )
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Oral et al19 Pts with longstanding persistent 
AF referred for a first AF ablation 
procedure

If AF terminated after pulmonary vein 
isolation, pts were not randomized to 1 of 
the 2 strategies and therefore were not 
included in this meta-analysis. Mapping 
with ablation catheter: (1) electrograms 
with a cycle length ≤120 ms or shorter 
than the AF cycle length in the coronary 
sinus, or (2) fractionated electrograms or 
displayed continuous electric activity

LA and CS
PVI=100%

CARTO mapping system
Linear ablation in the LA or RA 
not performed

Verma et al7 Pts with drug-refractory,  
high-burden paroxysmal  
(episodes >6 h, >4 in 6 mo) or 
persistent AF undergoing a first 
catheter ablation procedure

AF induced if pts in SR. CFAE mapping 
using a circular mapping and ablation 
catheter. The NavX automated algorithm 
for CFAE mapping was used: regions with 
mean CL <120 ms defined as CFAE and 
were targeted for ablation

LA, RA and CS
PVI=94% (both treatment arms)

NavX mapping system
If AF regularized to an AT or 
flutter, which did not terminate 
after all CFAE sites were ablated, 
the tachycardia was mapped 
and ablated or cardioverted 
electrically at the discretion of 
the investigator

Chen et al20 Pts with drug-refractory  
paroxysmal AF and self-terminating 
episodes lasting <7 days and 
occurring in the 6 mo before the 
procedure

AF induced if pts in SR. CFAE mapping 
using the ablation catheter. The NavX 
automatic algorithm for CFAE mapping 
was used: Regions with a mean CL <120 
ms were defined as CFAE and were 
targeted for ablation

LA and CS
PVI=100% of PVI+CFAE group
98% of PVI group

NavX mapping system
All AT or flutters that occurred 
spontaneously or were induced 
were mapped and ablated 
accordingly

Dixit et al24 Pts >30 y old with drug-refractory 
persistent AF referred for a first 
procedure of AF ablation

AF induced if pts in SR. CFAE mapping 
using a circular mapping and ablation 
catheter (NavX) or the ablation catheter 
(CARTO). The NavX and CARTO  
automated algorithms for CFAE mapping 
were used: CFAEs considered present 
when mean FI <120 ms

LA
PVI=100%

CARTO or NavX mapping system
CTI-line if typical atrial flutter 
was known or induced
If AF regularized to an AT or 
flutter, the tachycardia was 
mapped and ablated

Nam et al25 Pts with drug-refractory  
AF remaining inducible after  
PVI and nonrandomly assigned  
to 1 of 2 treatment arms

AF induced if pts in SR. CFAE mapping 
with ablation catheter. CFAEs defined 
visually as highly fractionated or 
continuous electrograms with little 
isoelectric baseline.

LA, RA and CS
PVI=100%

NavX mapping system used in 
71% of pts
If AF regularized to an AT or 
flutter, the tachycardia was 
mapped and ablated

Nürich et al21 Pts with drug-refractory  
paroxysmal AF referred for first 
catheter ablation procedure and 
remaining in AF after PVI

CFAE mapping with ablation catheter. 
CFAEs were characterized as: (1) 
continuous electric activity without an 
interspersing isoelectric line, (2) high- 
frequency complex fractionated activity 
(multiple, high-frequency deflections of 
a single electrogram), (3) locally short AF 
cycle length or intermittent local burst 
activity, (4) activation gradient between 
the electrogram recorded by the distal 
bipole in relation to the proximal bipole 
of the ablation catheter and (5) local 
spreading of centrifugal activation

LA, RA and CS
PVI=100%

CARTO or NavX mapping system
Linear ablation was performed 
only in cases of conversion 
to AT with a macroreentrant 
mechanism

Verma et al8 Pts with drug-refractory  
persistent AF referred for first 
procedure of catheter ablation. 
Exclusion criteria: sustained AF 
episode >3 y and LA diameter  
>60 mm

CFAE mapping using a circular mapping 
and ablation catheter. The NavX 
automated algorithm for CFAE mapping 
was used: regions with mean CL <120 ms 
defined as CFAE and targeted for ablation

LA, RA, and CS
PVI=97% (both treatment arms)

NavX mapping system
If AF regularized to an AT or 
flutter, which did not terminate 
after all CFAE sites were ablated, 
the tachycardia was mapped 
and ablated or cardioverted 
electrically at the discretion of 
the investigator

AF indicates atrial fibrillation; AT, atrial tachycardia; CARTO, CARTO mapping system (Biosense-Webster, Diamond Bar, CA); CFAE, complex fractionated atrial 
electrograms; CL, cycle length; CS, coronary sinus; CTI, cavotricuspid isthmus; FI, fractionated interval; ICE, intracardiac echo; LA, left atrium; NavX, EnSite NavX 
Navigation and Visualization Technology (St Jude Medical, Austin, TX); PV, pulmonary vein; PVI, pulmonary vein isolation; Pts, patients; RA, right atrium; RCT, randomized 
controlled trial; SR, sinus rhythm; and SVC, superior vena cava.

Table 2. Continued

Author Patient Selection CFAE Mapping and Definition
CFAE Location

% of PVI Ablation Details (Lines+Imaging)
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Table 3. Selected Studies for the Systematic Review: Follow-Up Data and Study Assessment

Author
Follow-Up  
Duration

No. of 
Ablation 

Procedures  
per Patient

Blanking 
Period 

Duration Use of AAD Definition of Relapse Monitoring During Follow-Up

Verma et al15 12 mo 1 2 mo Only in the first 2 mo AF or atypical AFL  
occurring beyond 2 mo post 
procedure

Rhythm transmitters in the first 3 mo; 
appointments, 12-lead ECG and 48-h Holter 
monitor at 3, 6, and 12 mo

Elayi et al22 16±1 mo 1.2 2 mo Only in the first 2 
mo or if relapse. 
Amiodarone: never

AF/AT lasting >1 min  
occurring after the 2-mo  
blanking period

Event recorder used 4 times a wk in the first 
6 mo; outpatient visits, 12-lead ECG and 48-h 
Holter at 3, 6, 9, 12, and 15 mo
Device interrogation in patients with 
implanted devices

Verma et al16 13±4 mo 1 2 mo Only in the first 2 mo AF/AT recurrence >2 mo 
postablation off antiarrhythmic 
medication

ECG, 48-h Holter recording and clinical 
appointment 3, 6, and 12 mo post ablation; 
external loop recorders (>2 wk) if symptoms; 
interrogation of implanted devices

Deisenhofer et al23 19±8 mo 1.3 3 mo Only β-blockers were 
allowed

AF/AT >30-s duration on a 7-d 
Holter ECG 3 mo after the  
procedure or symptomatic  
AF/AT≥3 mo after ablation

Appointments every 3 mo; 24-h Holter 1 mo 
after the procedure; 7-d Holter ECG 3 mo after 
the procedure

Di Biasi et al17 14±2 mo 1.1 2 mo Only in the first 2 mo 
or if relapse

Episodes of AF/AT with or without 
AADs lasting >1 min occurring 
beyond the blanking period

Appointments every 3 mo;  
event recorder used 4 times a
week in the first 5 mo; 24-h Holter at 3, 6, 9, 
12, and 15 mo after the procedure

Lin et al18 19±11 mo* 1.4* 2 mo Allowed in the first 8 
wk after the procedure

AF/AT episode lasting >1 min  
and confirmed by ECG,  
occurring >2 mo after ablation

Appointment and ECG at 2 wk and then 
every 1–3 mo for at least 1–2 y; 24-h Holter 
monitoring and 7-d cardiac event recording if 
symptoms suggestive of tachycardia

Oral et al19 Single procedure 
10±3 mo repeat 
procedure 9±4 mo 
after last ablation

1.4 12 wk For 8–12 wk if already 
being previously 
treated

Any episode of AF/AT  
≥30 s in duration beyond  
12 wk after ablation

Appointment at 3 mo and then every 3 or 6 
mo; 30-d autotriggered event monitor at 6 
mo; Pts contacted the clinical coordinator if 
symptoms of AF/AT

Verma et al8 12 mo 1.2 3 mo Allowed in the first 2 
mo after the procedure

Any episode of AF/AT  
lasting >30-s (symptomatic  
or asymptomatic)

ECG, 48-h Holter recording, and clinical 
appointment 3, 6, and 12 mo post ablation; 
monthly telephone interviews; external 
loop recorders (>2 wk) and transtelephonic 
monitors if symptoms; interrogation of 
implanted devices

Chen et al20 23±6 mo 1 3 mo All pts treated with 
AADs in first 3 mo

Any episode of AT >30 s, as 
detected by ECG or Holter monitor, 
occurring after the blanking period 
was considered a recurrence

ECG and 48-h Holter monitor performed 3 
days after the procedure and repeated at 1, 
3, 6, and 12 mo; Pts contacted the clinical 
coordinator if symptoms of AF/AT

Dixit et al24 22±9 mo 1.4 6 wk AADs discontinued 3–6 
mo after ablation if no 
relapse

Any symptomatic or asymptomatic 
AF or AT episode lasted for >30 s

ECG, clinical appointment +30 day 
transtelephonic monitoring at 6 wk,  
6 and 12 mo, or more often if suggestive 
symptoms; telephonic contact every  
3 mo after the first year

Nam et al25 24±12 mo 1.1 3 mo Reinitiated if 
symptomatic AF 
recurred after the 
procedure

ECG recorded AF or AFL occurring 
after the blanking period

Monthly clinical appointments and ECG until 
the third month, and every 3 mo thereafter; 
24-h Holter every 6 mo; additional ECGs 
during crisis if symptomatic

Nürich et al21 21±1 mo 1.3 3 mo AADs discontinued 1–3 
mo after ablation

Any AT >30 s after the blanking 
period of 3 mo

Regular appointments and 24-h Holter  
every 1 to 3 mo; if symptoms, an additional 
tele-ECG recording was obtained

Verma et al8 18 mo 1.3 3 mo Pts could be treated 
with AADs in the first 3 
mo after the procedure

Any AF or AT >30 s after  
a blanking period of 3 mo

12-lead ECG, 24-h Holter monitor,  
and clinical appointments at 3, 6, 9, 12,  
and 18 mo; transtelephonic ECG  
monitor used if symptoms

AAD indicates antiarrhythmic drugs; AF, atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; and pts, patients.
*Three pts in the pulmonary vein isolation (PVI) group had complex fractionated atrial electrogram (CFAE) ablation performed in a repeat procedure. Also, follow-up 

duration was longer in PVI (27±9 mo) vs PVI+CFAE (10±7 mo).
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moderate association was found between longer duration AF 
(years since diagnosis) and greater clinical benefit from CFAE 
ablation performed in addition to PVI (r=0.38, Model Q=6.94, 
df=1, P=0.008; Figure 4). No other variables were associated 
with procedural outcomes.

Discussion
Two main conclusions can be drawn from this meta-analy-
sis: (1) pooled results failed to confirm the overall benefit of 
CFAE ablation in addition to PVI in patients undergoing cath-
eter ablation of AF; (2) CFAE ablation was associated with a 
low incidence of adverse effects, comparable with PVI alone, 
with the caveat that this meta-analysis was not sufficiently 
powered to definitively infer this.

Increasing evidence suggests that PVI with durable lesion 
formation (either using contact-force sensing catheters or the 

cryoballoon) seems to be a key in paroxysmal AF ablation, 
with success rates (freedom from AT or AF after a blanking 
period) of >80% at 12 months.26 However, ablation of persis-
tent AF still remains a challenge. A recent multicenter ran-
domized controlled trial showed that catheter ablation was 
more effective than drug therapy as a rhythm control strategy, 
but almost 40% of patients presented with AF or AT relapses 
in the first 12 months.27 In this trial, CFAE or linear ablation 
could be performed at the operators’ discretion. We think this 
means there is considerable scope for improvement in overall 
success rates for persistent AF ablation.

Why Is CFAE Ablation of No Benefit?
There are several explanations for the observed lack of benefit 
of additional CFAE ablation.

Figure 2. Forest plots comparing pulmonary vein isolation (PVI) vs PVI+complex fractionated atrial electrogram (CFAE) ablation about 
atrial tachycardia (AT)/atrial fibrillation (AF) relapse and procedural complications. A, AT/AF relapse. B, Procedural complications. CI indi-
cates confidence interval.
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Figure 3. Heterogeneity-adjusted trial sequential analysis with estimation of optimal information size cumulative Z-statistics after each 
trial for (A) 30% reduction in atrial tachycardia/atrial fibrillation relapse and (B) 50% increase in procedural complications. The blue line is 
the Z curve; horizontal green lines highlight Z values of 1.96 and −1.96. The red line illustrates the O’Brien–Fleming boundaries. The verti-
cal green line marks the required sample size.

Table 4. Sensitivity Analyses About AT/AF Relapse in Patients Undergoing Catheter Ablation of AF

Sensitivity Analysis

AF/AT relapse

OR 95% CI P Value
Heterogeneity  
Analysis (I2)PVI PVI+CFAE

Only patients with paroxysmal AF 24.7% (46/186) 21.2% (45/212) 0.80 0.46–1.38 0.42 20%

Only patients with persistent AF 34.4% (85/247) 41.5% (180/434) 1.01 0.63–1.64 0.96 35%

Only longstanding persistent AF 23.2% (23/99) 23.5% (23/98) 0.84 0.24–2.96 0.79 59%

Only single-center studies 28.2% (109/386) 24.9% (102/409) 0.84 0.58–1.22 0.37 19%

Only multicenter studies 32.2% (69/214) 37.7% (153/406) 0.68 0.35–1.33 0.26 56%

Only randomized controlled studies 32.6% (119/365) 37.2% (207/557) 0.91 0.61–1.34 0.62 32%

Only cohort studies 25.5% (51/200) 15.0% (30/200) 0.52 0.31–0.86 0.01 0%

Randomized controlled studies with Delphi criteria ≥6 44.8% (43/96) 47.2% (136/288) 0.73 0.16–3.23 0.67 85%

Only using the NavX mapping system 36.2% (71/196) 40.1% (165/411) 0.75 0.38–1.48 0.40 62%

When either NavX or CARTO mapping systems used in 
same study

26.9% (46/171) 24.3% (41/169) 0.90 0.53–1.54 0.71 0%

Studies without empirical additional ablation lines 34.1% (132/387) 37.2% (224/602) 0.87 0.57–1.31 0.49 44%

Studies with empirical additional ablation lines 21.6% (46/213) 14.6% (31/213) 0.62 0.37–1.03 0.07 0%

Studies using automated CFAE-mapping systems 38.6% (97/251) 41.1% (190/462) 0.82 0.48–1.41 0.47 53%

Studies where CFAEs were operator-defined 23.2% (81/349) 18.4% (65/353) 0.75 0.51–1.11 0.15 4%

Mapping with a circular mapping catheter±ablation 
catheter

34.6% (99/286) 38.4% (182/474) 0.80 0.47–1.34 0.39 52%

Mapping performed only with the ablation catheter 25.2% (79/314) 21.4% (73/341) 0.78 0.50–1.21 0.26 24%

Studies with CFAE mapping and ablation in both atria 29.8% (88/295) 33.8% (166/491) 0.67 0.38–1.16 0.15 50%

Studies with CFAE ablation only in the left atrium or CS 29.5% (90/305) 27.5% (89/324) 0.91 0.62–1.34 0.63 9%

Studies using 8-mm ablation catheters 29.7% (46/155) 26.5% (40/151) 0.86 0.51–1.47 0.59 0%

Studies using only 3.5- to 4-mm irrigated catheters 29.7% (132/445) 32.4% (215/664) 0.76 0.51–1.13 0.17 42%

Studies allowing Class I and III AADs during the 
blanking period

29.6% (153/517) 33.0% (241/730) 0.88 0.63–1.22 0.44 28%

Relapse defined as >1-min AT/AF episode 23.0% (26/113) 14.2% (16/113) 0.55 0.27–1.12 0.10 0%

Relapse defined as >30-s AT/AF episode 35.0% (111/317) 40.2% (214/532) 1.03 0.69–1.53 0.89 33%

Use of external loop recorders or transtelephonic ECG 
monitoring

32.3% (129/399) 36.0% (212/589) 0.85 0.57–1.27 0.44 38%

No external loop recorders or transtelephonic ECG 
monitoring

24.4% (49/201) 19.0% (43/226) 0.68 0.38–1.21 0.19 27%

AADs indicates antiarrhythmic drugs; AF, atrial fibrillation; AT, atrial tachycardia; CI, confidence interval; CFAE, complex fractionated atrial electrograms; CS, coronary 
sinus; OR, odds ratio; and PVI, pulmonary vein isolation.
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First, patients included in most studies often present with 
milder forms of AF (paroxysmal AF and recently diagnosed 
persistent AF), in which PVI alone by itself may be sufficient 
both in terms of treating triggers and reducing the critical mass 
of atrial tissue to maintain AF.28 In most trials, the duration of 
AF episodes in persistent AF patients ranged from 7 days to >1 
year. Such a broad definition is likely to include patients with 
different mechanisms and substrate for AF, and therefore likely 
variable potential for benefit from more extensive ablation 
strategies. Even though our meta-analyses lacked sufficient 
statistical power to confirm this hypothesis (only 2 studies19,22 
focused on patients with long-standing persistent AF and no 
subanalyses are available regarding the duration of AF epi-
sodes), there was a moderate association between AF duration 
and benefit of additional CFAE ablation, implying that the lon-
ger AF has persisted, the more atrial remodelling has occurred 
and the greater benefit may be accrued by CFAE ablation.

Second, data in this study suggest that CFAE mapping and 
ablation is performed in a highly heterogeneous manner in dif-
ferent centers with subjective interoperator variance in the tar-
geting of CFAEs.29 Centers may also treat different forms of 
AF in similar ways, for example, patients with long-standing 
persistent AF being offered PVI alone, similar to those with true 
PAF. It is possible, therefore, that we are simultaneously target-
ing different types of signals which play different roles in AF 
perpetuation. Even when automatic mapping systems are used, 
there are differences in their set up and algorithms for classify-
ing fractionated electrograms (Table II in the Data Supplement) 
and this is even more heterogeneous and subjective in manually 
derived CFAE definitions with fractionation intervals ranging 
from <50 to <120 ms and with no consensus on how CFAE sig-
nals should be mapped/acquired. It has been shown, using a rig-
orously defined visual scale for assessing progressive degrees 
of fractionation, that not all types of atrial fractionated signals 
have the same influence in AF maintenance, and that target-
ing zones of continuous activity can lead to more pronounced 
increases in AF cycle length.30 However, a consensus definition 
of CFAEs and which type of electrograms should be ablated are 
yet to be defined. Similarly, there is evidence that CFAEs may 
vary temporally and spatially,31 and the timeframe over which 
CFAEs should be acquired is not defined and varies between 

studies. The type of catheters used and the contact force used is 
also variable without a standardized approach.

Third, it is still not known whether CFAEs represent areas 
of atrial myocardium critical to AF maintenance or simply areas 
of passive activation because of wavebreak. Thus, is CFAE 
ablation merely an exercise in atrial debulking or does it really 
hit the eye of the storm, removing critical elements involved in 
the triggering or sustaining AF and result in electric organiza-
tion into re-entrant ATs and eventually sinus rhythm? It is pos-
sible that common locations for CFAEs (atrial septum, close to 
the pulmonary veins, and left atrial appendage) are coinciden-
tally adjacent to parasympathetic ganglia32 or that CFAE abla-
tion causes AF termination just by chance. However, Hunter et 
al think that CFAE ablation is not merely debulking the atria 
and have proposed that grading CFAEs according to the degree 
of fractionation may be of importance, as not all CFAEs seem 
to play the same role in AF perpetuation.30 The results of that 
study, and the recent SELECT-AF trial,33 seem to show that 
selectively targeting areas of complex continuous fractionated 
electrograms may impact positively AF ablation results in the 
acute and midterm setting. However, this technique requires 
further investigation and confirmation from large randomized 
studies, especially in light of the results of this meta-analysis. 
Understanding the true mechanism of CFAEs is probably the 
only way to confirm the rationale to continue targeting them or 
a good reason to stop.

Despite the results of the present meta-analysis, it is 
intriguing that adjunctive CFAE ablation increases the chances 
of organization into AT or conversion to sinus rhythm.19 Data 
also suggest that termination of persistent AF during catheter 
ablation is a predictor of long-term success.34 It would there-
fore be expected that CFAE ablation in addition to PVI might 
result in better long-term outcomes. However, the seemingly 
helpful acute results of CFAE ablation are not borne out on 
long-term follow-up. It is possible that in failing to produce 
transmural lesions, gap formation and recovery occur, or that 
relapses are related to PVI reconnection rather than unsuc-
cessful CFAE elimination. It is possible that contact force–
sensing catheters may lead to an improvement in outcomes. 
These catheters have already shown to be effective in improv-
ing lesion formation35 and the outcomes of paroxysmal AF 

Figure 4. Meta-regression plot assess-
ing the association of atrial fibrillation (AF) 
duration (years since diagnosis) with atrial 
tachycardia or AF relapse according to the 
used treatment strategy.
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ablation.36 Another explanation is that recurrence occurs 
because of progression of atrial disease, with development 
of further fibrosis and arrhythmogenic triggers leading to 
arrhythmia relapse requiring further ablation.

Is CFAE Ablation of Any Interest?
Evidence suggests that additional CFAE ablation leads to an 
increase in procedure duration (procedures last at least 1 hour 
longer).8 On this basis, the results of this meta-analysis, prob-
ably it is not necessary to perform CFAE ablation in every 
patient undergoing AF ablation. CFAE ablation is, however, 
safe and should be considered in patients where a high likeli-
hood of AF relapse is expected with PVI alone. Our data sug-
gest that patients with longer AF duration may be most likely 
to benefit the most from more extensive ablation. Whether 
they should have additional CFAE ablation in addition to PVI 
or linear ablation using the step-wise Bordeaux approach37 is 
unclear. Our data show a trend in favor of this approach, with 
CFAE ablation being apparently more beneficial if performed 
alongside PVI and lines, but this needs to be investigated in a 
randomized clinical trial.

Whether or not, performing CFAE ablation can be of 
benefit in patients with a more severe substrate or dilated 
left atria is still an open question. Data provided in the 
included studies did not allow us to perform a sensitivity 
analyses on this matter. On meta-regression, LA size (in 
mm) was not associated with procedural success. However, 
LA diameter is known to be an inappropriate and outdated 
method, and the current recommendations of the European 
Association of Echocardiography and American Society 
of Echocardiography support measuring LA biplane vol-
ume using either the area–length formula or the modified 
Simpson’s rule as the preferred method for assessing LA 
size.38 Therefore, it is still to be clarified if we found no 
association between a possible benefit of additional CFAE 
according to LA size simply because it does not exist or just 
because we have used an inexact way to assess the LA.

Role of Other Treatment Strategies
Targeting rotors,39 ganglia,40 or using other mapping algo-
rithms based on electrograms, like dominant frequency41 or 
different signal processing algorithms for accessing CFAEs,42 
needs to be ascertained.

In patients with advanced forms of AF, a combined treat-
ment approach is required, targeting not only substrate and 
triggers but also optimization of medical therapy,43 in a simi-
lar manner to the treatment of hypertension and heart failure 
with combination therapy, whereas addressing risk factors44 
and focusing on the correction of diseases triggering AF, such 
as sleep apnoea.

More studies are needed to address the questions raised by 
this meta-analysis. Four questions deserve special attention: 
(1) Do CFAEs play a role in the maintenance of AF? (2) What 
is the best method to detect and eliminate CFAEs? (3) Which 
patients benefit most from CFAE ablation (if any)? and (4) 
Are there more effective alternatives?

Limitations
Several limitations are commonly linked to the methodology 
of meta-analyses, principally heterogeneity between stud-
ies analyzed. In this case, however, heterogeneity, assessed 
through the I2 test, was low for the pooled analysis of compli-
cations and low to moderate for AT or AF relapse. This sup-
ports the notion that the majority of the included studies share 
many commonalities. Also, to address this limitation, we 
assessed the modulating effect of baseline differences in the 
different study populations through meta-regression. Some 
other limitations should be highlighted. First, this meta-anal-
ysis was not sufficiently powered to show differences about 
complication rate. In spite of this, these initial data seem reas-
suring in this context. The observed low incidence of com-
plications in both treatment groups implies studies of several 
thousand patients would be necessary to clearly demonstrate 
the safety of CFAE ablation. Second, only a minority of stud-
ies presented data allowing sensitivity analysis of patients 
with long-standing persistent AF. Therefore, we were not able 
to provide conclusive evidence of benefit of CFAE ablation 
in this group of patients, who are likely to be the subgroup to 
benefit most from this intervention. Third, overall study qual-
ity can be considered low, as only 2 randomized controlled tri-
als with a Delphi score of ≥6 were identified and included for 
analysis. Fourth, the definition of CFAE varied widely among 
the different studies. This heterogeneity in methodology could 
have influenced the results of the analysis but likely reflects 
current real-world practice highlighting the lack of consensus 
on what a CFAE is. We attempted to assess this through a sen-
sitivity analysis on visual inspection methods and automated 
algorithms (Table 4) and found no significant differences in 
these approaches. Finally, the CFAE ablation protocol (Table 
II in the Data Supplement) differed among studies. The extent 
of CFAE ablation may have a role in procedural outcomes and 
needs to be addressed further in a randomized study.

Conclusions
Although associated with a low incidence of adverse events, 
adjunctive CFAE ablation in patients undergoing PVI was not 
associated with an increase in the overall medium-term suc-
cess rate of catheter ablation for paroxysmal or persistent AF.

Our data suggest a possible benefit of this intervention in 
patients with more advanced forms of AF (those with longer 
AF duration). However, this requires confirmation in random-
ized controlled trials.

Other alternatives should be assessed to improve the out-
come of AF ablation.

Disclosures
None.
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