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Purpose: Complex fractionated atrial electrograms (CFAE)-guided ablation after
pulmonary vein isolation (PVI) has been used for persistent atrial fibrillation (persAF)
therapy. This strategy has shown suboptimal outcomes due to, among other factors,
undetected changes in the atrial tissue following PVI. In the present work, we investigate
CFAE distribution before and after PVI in patients with persAF using a multivariate
statistical model.

Methods: 207 pairs of atrial electrograms (AEGs) were collected before and after PVI
respectively, from corresponding LA regions in 18 persAF patients. Twelve attributes were
measured from the AEGs, before and after PVI. Statistical models based on multivariate
analysis of variance (MANOVA) and linear discriminant analysis (LDA) have been used to
characterize the atrial regions and AEGs.

Results: PVI significantly reduced CFAEs in the LA (70 vs. 40%; P < 0.0001). Four types
of LA regions were identified, based on the AEGs characteristics: (i) fractionated before
PVI that remained fractionated after PVI (31% of the collected points); (ii) fractionated that
converted to normal (39%); (iii) normal prior to PVI that became fractionated (9%) and;
(iv) normal that remained normal (21%). Individually, the attributes failed to distinguish
these LA regions, but multivariate statistical models were effective in their discrimination
(P < 0.0001).

Conclusion: Our results have unveiled that there are LA regions resistant to PVI, while
others are affected by it. Although, traditional methods were unable to identify these
different regions, the proposed multivariate statistical model discriminated LA regions
resistant to PVI from those affected by it without prior ablation information.

Keywords: catheter ablation, atrial fibrillation, pulmonary veins, atrial electrograms, multivariate analysis,
fractionation
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INTRODUCTION

Pulmonary vein isolation (PVI) has been proven effective in
the treatment of paroxysmal atrial fibrillation (Haissaguerre
et al, 2000), but insufficient for persistent atrial fibrillation
(persAF) due to patient specific structural and electrical changes
in the left atrium (LA; Brooks et al., 2010). Atrial electrograms
(AEGs) with low amplitude and multiple deflections/activations
were thought to represent cardiac tissue with structural and
electric remodeling induced by sustained atrial fibrillation (AF).
Complex fractionated atrial electrograms (CFAEs) have been
introduced as markers of such atrial sites and as potential
targets for ablation (Nademanee et al., 2004). The high curative
success rates reported in early data helped to consolidate CFAE-
guided ablation as an adjunctive therapy to PVI for persAF
(Calkins et al, 2012). The results reported in more recent
investigations, however, have cast doubt on the efficacy of this
approach. While some studies confirmed benefits of CFAE-
guided ablation (Deisenhofer et al., 2009; Verma et al., 2010;
Seitz et al., 2016), others concluded it is ineffective (Oral et al.,
2009; Verma et al,, 2015). Similarly, recently introduced Focal
Impulse and Rotor Modulation (FIRM)-guided ablation is also
being questioned. Early data have suggested high success rates
in persAF treatment (Narayan et al., 2012), but recent studies
have failed to confirm those results (Mohanty et al, 2016).
Additionally, recent works have shown that endo-epicardial
asynchrony may play a major role in the pathophysiology of
AF and may offer an explanation why therapy fails in some
patients (de Groot et al., 2010, 2016; Eckstein et al., 2011; Hansen
et al, 2015). In such cases, the presence of focal fibrillation
waves during AF can, besides ectopic activity, be explained
by asynchronous activation of the atrial endo- and epicardial
layer and transmurally propagating fibrillation waves (de Groot
et al., 2016). The existence of different theories to explain AF
mechanisms has led to intense debate regarding the strategy for
persAF ablation, and a more thorough characterization of the
underlying LA tissue might help in the identification of targets
for persAF ablation.

Previous works have reported that CFAE distribution was
affected by PVI, which motivated AEG-guided ablation after PVI
(Roux et al., 2009; Tuan et al., 2011; Dixit et al., 2012). Ablation
target identification relies on few—if not only one—descriptors
measured from the AEGs for atrial tissue characterization
(Deisenhofer et al., 2009; Verma et al., 2010, 2015; Dixit
et al,, 2012). Additionally, current guidelines for CFAE mapping
performed after PVI do not consider the characteristics of the
underlying LA tissue prior to PVIL. These might represent limiting
factors for a thorough understanding of the underlying atrial
substrate.

In the present study, we sought to investigate atrial regions
resistant to PVI and roof line ablation (PVI+RL) and atrial
regions that are affected by it. These regions (resistant or affected
by PVI-RL) could represent different AF drivers, and their
discrimination might improve ablation target identification in
persAF. Since single attributes calculated by the commercial
systems might not be sufficient to discriminate those regions,
multivariate statistical models based on multiple attributes

measured from the AEGs were created to better characterize
those regions.

MATERIALS AND METHODS

Electrophysiological Study

Eighteen persAF patients (16 male; mean age 56.1 £ 9.3 years;
history of AF 67.2 4+ 45.6 months) referred to our institution
for first time catheter ablation were included in this study (Tuan
et al, 2011). Anti-arrhythmic and rate-controlling drugs (other
than amiodarone) were stopped at least 5 half-lives before the
procedure. Details of the clinical characteristics of the study
subjects are provided in Table 1. All procedures were performed
with full informed consent.

The 3D LA anatomy was created within Ensite NavX™
(St. Jude Medical, St. Paul, MN, USA) using a deflectable,
variable loop circular mapping catheter (Inquiry Optima, St. Jude
Medical). PVI was performed with a point-by-point wide area
circumferential ablation approach, followed by the creation of
a single roof line (Cool Path Duo irrigated RF catheter, St. Jude
Medical).

No additional ablation targeting CFAE was performed in this
study. Sequential point-by-point bipolar AEGs were collected
from pre-determined atrial regions before and after PVI also
using the variable loop circular mapping catheter Inquiry Optima
(4.5 mm inter-electrode distance, 2 mm tip electrode for distal
position, 10 poles) (Tuan et al., 2011). All patients were in AF
before and after PVI4+RL during signal collection.

Signal Analysis

A total of 797 AEGs were recorded from the LA, 455 before
and 342 after PVI+RL, with a sampling frequency of 1,200 Hz,
and band-pass filtered within 30-300Hz. The AEGs, their
corresponding CFE-Mean, CFE-StdDev and peak-to-peak (PP)
values were exported from NavX with a fixed time window
length of 2.5s. A validated offline MATLAB algorithm was

TABLE 1 | Clinical characteristics of study population (N = 18).

Age, yrs. 56.1 £ 9.3
Male/Female 16/2
History of AF, months 67.2 £ 45.6
Ejection fraction, % 48 +1
Left atrial diameter, mm 47 £1
History of coronary artery disease 4
Medication* (number of patients on)
ACE inhibitor/ARB 11
Amiodarone 10
Beta-blockers 8
Calcium channel blockers 2
Digoxin 1
Sotalol 5

Values are mean £ SD or n.
"ACE, angiotensin-converting-enzyme; AF, atrial fibrillation; ARB, angiotensin receptor
blockers.
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used to obtain the interval confidence level (ICL), the average
complex interval (ACI) and the shortest complex interval (SCI),
as defined by CARTO (Biosense Webster, Diamond Bar, CA,
USA) (Almeida et al., 2016).

CFAE criteria as defined by both systems were considered in
the current study, in an attempt to minimize the inconsistencies
between the two methods. CFAEs were defined as AEGs with
both CFE-Mean < 120ms and ICL > 4 (Figure 1A). The
anatomical location of each AEG was visually classified by an
experienced clinician using current clinical guidelines (Ho et al.,
2012), following a six-segment LA model (as illustrated by
Figure 1B), encompassing the PVs; Roof; Posterior; Anterior;
Septum and Lateral regions.

Multiple AEG Attributes

Many methods have been developed to address AF drivers
(Everett et al., 2001; Sanders et al., 2005; Oakes et al., 2009;
Narayan et al., 2012; Ganesan et al., 2013; Almeida et al., 2016).
In the present study, we have considered 12 relevant attributes
measured from the AEGs used in previous studies as markers for
AF drivers, accordingly:

Attributes measured by commercial mapping systems: CFE-
Mean and CFE-StdDev, as defined by NavX. AEGs with
CFE-Mean within 30-120ms are considered fractionated and
CFE-Mean > 120 ms represents low fractionation; ICL, ACI and
SCI, as defined by CARTO; Typically, ICL < 4 represents low
fractionation, 4 < ICL < 7 refers to moderate fractionation and
ICL > 7 indicates high fractionation (Almeida et al., 2016).

CFE-Mean and CFE-StdDev measure the overall fractionation
interval of AEGs based on negative deflections, while ICL, ACI,
and SCT help to characterize complex intervals considering peaks
and troughs. These attributes, measured by commercial mapping
systems, have been extensively used to guide persAF ablation
with varying outcomes (Deisenhofer et al., 2009; Oral et al., 2009;
Verma et al., 2010, 2015; Dixit et al., 2012; Kim et al., 2017).

Information theory attributes: Shannon entropy (ShEn),
sample entropy (SampEn), and Kullback-Leibler (K-L)
divergence. Both ShEn and SampEn have high values for
CFAEs, while K-L has small values for CFAEs (Shannon, 1948;
Cover and Thomas, 1991; Lake et al., 2002). Information
theory attributes provide a direct estimation of the amplitude
distribution of a signal and, therefore, its complexity (Narayan
et al., 2012; Ganesan et al, 2013). Entropy, for instance, has
been reported to correlate with the core of rotors during FIRM
mapping (Ganesan et al, 2013), which could contribute to
electrophysiological studies targeting re-entries during ablation
(Narayan et al., 2012).

Amplitude based attributes: PP and amplitude root mean
square (RMS). Low voltage zones (LVZ) have been shown to
correlate with atrial substrate (Oakes et al., 2009). PP and RMS
might help to identify LVZs related with scar cardiac tissue, and
ablating those has been shown to be a promising AF ablation
strategy (Oakes et al., 2009; Schade et al., 2016).

Frequency based attributes: dominant frequency (DF) and
organization index (OI). OI is bounded between 0 and 1, and
smaller values indicate more fractionated AEGs (Everett et al.,
2001; Sanders et al., 2005). Frequency analysis helps to identify

atrial regions with high activation rate during AF. It has been
suggested that ablation at these sites could be an effective way to
organize AF (Sanders et al., 2005).

A Dbrief review on these attributes is provided in the
Supplementary Materials.

Statistical Analysis

All non-normally distributed variables are expressed as median
=+ interquartile range (IQR). Nonparametric paired multiple data
were analyzed using the Friedman test with Dunn’s correction.
Spearman’s correlation was computed to quantify the correlation
between the attributes. Multivariate statistical models were
created with robust multivariate analysis of variance (MANOVA)
using Munzel and Brunner’s method (Munzel and Brunner,
2000), and linear discriminant analysis (LDA) with the 12
attributes. The discriminant scores for the LDA were calculated
with the entire database, while the model was validated with the
leave-one-out cross-validation (LOOCV) method. Two statistical
models were created for two sets of data, separately: before and
after PVI+RL. P < 0.05 were considered statistically significant.

RESULTS

From the 455 AEGs collected before and 342 AEGs collected
after PVI4+RL, 207 pairs of AEGs (before and after PVI4RL)
were found to be recorded at similar LA locations (i.e., 207 LA
locations: 207 AEGs collected before and 207 AEGs collected
after PVI4RL). Only these 207 locations (~12 locations per
patient) were used for the remaining parts of the study to allow
for the investigation of the local impact of PVI4RL in patients
with persAF. Changes in atrial volume and shifts in the 3D
LA anatomy reconstructed by commercial systems are common
before and after ablation, which can distort the reconstructed LA
map. Therefore, the points collected before and after PVI4+RL
were considered to belong to similar locations if the points
were spaced by no more than 5 mm apart from each other to
compensate for this limitation. Only points remote from ablation
lesions were considered in the analyses.

Out of the 207 LA locations, 4 (2%) were collected at the PVs;
20 (10%) at the Roof; 59 (29%) at the Posterior; 84 (40%) at the
Anterior; 25 (12%) at the Septum; and 15 (7%) at the Lateral.

Effect of PVI4+RL on the Distribution of
CFAEs

The LA locations have been classified in four groups based
on their AEG characteristics as before and after PVI+RL, as
illustrated in Figure 2A: in group 1, the LA locations were
classified as CFAEs at baseline and remained CFAEs after
PVI4+RL; in group 2, the LA locations were classified as
CFAE:s at baseline and converted to normal after PVI4-RL; in
group 3, the LA locations had normal AEGs at baseline and
became CFAEs after PVI4RL; in group 4, the LA locations had
normal AEGs at baseline and remained normal after PVI4+RL.
Figure 2B illustrates the AEGs found in each of the four
groups.

Out of the 207 LA locations, 65 (31%) were classified
as belonging in group 1; 80 (39%) in group 2; 18 (9%)
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FIGURE 1 | (A) CFAE definition as defined by both NavX and CARTO systems were considered in the current study—NavX (upper left) and CARTO (upper right) 3D
LA anatomy representation for the same patient, with their respective automated CFAE detection algorithms (Almeida et al., 2016). LA regions hosting AEGs with both
CFE-Mean < 120 ms and ICL > 4 were considered CFAEs (bottom map). (B) lllustration of the left atrium segmentation performed visually by an experienced clinician
following a six-segment model encompassing the PVs; Roof; Posterior; Anterior; Septum and Lateral regions —anterior view (left) and posterior view (right).
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in group 3 and; 44 (21%) in group 4. Figure3A illustrates
the occurrence of groups in the LA anatomical sites. Group
1 was observed in all sites, with the LA roof showing the
highest incidence, followed by the anterior wall, septum, PVs,
posterior wall and lateral LA. Group 2 was observed in
all sites, with the lateral LA showing the highest incidence.
The PVs and lateral LA were the only sites with no

occurrence of group 3. LA regions with normal AEGs before
and after PVI4RL (group 4) were also observed in all
sites.

Additionally, our results show that PVI4RL reduced the
overall LA fractionation. 70% of the LA locations were classified
as CFAEs at baseline. After PVI+RL, the number of locations
classified as CFAEs decreased to 40% (P < 0.0001). As illustrated
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PVI+RL: CFAE before and after PVI+RL (group 1); CFAE before, Normal after PVI+RL (group 2); Normal before, CFAE after PVI4+-RL (group 3); and Normal before and
after PVI+RL (group 4). (B) lllustration of AEGs found in each group. Fractionated AEGs were found in group 1 before and after PVI+RL; fractionated AEGs before
PVI+RL with increased organization after PVI+RL in group 2; organized activation before PVI+RL with increased fractionation after PVI4+RL in group 3; organized
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in Figure 3B, 45% of the locations that were CFAEs before
PVI4+RL remained fractionated following PVI4+RL (group 1,
31% of all 207 points), while 55% converted to normal
(group 2, 39% of all 207 points); 29% of the normal AEGs
prior PVI+RL became fractionated (group 3, 9% of all 207
points), while 71% remained normal (group 4, 21% of all 207
points).

Correlation between AEG Attributes

It has been previously suggested that poor correlation between
attributes measured from AEGs during AF is a strong indicative
that these attributes would represent a poor measure of the
atrial substrate (Lau et al, 2015). Poor correlation between
two (or more) attributes indicates that the attributes are
measuring different aspects of an AEG. Therefore, poorly
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FIGURE 3 | Effect of PVI on the AF behavior—(A) 45% of the AEGs classified as CFAEs before ablation remained fractionated after ablation, while the remainder
became Normal. 71% of the AEGs classified as Normal before ablation remained not fractionated after ablation, while the remainder became CFAE. (B) Incidence of
different types of AEGs (group 1, 2, 3, and 4) in the different LA regions, namely: roof, anterior wall, septum, PVs, posterior wall, and lateral. The number of paired

points—before and after ablation—collected per regions is also provided.

correlated attributes would provide further information
about the AEG under analysis. Additionally, low correlation
among attributes is usually desired for a proper multivariate
classification.

All attributes have been compared to each other as illustrated
on Figure 4, with the Spearman’s correlation coeflicients between
them. The attributes correlated poorly with each other, except
attributes with biasing effects, which had shown high correlation
between them, such as: CFE-Mean vs. CFE-StdDev (p = 0.891, P
< 0.0001); ICL vs. SCI (p = —0.744, P < 0.0001); ACI vs. SCI (p
= 0.766, P < 0.0001); ShEn vs. SampEn (p = 0.621, P < 0.0001);
ShEn vs. K-L (p = —0.827, P < 0.0001); SampEn vs. K-L (p =
—0.847, P < 0.0001); PP vs. RMS (p = 0.813, P < 0.0001).

The remaining attributes had moderate or poor correlation
with each other, suggesting they would be ideal for multivariate
classification.

Effect of PVI+RL on AEG Attributes

Although, most AEG attributes correlated poorly with each other,
ablation had a significant effect on all attributes, except for the OI
(Figure 5).

All attributes measured by commercial mapping systems
indicated that PVI4-RL had reduced AEG fractionation. CFE-
Mean, CFE-StdDev, ACI, SCI significantly increased after
PVI+RL, while ICL significantly decreased after ablation (all P
< 0.0001).

Information theory attributes, amplitude based attributes and
frequency based attributes have been used in previous studies as
markers for AF drivers. For instance, entropy has been reported
to correlate with the core of rotors (Ganesan et al., 2013),
which could contribute to investigations using the FIRM ablation
strategy (Narayan et al., 2012); LA sites with low amplitude have
been correlated with fibrotic tissue with low conduction velocity,
participating in the perpetuation of the arrhythmia (Oakes et al.,
2009); DF is related to the main activation wavefront in an AEG
and might represent atrial regions hosting either rapid ectopic
activities or small re-entry circuits that are driving the arrhythmia
(Sanders et al., 2005). In the present work, information theory
attributes and frequency based attributes suggested that PVI4+RL
have improved the activation organization as measured by the

entropies (before vs. after PVI+RL; SampEn: 0.19 &= 0.06 vs. 0.15
=+ 0.08, P < 0.0001; ShEn: 0.85 £ 0.05 vs. 0.84 & 0.05, P = 0.005;
K-L: 0.03 & 0.01vs. 0.04 £ 0.03, P < 0.0001) and reduced the
atrial activation rate, as measured by the DF (6.06 & 1.65Hz vs.
5.45 %+ 1.39 Hz, P < 0.0001). On the other hand, amplitude based
attributes decreased after PVI4RL, suggesting the presence of
extended fibrotic tissue (PP: 0.47 4= 0.28 mV vs. 0.36 = 0.30 mV;
RMS: 0.06 £ 0.04 mV vs. 0.04 & 0.03 mV, both P < 0.0001).

Multivariate Statistical Model for Atrial
Substrate Characterization before and

after PVI4+-RL

As expected, CFE-Mean (P < 0.0001), CFE-StdDev (P < 0.0001),
ACI (P < 0.0001), SCI (P < 0.0001), and K-L (P = 0.0004) were
all lower for AEGs classified as CFAEs when compared to normal
AEGs either before or after PVI4RL. Similarly, ICL (P < 0.0001),
ShEn (P = 0.06), SampEn (P < 0.0001), PP (P < 0.0001), RMS (P
< 0.0001), DF (P = 0.0044), and OI (P = 0.0086) demonstrated
higher values for CFAEs. However, no single attribute on its
own was able to discriminate the different LA region groups,
whether measured before or after PVI4RL (further details in the
Supplementary Materials).

MANOVA suggests a significant main effect of the LA region
groups (1 to 4) on the attributes on both before (F-ratio F =
9.41, P < 0.0001) and after ablation (F = 14.74, P < 0.0001)
datasets. MANOVA was followed up with LDA, which revealed
three discriminant functions both before and after PVI4-RL. The
LOOCYV revealed that the LDA successfully discriminated, prior
to any ablation, 40% of the AEGs in group 1; 73% of group
2; 39% of group 3 and; 59% of group 4. After PVI+RL, LDA
correctly identified 86% of the AEGs in group 1; 76% of group
2; 5.6% of group 3 and; 27% of group 4. The ranked results from
MANOVA and the coefficients from the LDA are provided in the
Supplementary Materials. Figure 6 illustrates the LA map from
one patient with the atrial regions marked as CFAEs following
the commercial systems criteria (Figure 6A), and the LA marked
by the proposed model into the four groups (Figure 6B; group 1,
2, 3, and 4), before and after PVI+RL.

Frontiers in Physiology | www.frontiersin.org

August 2017 | Volume 8 | Article 589


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Almeida et al.

Multivariate persAF Characterization

CFE-Mean

o =-0.491

Fekdk

0=0.891

ek

p=0587

ek

0=0527

ek

o =-0.045
ns

p=-0.249

Fkkk

p=0.141

Hekk

o =-0.495

Fekk

0=-0611

Hekdk

o =-0.204

Fkkk

p=-0.093
ns

Indices of Fractionation

Correlations

5 10 15 20

ICL

p=-0.452

ek

p=-0.498

Hkkk

p=-0.744

ke

0=0.120

p=0.354

Fekkk

p=-0.233

ke

p=0455

Fekdk

0 =0.406

ek

p=0219

Fekkk

o =0.066
ns

100 200 300

60 80 100 120

100 120

7t e
0 100 200 300

CFE-StdDev

o
peD e
p =-0.061
ns
b p22s
p=0126
PR alss
P
P02
p=-0.110

40 60 80 100 120

100{ *

ACI
e
p=-0.065

ns
p=2s
DR
e g6
pE gene
P01
p=-0111

60 80 100 120

100 120 07 08 09

- o
100 120 07 08 09

1 0z 03

04

04

i -
000 005 010

0.00 0.05 0.10 0.15 0.20

SCI
p=-0.018
ns
pe s
p=0097
pEZSor
pegsss
e 04
o =-0.145

wekk

100 120 07 08 09

04

0.00 0.05 0.10 0.15 0.20 ]

10 12

ShEn

p=0621

Hekkk

p=-0.827

Fkdk

0 =-0.262

ek

0 =-0.233

ek

p=0.165

Hokk

0 =-0.131

04

015

0.00 0,05 0.10 0.15 0.20 i 6

095
0901
085
080
075

10 12

095
0.90
085{
0.80
075

00 01 02 03

SampEn

o =-0.847

Fekdk

0=0.049
ns

0=0.051
ns

p=0.107

0 =-0.141

04

000 005 015

0.00 0.05 0.10 015 0.20 46

10 12

p=0214

Fekkk

o =0.207

ek

p=-0.199

Hkk ke

0 =0.280

ek

PP

0=0813

ek

0 =0.041
ns

0=0.328

ke

i
0.00 0.0
0.00 0.05 0.10 0.15 0.20

20 % 207 .

15.

0.0 X
0.00 0.05 0.10 015 0.20

o
10 12

0.
10 12

RMS
0 =0.095 DE

ns
0=0353 p=-0.262 e

Fekdk

FIGURE 4 | Correlations between different attributes measured from the same AEG database. P < 0.0001; **P < 0.001; **P < 0.01; *P < 0.05; ns, not significant.

DISCUSSION

Our results, presented in this study, provide additional evidence
that PVI changes the CFAE distribution in the LA of patients with
persAF. However, we provide new evidence that some LA regions
are resistant to PVI, while other regions are affected by it. Some
CFAEs were resolved after PVI and became organized AEGs. On

the other hand, some CFAEs persisted after PVI. We would like
to highlight that we did not perform substrate-guided ablation in
this study and there is still no clear understanding of the role of
drivers that help to perpetuate persAF. However, in the present
work we retrospectively show that different types of AF drivers
might co-exist in persAF patients, and we propose a new method
that helps to identify these.
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CFAEs as Markers for Atrial Substrate in
persAF

Sustained AF causes changes in the cardiac tissue characteristics,
inducing structural and electric remodeling (de Bakker and
Wittkampf, 2010). These regions can potentially host tissue
with slow or inhomogeneous conduction, inducing re-entry
circuits, resulting in fractionated fibrillatory conduction
(Ashihara et al, 2012), and are important in triggering and
perpetuating atrial arrhythmias. AEGs acquired from such
atrial substrate regions demonstrate the low amplitude,
multiple deflections activations that characterize fractionated
activity.

CFAEs have been introduced as markers for atrial substrate
and as targets for ablation (Nademanee et al, 2004), but
failed to provide a definitive solution for persAF therapy
(Oral et al,, 2009; Dixit et al., 2012; Verma et al., 2015).

We have recently shown that there is still no gold standard
for CFAE classification in human persAF, and that CFAE
target identification is dependent on the system used and
settings applied during the procedure, since each system
measures different aspects of the AEGs to characterize
the atrial substrate (Almeida et al, 2016). Consequently, a
thorough re-evaluation of the definition of CFAE is necessary
to refine the identification of atrial regions responsible
for the perpetuation of the arrhythmia in patients with
persAF.

Clinical Inferences on LA Regions
Resistant to PVI vs. LA Regions Affected
by PVI

AF is a progressive arrhythmia and sustained AF might
induce atrial remodeling (Wijffels et al., 1995). Understanding
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FIGURE 6 | LA maps from one patient—before (left hand side) and after (right hand side) PVI+RL—illustrating the atrial regions marked according to (A) the
commercial systems and (B) to the proposed method— (A) CFAE map generated by the commercial systems; (B) LA marked according to the multivariate model with
the following regions: Group 1—CFAEs at baseline that remained CFAEs after PVI+RL; Group 2 —CFAEs at baseline that converted to normal after PVI+RL; Group
3—normal AEGs at baseline that became CFAEs after PVI4-RL; Group 4 —normal AEGs at baseline that remained normal after PVI+RL.

the substrate and the various mechanisms—and theories—
of AF perpetuation is crucial to investigate the course of
the arrhythmia in each patient (de Groot et al, 2016). As
a consequence, the substrate of AF may require different
therapy modalities at different stages. For instance, PVI
alone might be sufficient at early stages, whereas atrial
compartmentalization or extensive AEG-guided ablation might
be necessary to terminate the arrhythmia in later stages. In
the latter case, while the efficacy of CFAE-guided ablation has
been questioned in recent findings (Oral et al., 2009; Verma
et al., 2015), ablation targeting rotors has gained significant
importance recently, although further studies are needed to
consolidate its effectiveness (Narayan et al., 2012; Mohanty
et al, 2016). Furthermore, even extensive ablative therapies
may be ineffective in the presence of electrical dissociation
between the endo- and epicardial layers of the atria, and
alternative ablation strategies might be required (de Groot et al.,
2016).

In the present work, we propose a technique that might help
to diagnose the stage of development of the AF substrate based
on multidimensional observations of the changes in the CFAE
distribution in the LA induced by PVI, which is essential for
patient-specific AF therapy. Previous works have shown that
PVI organizes fractionation in large regions of the LA that were
fractionated prior to any ablation (Roux et al., 2009; Tuan et al.,
2011; Dixit et al,, 2012). These findings motivated targeting
CFAEs in persAF ablation just after PVI and anatomical lines.
More specifically, we have recently shown that PVI4+RL has

changed AF dynamics from the same patients/dataset, which
brings relevance to the current study (Tuan et al., 2011).

Our results also support the perception that CFAE mapping
and ablation should be performed after PVI (Roux et al., 2009;
Tuan et al., 2011; Dixit et al., 2012). However, our results have
unveiled that there are LA regions resistant to PVI, while others
are affected by it. Nearly half of the atrial regions classified as
fractionated at baseline continued fractionated after PVI+RL
(group 1), and most regions that were not fractionated at baseline
remained organized after PVI+RL (group 4). These groups could
represent atrial regions important in the perpetuation of the
arrhythmia as they appear to be anchored in the atria and
resistant to PVI4+RL. For instance, group 1 would suggest the
presence of remodeled atrial tissue with altered conduction,
resulting in the fractionated activation resistant to PVL. Group
4, on the other hand, suggests the presence of organized ectopic
activations or re-entries that persist even after the PVs have been
isolated.

We have also identified atrial regions with fractionated signals
at baseline that became organized after the ablation (group 2),
and regions that were not fractionated at baseline that became
fractionated after ablation (group 3). While it might be clear
that atrial regions in group 1 should be targets for ablation and
group 4 should not be targeted, there are some uncertainties
surrounding atrial regions corresponding to groups 2 and 3.
Although, it seems unlikely that these regions represent structural
scar or anchored atrial substrate—as they were subjected to
changes after PVI+RL—they could also represent underlying
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AF drivers that have moved or have been modulated by
PVI+RL.

A prospective study using the method proposed in the
present study—as illustrated in Figure 6B—would help to answer
this question. For instance, we have recently developed an
interactive platform to guide persAF ablation that performs the
analysis of multiple AEG features during AF mapping, which
would facilitate the implementation of the proposed method in
prospective electrophysiological studies (Li et al., 2017).

Multiple Attributes for LA Tissue

Characterization

While some might argue that this is an evidence that the
attributes measured from the AEGs are not a true representation
of the atrial substrate (Lau et al., 2015), most of those attributes
were affected by PVI4+RL, which would suggest that the attributes
are measuring important electrophysiological characteristics of
the atrial tissue. Individually, however, the attributes failed to
discriminate the different LA region groups (groups 1 to 4),
either before or after PVI+RL. The different attributes measure
complementary characteristics of the AEG, and the combination
of these attributes—created by multivariate statistical models—
might provide a more complete characterization of the atrial
tissue.

The retrospective multivariate statistical models—described
here by both MANOVA and LDA—were able to discriminate
the different LA region groups based on the attributes measured
before and after PVI4+RL. While the commercial systems had
classified the LA regions only as CFAE or not CFAEs (Figure 6A),
the proposed model provided further information regarding the
atrial substrate (Figure 6B), classifying the LA regions into four
groups (Group 1—CFAE:s at baseline that remained CFAE:s after
PVI4RL; Group 2—CFAEs at baseline that converted to normal
after PVI+RL; Group 3—normal AEGs at baseline that became
CFAEs after PVI4+-RL; Group 4—normal AEGs at baseline that
remained normal after PVI4+RL).

In the present study, CFAE mapping before and after PVI4+RL
had to be performed in order to create the statistical models.
As a result, two models have been created to discriminate the
LA regions: one for baseline data, other for post-PVI data.
Once created, these models could be used prospectively without
the necessity of a CFAE re-map. Consequently, the prospective
investigation could be performed either before or after PVI. In
the first case, CFAEs collected before PVI would be used in the
model created for pre-PVI data to predict which atrial regions
would be resistant to PVI and which atrial regions would be
affected by it. In the second case, CFAEs collected after PVI would
be used in the model created for post-PVI data to estimate which
atrial regions were resistant to PVI and which atrial regions were
affected by it. This would allow for online characterization of
different types of LA region (resistant to PVI vs. affected by it),
which could help in the decision of the ablation strategy based on
the multiple aspects of the atrial tissue.

Limitations

The current study was limited to retrospective data. Further
understanding of the underlying cardio-electrophysiological
mechanisms behind CFAEs and the effect of PVI on the atrial

substrate would be helpful for the validation of the suggested
multivariate models, such as in (i) computational intracardiac
models that simulate both atrial electrical activity and ablation
procedures during AF (Krueger et al., 2013) and; (ii) prospective
studies using the proposed models in the identification of
ablation targets during substrate mapping.

Although, some patients in the present study were on anti-
arrhythmic drugs in addition to ACE inhibitors and ARB, all
anti-arrhythmic drugs (except for amiodarone) were stopped
for at least five half-lives before the procedure. Beneficial heart
failure and hypertension medications such as ACE-inhibitors
and ARBs are usually not stopped for electrophysiology/ablation
procedures, as the individual would invariably be taking them
long-term to treat their chronic condition. We also acknowledge
that amiodarone could affect fractionation of AEGs, but it
is nevertheless common practice to undergo ablation whilst
maintaining this drug. Our study was focused on understanding
the behavior of AEG fractionation during persAF before and
after PVI, therefore any resultant modulation in the underlying
electrophysiological milieu due to ongoing medications would
remain essentially constant over the period of data collection for
each patient, and furthermore would better reflect their usual
baseline clinical state. This makes the observations from our
study particularly applicable to real-world practice.

The relatively small number of collected signals is a limitation
of this study. This limitation, however, needs to be balanced
against the facts that (i) the points have been collected from 18
patients, providing information from different LA anatomical
sites and; (ii) the LOOCV approach allows for a robust model
evaluation for relatively small datasets.

CONCLUSIONS

This study retrospectively investigated changes in AEG
fractionation distribution induced by PVI4+RL in persAF
patients using multivariate statistical models based on multiple
attributes. Our results suggest that some atrial regions are
resistant to PVI, while others are affected by it. While current
methods for CFAE classification are insufficient to identify those
different regions, the multivariate statistical models based on
multiple attributes does help in the discrimination of these
regions. The proposed multivariate statistical model could be
considered in future electrophysiological studies for better atrial
substrate characterization in persAF ablation.

ETHICS STATEMENT

All human subjects underwent standard clinical procedure
that does not require approval of any ethical committee. All
procedures were performed with full informed consent from the
patients.

AUTHOR CONTRIBUTIONS

TA: concept/design study, data analysis/interpretation of results,
drafting manuscript, critical revision of manuscript, statistics,
and “off-line” data collection; GC: data analysis/interpretation

Frontiers in Physiology | www.frontiersin.org

10

August 2017 | Volume 8 | Article 589


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Almeida et al.

Multivariate persAF Characterization

of results, critical revision of manuscript, and “off-line”
data collection; XL: data analysis/interpretation of results,
and critical revision of manuscript, and statistics; ND: data
analysis/interpretation of results, and critical revision of
manuscript; JT: EP study, data collection, interpretation of
results, and critical revision of manuscript; PS: EP studies
and ablation procedures, interpretation of results, and
critical revision of manuscript; FS: Concept/design study,
data analysis/interpretation of results, and critical revision
of manuscript; GN: EP studies and ablation procedures,
concept/design study, interpretation of results, and critical
revision of manuscript.

FUNDING

The work was supported by the NIHR Leicester Biomedical
Research Centre. TA received research grant from Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico

REFERENCES

Almeida, T. P., Chu, G. S, Salinet, J. L., Vanheusden, F. J., Li, X, Tuan, J. H., et al.
(2016). Minimizing discordances in automated classification of fractionated
electrograms in human persistent atrial fibrillation. Med. Biol. Eng. Comput.
54, 1695-1706. doi: 10.1007/s11517-016-1456-2

Ashihara, T., Haraguchi, R., Nakazawa, K., Namba, T., Ikeda, T., Nakazawa,
Y, (2012). The role of fibroblasts in complex fractionated
electrograms during persistent/permanent atrial fibrillation: implications
for electrogram-based catheter ablation. Circ. Res. 110, 275-284.
doi: 10.1161/CIRCRESAHA.111.255026

Brooks, A. G., Stiles, M. K., Laborderie, J., Lau, D. H., Kuklik, P., Shipp, N. J.,
etal. (2010). Outcomes of long-standing persistent atrial fibrillation ablation: A
systematic review. Heart Rhythm 7, 835-846. doi: 10.1016/j.hrthm.2010.01.017

Calkins, H., Kuck, K. H., Cappato, R, Brugada, J., Camm, A. ], Chen,
S.-A., et al. (2012). HRS/EHRA/ECAS expert consensus statement on
catheter and surgical ablation of atrial fibrillation: recommendations for
patient selection, procedural techniques, patient management and follow-up,
definitions, endpoints, and research trial design. Heart Rhythm 9, 632-96.e21.
doi: 10.1016/j.hrthm.2011.12.016

Cover, T. M., and Thomas, J. A. (1991). Elements of Information Theory. New York,
NY: Wiley.

de Bakker, J. M. T., and Wittkampf, F. H. M. (2010). The pathophysiologic basis of
fractionated and complex electrograms and the impact of recording techniques
on their detection and interpretation. Circ. Arrhythm Electrophysiol. 3,204-213.
doi: 10.1161/CIRCEP.109.904763

de Groot, N. M., Houben, R. P., Smeets, J. L., Boersma, E., Schotten, U., Schalij, M.
J., et al. (2010). Electropathological substrate of longstanding persistent atrial
fibrillation in patients with structural heart disease: epicardial breakthrough.
Circulation 122, 1674-1682. doi: 10.1161/CIRCULATIONAHA.109.9
10901

de Groot, N., van der Does, L., Yaksh, A., Lanters, E., Teuwen, C., Knops, P.,
et al. (2016). Direct proof of endo-epicardial asynchrony of the atrial wall
during atrial fibrillation in humans. Circ. Arrhythm Electrophysiol. 9:e003648.
doi: 10.1161/CIRCEP.115.003648

Deisenhofer, I., Estner, H., Reents, T., Fichtner, S., Bauer, A., Wu, J. J., et al.
(2009). Does electrogram guided substrate ablation add to the success of
pulmonary vein isolation in patients with paroxysmal atrial fibrillation? A
prospective, randomized study. J. Cardiovasc. Electrophysiol. 20, 514-521.
doi: 10.1111/j.1540-8167.2008.01379.x

Dixit, S., Marchlinski, F. E., Lin, D., Callans, D. J., Bala, R, Riley, M. P,
et al. (2012). Randomized ablation strategies for the treatment of persistent

et al

(CNPq, Brazil, Grant No. 200251/2012-0) and Coordenagédo de
Aperfeicoamento de Pessoal de Nivel Superior (Capes, Brazil).
ND has received a research grant from the University Hospitals
Leicester NIHR Cardiovascular Biomedical Research Centre,
UK.

ACKNOWLEDGMENTS

The authors thank Dr. Jodo A. L. Marques, Dr. Tim

C. Pearce, Dr. Jodo L. Salinet, Dr. Diogo C. Soriano
and Dr. Frederique J. Vanheusden for their valuable
suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphys.
2017.00589/full#supplementary-material

atrial fibrillation: RASTA study. Circ. Arrhythm Electrophysiol. 5, 287-294.
doi: 10.1161/CIRCEP.111.966226

Eckstein, J., Maesen, B., Linz, D., Zeemering, S., van Hunnik, A., Verheule,
S., et al. (2011). Time course and mechanisms of endo-epicardial electrical
dissociation during atrial fibrillation in the goat. Cardiovasc. Res. 89, 816-824.
doi: 10.1093/cvr/cvq336

Everett, T. H. IV., Randall Moorman, J., Kok, L-C., Akar, J. G., Haines, D. E.
(2001). Assessment of global atrial fibrillation organization to optimize timing
of atrial defibrillation. Circulation 103, 2857-2861. doi: 10.1161/01.CIR.103.2
3.2857

Ganesan, A. N., Kuklik, P., Lau, D. H., Brooks, A. G., Baumert, M., Lim, W.
W., et al. (2013). Bipolar electrogram shannon entropy at sites of rotational
activation: implications for ablation of atrial fibrillation. Circ. Arrhythm
Electrophysiol. 6, 48-57. doi: 10.1161/CIRCEP.112.976654

Haissaguerre, M., Shah, D. C,, Jais, P., Hocini, M., Yamane, T., Deisenhofer, L., et al.
(2000). Mapping-guided ablation of pulmonary veins to cure atrial fibrillation.
Am. ]. Cardiol. 86, 9K-19K. doi: 10.1016/S0002-9149(00)01186-3

Hansen, B. J., Zhao, J., Csepe, T. A., Moore, B. T., Li, N, Jayne, L. A,, et al. (2015).
Atrial fibrillation driven by micro-anatomic intramural re-entry revealed by
simultaneous sub-epicardial and sub-endocardial optical mapping in explanted
human hearts. Eur. Heart J. 36, 2390-2401. doi: 10.1093/eurheartj/ehv233

Ho, S. Y., Cabrera, J. A., and Sanchez-Quintana, D. (2012). Left
atrial anatomy revisited. Circ. Arrhythm Electrophysiol. 5, 220-228.
doi: 10.1161/CIRCEP.111.962720

Kim, T. H,, Uhm, J. S, Kim, J. Y., Joung, B., Lee, M. H.,, and Pak, H. N.
(2017). Does additional electrogram-guided ablation after linear ablation
reduce recurrence after catheter ablation for longstanding persistent atrial
fibrillation? A prospective randomized study. J. Am. Heart Assoc. 6:e004811.
doi: 10.1161/JAHA.116.004811

Krueger, M. W., Schulze, W. H., Rhode, K. S., Razavi, R., Seemann, G., and
Dossel, O. (2013). Towards personalized clinical in-silico modeling of atrial
anatomy and electrophysiology. Med. Biol. Eng. Comput. 51, 1251-1260.
doi: 10.1007/s11517-012-0970-0

Lake, D. E., Richman, J. S., Griffin, M. P., and Moorman, J. R. (2002).
Sample entropy analysis of neonatal heart rate variability. Am. J. Physiol.
Regul. Integr. Compar. Physiol. 283, R789-R797. doi: 10.1152/ajpregu.00
069.2002

Lau, D. H., Maesen, B., Zeemering, S., Kuklik, P., van Hunnik, A., Lankveld,
T. A. R, et al. (2015). Indices of bipolar complex fractionated atrial
electrograms correlate poorly with each other and atrial fibrillation substrate
complexity. Heart Rhythm 15, 1415-1423. doi: 10.1016/j.hrthm.2015.
03.017

Frontiers in Physiology | www.frontiersin.org

11

August 2017 | Volume 8 | Article 589


http://journal.frontiersin.org/article/10.3389/fphys.2017.00589/full#supplementary-material
https://doi.org/10.1007/s11517-016-1456-2
https://doi.org/10.1161/CIRCRESAHA.111.255026
https://doi.org/10.1016/j.hrthm.2010.01.017
https://doi.org/10.1016/j.hrthm.2011.12.016
https://doi.org/10.1161/CIRCEP.109.904763
https://doi.org/10.1161/CIRCULATIONAHA.109.910901
https://doi.org/10.1161/CIRCEP.115.003648
https://doi.org/10.1111/j.1540-8167.2008.01379.x
https://doi.org/10.1161/CIRCEP.111.966226
https://doi.org/10.1093/cvr/cvq336
https://doi.org/10.1161/01.CIR.103.23.2857
https://doi.org/10.1161/CIRCEP.112.976654
https://doi.org/10.1016/S0002-9149(00)01186-3
https://doi.org/10.1093/eurheartj/ehv233
https://doi.org/10.1161/CIRCEP.111.962720
https://doi.org/10.1161/JAHA.116.004811
https://doi.org/10.1007/s11517-012-0970-0
https://doi.org/10.1152/ajpregu.00069.2002
https://doi.org/10.1016/j.hrthm.2015.03.017
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Almeida et al.

Multivariate persAF Characterization

Li, X,, Salinet, J. L., Almeida, T. P., Vanheusden, F. J., Chu, G. S., Ng, G. A,,
et al. (2017). An interactive platform to guide catheter ablation in human
persistent atrial fibrillation using dominant frequency, organization and phase
mapping. Comp. Methods Prog. Biomed. 141, 83-92. doi: 10.1016/j.cmpb.2017.
01.011

Mohanty, S., Gianni, C., Mohanty, P., Halbfass, P., Metz, T., Trivedi, C,
et al. (2016). Impact of rotor ablation in nonparoxysmal atrial fibrillation
patientsresults from the randomized OASIS trial. J. Am. Coll. Cardiol. 68,
274-282. doi: 10.1016/j.jacc.2016.04.015

Munzel, U., and Brunner, E. (2000). Nonparametric tests in the unbalanced
multivariate one-way design. Biometrical ]. 42, 837-54. doi: 10.1002/1521-
4036(200011)42:7<837::AID-BIMJ837>3.0.CO;2-S

Nademanee, K., McKenzie, J., Kosar, E., Schwab, M., Sunsaneewitayakul, B.,
Vasavakul, T., et al. (2004). A new approach for catheter ablation of atrial
fibrillation: mapping of the electrophysiologic substrate. J. Am. Coll. Cardiol.
43, 2044-2053. doi: 10.1016/j.jacc.2003.12.054

Narayan, S. M., Krummen, D. E., Shivkumar, K., Clopton, P., Rappel, W. J., and
Miller, J. M. (2012). Treatment of atrial fibrillation by the ablation of localized
sources: CONFIRM (Conventional Ablation for Atrial Fibrillation With or
Without Focal Impulse and Rotor Modulation) trial. J. Am. Coll. Cardiol. 60,
628-636. doi: 10.1016/j.jacc.2012.05.022

Oakes, R. S., Badger, T. ], Kholmovski, E. G., Akoum, N., Burgon,
N. S., Fish, E. N, et al. (2009). Detection and quantification of left
atrial structural remodeling with delayed-enhancement magnetic resonance
imaging in patients with atrial fibrillation. Circulation 119, 1758-1767.
doi: 10.1161/CIRCULATIONAHA.108.811877

Oral, H., Chugh, A., Yoshida, K., Sarrazin, J. F., Kuhne, M., Crawford, T.,
et al. (2009). A randomized assessment of the incremental role of ablation of
complex fractionated atrial electrograms after antral pulmonary vein isolation
for long-lasting persistent atrial fibrillation. J. Am. Coll. Cardiol. 53, 782-789.
doi: 10.1016/j.jacc.2008.10.054

Roux, J. F.,, Gojraty, S., Bala, R., Liu, C. F,, Dixit, S., Hutchinson, M. D,
et al. (2009). Effect of pulmonary vein isolation on the distribution of
complex fractionated electrograms in humans. Heart Rhythm 6, 156-160.
doi: 10.1016/j.hrthm.2008.10.046

Sanders, P., Berenfeld, O., Hocini, M.,
Hsu, L. F, et al. (2005). Spectral
high-frequency activity —maintaining
Circulation 112, 789-797. doi:
517011

Jais, P., Vaidyanathan, R,
analysis identifies sites of
atrial ~ fibrillation in  humans.
10.1161/CIRCULATIONAHA.104.

Schade, A., Nentwich, K., Costello-Boerrigter, L. C., Halbfass, P., Mueller, P., Roos,
M, et al. (2016). Spatial relationship of focal impulses, rotors and low voltage
zones in patients with persistent atrial fibrillation. J. Cardiovasc. Electrophysiol.
27,507-514. doi: 10.1111/jce.12913

Seitz, J., Bars, C., Ferracci, A., Maluski, A., Penaranda, G., Theodore, G., et al.
(2016). Electrogram fractionation-guided ablation in the left atrium decreases
the frequency of activation in the pulmonary veins and leads to atrial fibrillation
termination: pulmonary vein modulation rather than isolation. JACC 2,
732-742. doi: 10.1016/j.jacep.2016.04.003

Shannon, C. E. (1948). The mathematical theory of communication. Bell Syst. Tech.
J. 27, 379-423. doi: 10.1002/j.1538-7305.1948.tb01338.x

Tuan, J., Jeilan, M., Kundu, S., Nicolson, W., Chung, L, Stafford, P. J., et al. (2011).
Regional fractionation and dominant frequency in persistent atrial fibrillation:
effects of left atrial ablation and evidence of spatial relationship. Europace 13,
1550-1556. doi: 10.1093/europace/eur174

Verma, A, Jiang, C. Y., Betts, T. R, Chen, J., Deisenhofer, I., Mantovan, R., et al.
(2015). Approaches to catheter ablation for persistent atrial fibrillation. N. Engl.
J. Med. 372, 1812-1822. doi: 10.1056/NEJMo0a1408288

Verma, A., Mantovan, R., Macle, L., De Martino, G., Chen, J., Morillo, C. A,,
etal. (2010). Substrate and Trigger Ablation for Reduction of Atrial Fibrillation
(STAR AF): a randomized, multicentre, international trial. Eur. Heart J. 31,
1344-1356. doi: 10.1093/eurheartj/ehq041

Wijffels, M. C. E. F., Kirchhof, C. J. H. J,, Dorland, R., and Allessie, M. A.
(1995). Atrial-Fibrillation begets atrial-fibrillation-a study in awake chronically
instrumented goats. Circulation 92, 1954-1968. doi: 10.1161/01.CIR.92.7.1954

Conflict of Interest Statement: GA has received research fellowship from St. Jude
Medical and speaker fees and honoraria from Biosense Webster.

The other authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2017 Almeida, Chu, Li, Dastagir, Tuan, Stafford, Schlindwein and Ng.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

12

August 2017 | Volume 8 | Article 589


https://doi.org/10.1016/j.cmpb.2017.01.011
https://doi.org/10.1016/j.jacc.2016.04.015
https://doi.org/10.1002/1521-4036(200011)42:7<837::AID-BIMJ837>3.0.CO;2-S
https://doi.org/10.1016/j.jacc.2003.12.054
https://doi.org/10.1016/j.jacc.2012.05.022
https://doi.org/10.1161/CIRCULATIONAHA.108.811877
https://doi.org/10.1016/j.jacc.2008.10.054
https://doi.org/10.1016/j.hrthm.2008.10.046
https://doi.org/10.1161/CIRCULATIONAHA.104.517011
https://doi.org/10.1111/jce.12913
https://doi.org/10.1016/j.jacep.2016.04.003
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1093/europace/eur174
https://doi.org/10.1056/NEJMoa1408288
https://doi.org/10.1093/eurheartj/ehq041
https://doi.org/10.1161/01.CIR.92.7.1954
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Atrial Electrogram Fractionation Distribution before and after Pulmonary Vein Isolation in Human Persistent Atrial Fibrillation—A Retrospective Multivariate Statistical Analysis
	Introduction
	Materials and Methods
	Electrophysiological Study
	Signal Analysis
	Multiple AEG Attributes
	Statistical Analysis

	Results
	Effect of PVI+RL on the Distribution of CFAEs
	Correlation between AEG Attributes
	Effect of PVI+RL on AEG Attributes
	Multivariate Statistical Model for Atrial Substrate Characterization before and after PVI+RL

	Discussion
	CFAEs as Markers for Atrial Substrate in persAF
	Clinical Inferences on LA Regions Resistant to PVI vs. LA Regions Affected by PVI
	Multiple Attributes for LA Tissue Characterization
	Limitations

	Conclusions
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


