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Background: Atrial fibrillation (AF) is the most common cardiac arrhythmia and
precursor to other cardiac diseases. Catheter ablation is associated with limited success
rates in patients with persistent AF. Currently, existing mapping systems fail to identify
critical target sites for ablation. Recently, we proposed and validated several individual
techniques, such as dominant frequency (DF), multiscale frequency (MSF), kurtosis (Kt),
and multiscale entropy (MSE), to identify active sites of arrhythmias using simulated
intracardiac electrograms (iEGMs). However, the individual performances of these
techniques to identify arrhythmogenic substrates are not reliable.

Objective: This study aimed to develop a similarity score using various iEGM analysis
techniques to more accurately identify the spatial location of active sites of arrhythmia in
patients with AF.

Methods: Clinical bipolar iEGMs were obtained from patients with AF who underwent
either successful (m = 4) or unsuccessful (m = 4) catheter ablation. A similarity score
(0–3) was developed via the earth mover’s distance (EMD) approach based on a
combination of DF, MSF, MSE, and Kt techniques.

Results: Individual techniques successfully discriminated between successful and
unsuccessful AF ablation patients but were not reliable in identifying active spatial
sites of AF. However, the proposed similarity score was able to pinpoint the spatial
sites with high values (active AF sites) that were observed only in patients with
unsuccessful AF termination, suggesting that these active sites were missed during the
ablation procedure.

Conclusion: Arrhythmogenic substrates with abnormal electrical activity are identified
in patients with unsuccessful AF termination after catheter ablation, suggesting clinical
efficacy of similarity score.
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INTRODUCTION

According to an estimate in 2014, 2.7–6.1 million people in
the United States are afflicted by atrial fibrillation (AF). AF is
the most common type of supraventricular arrhythmia in the
United States and is associated with an increased risk of stroke
(Go et al., 2001; Miyasaka et al., 2006). AF is characterized by
the chaotic electrical activity in the atria (Munger et al., 2014).
Furthermore, the prevalence of AF has been projected to increase
to nearly 12.1 million people by 2050 (Miyasaka et al., 2006;
Colilla et al., 2013). These reasons make AF a significant public
health concern and underpin the need to develop more efficient
treatment techniques.

Compared with antiarrhythmic drug therapy, catheter
ablation improves AF symptoms and quality of life and reduces
AF recurrence (Wazni et al., 2005; Jaïs et al., 2008; Wilber et al.,
2010). Pulmonary vein (PV) isolation, the most commonly used
catheter ablation approach, alone can be used as a strategy for
catheter ablation in patients with paroxysmal AF (Sawhney et al.,
2009; Ouyang et al., 2010; Chao et al., 2012). However, in the
case of persistent and long-standing AF, electrical initiation of
AF may arise outside the PV regions, which play an essential role
in arrhythmogenesis and maintenance of AF (Elayi et al., 2010).
Hence, it is important to identify AF ablation targets outside
the PV regions for the improved success of catheter-based
ablation therapy.

Several approaches, such as local activation maps, phase
maps, and dominant frequency (DF) maps (Pandit and Jalife,
2013), are commonly used to identify ablation target sites.
In our laboratory, we developed several novel techniques to
identify active sites of AF, especially outside the PV regions,
both in the frequency-domain [multiscale frequency (MSF)
(Arunachalam et al., 2016b)] and time-domain [multiscale
entropy (MSE) (Arunachalam et al., 2018) and kurtosis (Kt)
(Arunachalam et al., 2016a)]. All novel techniques have been
validated using optical mapping studies of ex vivo rabbit
hearts and have been established to accurately identify the
active sites or arrhythmias, such as pivot point of rotors in
experiments where rotors have been visually observed (Annoni
et al., 2018). These techniques were shown to be accurate under
some clinical limitations, such as reduced signal time duration
and decreased spatial resolution. It was also demonstrated
that the novel techniques could differentiate between the
intracardiac electrograms (iEGMs) recorded from patients
with successful and unsuccessful AF ablation (Ravikumar
et al., 2021). However, the use of individual approaches
fails to robustly identify electrically active spatial sites for
ablation (Ravikumar et al., 2021), and therefore, efforts on
developing combinatory approaches to identify the active AF
sites are needed.

In this study, we aimed to develop a similarity score by
combining the various iEGM analysis approaches (DF, MSF,
MSE, and Kt) based on an earth mover’s distance (EMD) method.
We further demonstrated that this similarity score can identify
active spatial sites of AF in patients with unsuccessful AF
termination, while no active sites of AF were present in patients
with successful AF termination.

MATERIALS AND METHODS

Patient Population and Clinical
Intracardiac Electrograms Data
All the patients (m = 8) had persistent AF and underwent
PV isolation (PVI) during ablation therapy. Successful PVI was
defined as the elimination or dissociation of all PV potentials
recorded. Complete isolation of PVs was achieved in all cases.
In patients whose rhythms were reorganized to atrial tachycardia
(AT) or atrial flutter, mapping and ablation of the tachycardia
were performed to restore sinus rhythm. In this study, successful
AF termination was defined as the acute termination of the
AF during PVI or after conversion into organized AT or atrial
flutter before conversion into sinus rhythm, either spontaneous
or with ablating the residual AT. In patients with unsuccessful AF
termination, a further cardioversion procedure was performed
to terminate AF, and therefore, unsuccessful AF termination was
defined in patients who underwent cardioversion to restore sinus
rhythm. The baseline characteristics of all patients are listed in
Supplementary Table 1.

Clinically recorded bipolar iEGMs (BiEGMs) were obtained
from the left atrium (LA) fromm = 8 patients, with prior approval
under the Institutional Review Board (IRB: STUDY00003128) of
the University of Minnesota. All experiments were performed
as per relevant guidelines and regulations, and the consent of
the patient was obtained before obtaining the data. Simultaneous
iEGM collection was carried out using the CARTO (Biosense
Webster, Irvine, CA, United States) system, which has a sensor
position accuracy of 0.8 mm and 5◦. BiEGMs were recorded with
a sample rate of 977 Hz and a duration of 5–15 s at different
spatial sites (N = 16–24) in each patient, using high-resolution
PentaRay catheters (Biosense Webster, Irvine, CA, United States).
A spatial site was defined as the unique placement of the
PentaRay catheter in the atria so that 10 BiEGMs were recorded
and individually analyzed from each spatial site. Furthermore,
the distribution of the metrics obtained from 10 BiEGMs in
each site for the various approaches was compared using the
EMD. Notably, 160–240 BiEGMs were recorded before the PVI
ablation procedure.

Three independent reviews were performed to identify the
noisy, low amplitude, and contact loss signals. BiEGMs with
extremely low amplitude, high noise corruption, loss of contact,
and low signal-to-noise ratio were removed, and only the good
signals were used for the retrospective analysis. BiEGMs were
then filtered with a third-order IIR Butterworth band-pass filter
3–15 Hz to maintain the frequency components of the recorded
signals in the physiological range.

Similarity Score Based on Earth Mover’s
Distance Method
To develop a similarity score, four different approaches that
were previously used in the literature for the BiEGM analysis,
namely, MSF (Arunachalam et al., 2016b), MSE (Arunachalam
et al., 2018), DF (Sanders et al., 2005), and Kt (Arunachalam
et al., 2016a), were used. More details of these techniques are
provided in Supplementary Table 2. We have chosen these
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techniques for the initial development of similarity scores since
they represent different characteristics of the BiEGM signals
such as frequency, information content, and amplitude-based
statistics. In this study, we have not examined the contribution of
each individual approach to the outcomes of similarity score and
therefore assigned equal weights to each approach. Furthermore,
the similarity score can be optimized based on various weighted
contributions from a different signal processing approaches.

The similarity score is based on the EMD approach (Rubner
et al., 2000) and compares the performance of pairs of different
individual techniques at various spatial sites in the atria of the
patient. A high similarity score indicates that the individual
techniques identified the same spatial site as the active site of AF.

The EMD is used to evaluate the similarity between two
multidimensional distributions and is based on a solution to the
well-known transportation problem (Rubner et al., 2000). First,
let P = {pn,1, pn,2, . . ., pn,J} and Q = {qn,1, qn,2, . . ., qn,J} be the
distributions of values from two different approaches for J = 10
BiEGMs, respectively, recorded at each site n. Second, we defined
the Euclidean distance-vector, containing the distance between
P and Q elements. Then, at each spatial site n, we calculated
EMDn (P, Q) as follows:

EMDn (P,Q) =

∑J
i = 1

∑J
j = 1 fijdij∑J

i = 1
∑J

j = 1 fij
(1)

where n = [1, 2, . . ., N] is spatial sites, fij is the flow rate between
elements pni and qnj, and dij is the distance between elements
pni and qnj. For example, using our recorded data from patient
1, we have N = 18 sites. Therefore, we obtained 18 values of
EMDn(P, Q). The value of EMD = 0.2 was considered as a
threshold for similarity, i.e., if two approaches have EMD < 0.2
(Ravikumar et al., 2018), they are similar, i.e., they have a strong
correlation. The threshold was selected based on the minimal
distances between the distributions. Furthermore, this threshold
indicates that matches have a similarity greater than 0.8 on a
scale of 0–1 for the minimal distances between the distributions
to be satisfied.

The EMD values were calculated for all approaches, and the
following pairs were calculated for all the patients at each spatial
site: (1) DF vs. MSF, (2) DF vs. MSE, (3) MSF vs. MSE, (4) DF
vs. Kt, (5) MSF vs. Kt, and (6) MSE vs. Kt. Then, at each spatial
site, the number of pairs satisfying the threshold requirements for
the EMD similarity index (EMD < 0.2) was computed, ranging
from 0 (no pair is above the threshold) to 6 (all pairs are above
the threshold). Finally, a similarity score of 0–3 was assigned to
each spatial site in every patient reflecting the number of pairs
above the threshold: 0 (no pairs), 1 (1–2 pairs), 2 (3–4 pairs), and
3 (5–6 pairs). A high similarity score of 3 indicates that all four
methods identify this specific spatial location as a potential site
for AF abnormal activity and subsequent ablation.

Three-Dimensional Reconstruction
Using VIEgram
A custom VIEgram software (Thakare et al., 2020) was used
to demonstrate the three-dimensional (3D) visualization of

individual approaches using BiEGMs collected from patients with
AF. A custom-built Python script was used for data extraction,
while data processing and 3D mapping were performed using
custom-built MATLAB (MathWorks, Natick, MA, United States)
scripts. The 3D images were constructed by superimposing the
individual measures on a 3D mesh of the LA, and the individual
approaches were correlated using the EMD approach.

Statistical Analysis
All the statistical analyses were performed using the MATLAB
(MathWorks, Natick, MA, United States) software. A statistical
Wilcoxon rank-sum test was performed for significance testing
to determine whether the individual techniques can differentiate
between the iEGMs recorded from patients with successful and
unsuccessful AF termination, with p < 0.05 being considered
as statistically significant. For categorical variables expressed as
number and percentage, a Fisher’s exact test was performed.

RESULTS

First, we aimed to demonstrate whether individual techniques
(MSF, MSE, DF, and Kt) can discriminate between patients with
successful and unsuccessful AF termination when applied to
BiEGMs. In Figure 1, the box plots of the MSF, MSE, DF, and
Kt values are shown for all patients with successful (m = 4)
and unsuccessful (m = 4) AF termination. Notably, all the
methods show statistical significance (p < 0.05) between the
two groups of patients, suggesting the successful discrimination
based on all BiEGMs.

To further demonstrate the performance of the BiEGM
analysis approaches in identifying active sites of AF, the 3D
visualization of individual approaches was performed using
the custom-made VIEgram software. Figures 2, 3 show the
representative examples of 3D maps of DF, MSF, MSE, and Kt
obtained via VIEgram software for patients with unsuccessful and
successful AF termination, respectively. The atria are visualized
to show the left superior PV (LSPV) and the left inferior PV
(LIPV). The corresponding example of a BiEGM signal from
a single electrode (#) is also shown along with the individual
DF, MSF, MSE, and Kt values from this recording. Notably, the
visual inspection of spatial similarity between all four approaches
does not suggest any correlation between the techniques both
in a patient with unsuccessful and successful AF termination.
Therefore, individual approaches alone cannot correctly identify
the active sites of AF that should only be present in patients with
unsuccessful AF termination.

To improve the performance of the various BiEGM analysis
techniques for the identification of active AF sites, a similarity
score was developed based on EMD to quantify the correlation
between various pairs of the techniques at each spatial site. In
Figures 4, 5, the representative examples of the EMD values
calculated for different pairs of approaches at different spatial
sites are shown for patients with unsuccessful and successful
AF termination, respectively. The gray shaded area indicates
the regions with EMD < 0.2, where all pairs are strongly
correlated, and therefore, the similarity score is high. As indicated
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FIGURE 1 | Performance of the different approaches, such as dominant frequency (DF), multiscale frequency (MSF), multiscale entropy (MSE), and kurtosis (Kt), that
were applied to the bipolar intracardiac electrogram (BiEGM) analysis from patients with successful (m = 4) and unsuccessful (m = 4) atrial fibrillation (AF) termination.
Asterisk indicates statistical significance with p < 0.05.

FIGURE 2 | The three-dimensional (3D) visualization of the individual approaches (DF, MSF, MSE, and Kt) generated using VIEgram software for a specific
unsuccessful AF termination patient P1. Sample of BiEGM recorded from the left superior pulmonary vein (LSPV) (#) is shown along with individual DF, MSF, MSE,
and Kt values.
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FIGURE 3 | The 3D visualization of the individual approaches (DF, MSF, MSE, and Kt) generated using VIEgram software for a specific successful AF termination
patient P8. Sample of BiEGM recorded from LSPV (#) is shown along with individual DF, MSF, MSE, and Kt values.

FIGURE 4 | Earth mover’s distance (EMD) values calculated for the different pairs of approaches (DF, MSF, MSE, and Kt) in an unsuccessful AF termination patient
P1. The gray area indicates the region where the correlation between the pairs is high (EMD < 0.2).

in Figures 4, 5, different techniques have a different degree of
correlation with each other, and the degree of correlation is
also different depending on the spatial site. We hypothesized
that the spatial sites in which at least 5 pairs of the techniques
are correlated, i.e., with a high similarity score of 3, might be
associated with active AF sites.

The correlation data from Figures 4, 5 are summarized in
Table 1 (patient P1 with unsuccessful AF termination) and
Table 2 (patient P8 with successful AF termination), respectively,
where the EMD values below (orange) and above (gray) the
threshold (EMD = 0.2) are shown for all the spatial sites. Notably,
in patient P1 with unsuccessful AF termination, there are three
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FIGURE 5 | Earth mover’s distance (EMD) values calculated for the different pairs of approaches (DF, MSF, MSE, and Kt) in a successful AF termination patient P8.
The gray area indicates the region where the correlation between the pairs is high (EMD < 0.2).

spatial sites (# 3, 8, and 14, red color) in which the similarity
score is high (=3). Such a high similarity score indicates that at
least 5 pairs of different approaches are correlated in these sites,
suggesting the presence of active AF drivers, which most probably
were not properly targeted during the AF ablation procedure.
However, the absence of such red sites with a high similarity
score in a patient with successful AF termination (Table 2) was
noted, indicating that all active sites were appropriately targeted
during the AF ablation procedure. Similar tables for all remaining
patients are present in Supplementary Tables 3–8.

In Figures 6, 7, the similarity scores for different spatial sites
are shown for all patients with unsuccessful (m = 4) and successful
(m = 4) AF termination, respectively. Notably, the spatial sites
with high similarity scores (=3, red) are only identified in patients
with unsuccessful AF termination, suggesting that these sites can
be the active AF sites and potential AF ablation targets. The sites
were distributed among the different regions of the heart, namely,
LA appendage, lateral wall, roof wall, posterior wall, inferior wall,
septal wall, LSPV, and LIPV.

DISCUSSION

Some recent studies indicated that a PV isolation alone could
be a strategy for catheter ablation in patients with paroxysmal
AF, while recurrence is not fully prevented (Sawhney et al.,
2009; Ouyang et al., 2010; Chao et al., 2012). However, other
studies suggested the need for mapping-specific ablation therapy
in patients with persistent AF when active AF sites are outside

of the PV regions (Barbhayia et al., 2015; Seitz et al., 2017). For
instance, it has been shown that EGM dispersion occurs in the
vicinity of AF drivers, and this dispersion is present both near
and outside the PV regions. Therefore, it is important to develop
new techniques for identifying AF substrates outside the vicinity
of the PV regions and potentially improving the success rates
of the catheter ablation procedure. Several studies demonstrated
the successful identification of AF driver by the phase mapping
of simultaneous recordings using a basket catheter (Narayan
et al., 2012) and a noninvasive array of body surface electrodes
(Haissaguerre et al., 2013). It was also demonstrated in the study
by Roney et al. (2017) that spatial resolution is essential in
identifying the AF reentrant activity. But the reported success
rates using these guided strategies for patients with persistent
AF remained inconclusive and ranged from 19 to 77% (Narayan
et al., 2014; Miller et al., 2017; Mohanty et al., 2018).

Recently, our laboratory developed and validated the novel
iEGM analysis techniques, such as MSF (Arunachalam et al.,
2016b), MSE (Arunachalam et al., 2018), and Kt (Arunachalam
et al., 2016a), to identify the sites with abnormal AF activity
that can be a potential target for AF ablation. Furthermore, we
demonstrated the feasibility of these techniques in identifying
the active sites of arrhythmia under clinical limitations,
with acceptable levels of specificities and sensitivities using
numerically simulated iEGMs (Ravikumar et al., 2021). Multiple
other studies have analyzed other signal processing-based
ablation techniques (Lin et al., 2010; Okumura et al., 2011;
Kumagai et al., 2013; Atienza et al., 2014) built on the DF- and
PVI-based strategies. This study shows that the performance of
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TABLE 1 | Earth mover’s distance (EMD) correlation between different pairs of approaches for various spatial sites of a representative patient P1 with unsuccessful atrial
fibrillation (AF) termination (from Figures 1, 3).

Spatial Sites 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Pairs

DF-MSF

MSE-Kurt

MSF-MSE

DF-MSE

MSF-Kurt

DF-Kurt

EMD < 0.2

EMD > 0.2

High/low correlation with respect to the threshold value of EMD = 0.2 is indicated by the orange/gray color. Red spatial sites indicate active AF sites with a similarity score
>3, indicating that at least 5 pairs are highly correlated.

TABLE 2 | Earth mover’s distance correlation between different pairs of approaches for various spatial sites of a representative patient P8 with successful AF termination
(from Figures 2, 4).

Spatial Sites 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Pairs

DF-MSF

MSE-Kurt

MSF-MSE

DF-MSE

MSF-Kurt

DF-Kurt

EMD < 0.2

EMD > 0.2

High/low correlation with respect to the threshold value of EMD = 0.2 is indicated by the orange/gray color. Red spatial sites indicate active AF sites with a similarity score
>3, indicating that at least 5 pairs are highly correlated.

FIGURE 6 | Similarity scores calculated at different spatial sites in m = 4 patients with unsuccessful AF termination. Notably, the presence of several spatial sites
(potential active AF sites) with a high similarity score (3, red) in all the patients.
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FIGURE 7 | Similarity scores calculated at different spatial sites in m = 4 patients with successful AF termination. Notably, the absence of active AF sites with a high
similarity score (3).

individual techniques alone is insufficient in identifying the active
AF spatial sites (Figures 1, 2). To overcome this, we developed a
similarity score that can help identify the active AF spatial sites
by a combination of multiple methods.

We developed a similarity score that can bring together
various signal processing approaches and successfully identify
active AF sites based on the correlation between all the
approaches. In this study, we demonstrated the performance
of the similarity score based on four approaches, namely, MSF,
MSE, DF, and Kt, to identify abnormal electrical sites in patients
with unsuccessful AF termination. However, the similarity
score might be extended and optimized by incorporating other
iEGM analysis approaches and/or by combining a different
number of approaches.

In this study, we have used a custom 3D visualization
software previously developed (VIEgram) to perform a visual
inspection of clinically recorded iEGMs and implement the
previously developed novel iEGM analysis techniques (DF, MSF,
MSE, and Kt). The recorded sites were distributed in these
anatomical regions of the atria, LA appendage, lateral wall, roof
wall, posterior wall, inferior wall, septal wall, LSPV, and LIPV.
It was observed that the use of these individual approaches
fails to robustly identify spatial sites for ablation; the 3D
representations of individual methods among the same patients
are visually not similar in the distribution of the metrics, thus
increasing the difficulty and time consumed to interpret the
different approaches at the same time, especially in patients
with unsuccessful AF termination. To overcome this, in this
study, we have developed a similarity score that combines

all the individual approaches to provide the identification of
the active AF site.

Limitations
There are several limitations to our study. First, we have
performed only a retrospective analysis of the BiEGMs recorded
from a small cohort of patients (m = 8) with persistent AF,
using a newly developed similarity score. While there is a clear
difference in similarity scores between patients with successful
and unsuccessful AF ablation, we could only suggest that this
method pointed out the active sites of AF. However, to directly
demonstrate that these active sites are, in fact, affecting AF
ablation outcomes, a prospective study in a cohort of larger
patients has to be designed.

Successful AF ablation is defined as the absence of recurrence
in AF episodes longer than 30 s in the long-term follow-ups
ranging from 3 months to 1 year (Calkins et al., 2007), i.e., the
recurrence of the first AF episode, or any atrial tachyarrhythmia
post-ablation is perceived as a failure. In this study, the
primary procedural endpoint for a successful termination was
the termination of AF without electrical cardioversion. The
successful termination of AF was defined as the conversion
of AF into sinus rhythm by ablation and without electrical
cardioversion. The acute success of the procedure was considered
as the endpoint in this study. The long-term success of the
ablation procedure was not the primary focus of this study
but rather the acute success of the ablation procedure in the
termination of the AF rhythms.
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In this retrospective study, the BiEGMs were only from the
LA and were distributed in the following anatomical regions of
the atria: LA appendage, lateral wall, roof wall, posterior wall,
inferior wall, septal wall, LSPV, and LIPV. However, the exact
location of the spatial sites could not be identified due to the
limitation of the data. All the approaches used in this study
identify the AF activity present on the endocardial surfaces but
do not identify intramural abnormal electrical activities. In the
future, a prospective clinical study needs to be performed to
validate the performance of the proposed similarity score and
improve and add more approaches to make it more robust.

In this study, we have not examined the contribution of each
feature but assigned equal weights. In the future, we need to
determine the contribution of the various methods individually,
also add more methods, and then optimize their contributions
toward a final similarity score through a weighted sum approach.
A larger data will be needed for this approach.

In this study, all the iEGMs were between the durations of
5–15 s. We have shown previously that the individual approaches
are robust under reduced time durations (Annoni et al., 2018;
Arunachalam et al., 2018), and therefore, we did not expect
any significant impact of different time series duration of our
results. With respect to spatial samples, the EMD is applied to
the measures from the individual approaches at each spatial site
and, therefore, will have no significant impact on the scores. In
this study, the influence of the duration of the iEGM recordings
on the similarity score was not studied.

CONCLUSION

In this retrospective study, we investigated the performance
of individual BiEGM analysis approaches (DF, MSF, Kt, and
MSE) and newly developed similarity scores to identify potential,
abnormal, electrically active sites in patients with previously
unsuccessful AF termination. The major findings of this study are
as follows: (1) individual approaches can discriminate between
patients with successful and unsuccessful AF termination but
fail to robustly identify spatial sites with active AF drivers, (2) a
novel EMD-based similarity score was developed and validated
to identify the active AF sites in patients with unsuccessful AF
termination, and (3) there was no single common region in the

atria associated with active AF sites in patients with unsuccessful
AF termination, thus indicating the need for patient-specific
mapping and ablation therapy.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the University of Minnesota’s Institutional
Review Board (IRB: STUDY00003128). The patients provided
written informed consent for ablation and data collection for
research purposes.

AUTHOR CONTRIBUTIONS

EGT, HR, and VR contributed to conceptualization. EGT and
VR contributed to methodology. VR, ST, and XK contributed to
software and scripts. VR contributed to validation and writing –
original draft preparation. VR and ST contributed to formal
analysis. VR, ST, XK, HR, and EGT contributed to writing –
review and editing. ET contributed to supervision, project
administration, and funding acquisition. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was funded by UMN MNP #21.30 (EGT) and National
Institute of Health R01 HL104025 and R01 HL106592.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.767190/full#supplementary-material

REFERENCES
Annoni, E. M., Arunachalam, S. P., Kapa, S., Mulpuru, S. K., Friedman,

P. A., and Tolkacheva, E. G. (2018). Novel quantitative analytical
approaches for rotor identification and associated implications for
mapping. IEEE Trans. Biomed. Eng. 65, 273–281. doi: 10.1109/TBME.2017.
2763460

Arunachalam, S. P., Annoni, E. M., Mulpuru, S. K., Friedman, P. A., and
Tolkacheva, E. G. (2016a). “Kurtosis as a statistical approach to identify the
pivot point of the rotor,” in Proceedings of the Annual International Conference
of the IEEE Engineering in Medicine and Biology Society, Piscataway: IEEE.
497–500. doi: 10.1109/EMBC.2016.7590748

Arunachalam, S. P., Annoni, E. M., Mulpuru, S. K., Friedman, P. A., and
Tolkacheva, E. G. (2016b). Novel multiscale frequency approach to identify
the pivot point of the Rotor 1. J. Med. Device. 10:020948. doi: 10.1115/1.
4033148

Arunachalam, S. P., Kapa, S., Mulpuru, S. K., Friedman, P. A., and Tolkacheva, E. G.
(2018). Improved multiscale entropy technique with nearest-neighbor moving-
average kernel for nonlinear and nonstationary short-time biomedical signal
analysis. J. Healthc. Eng. 2018:8632436.

Atienza, F., Almendral, J., Ormaetxe, J. M., Moya, A., Martínez-Alday, J. D.,
Hernández-Madrid, A., et al. (2014). Comparison of radiofrequency catheter
ablation of drivers and circumferential pulmonary vein isolation in atrial
fibrillation: a noninferiority randomized multicenter RADAR-AF Trial. J. Am.
Coll. Cardiol. 64, 2455–2467. doi: 10.1016/J.JACC.2014.09.053

Barbhayia, C. R., Kumar, S., and Michaud, G. F. (2015). Mapping atrial fibrillation:
2015 update. J. Atr. Fibrillation 8:1227. doi: 10.4022/JAFIB.1227

Calkins, H., Brugada, J., Packer, D. L., Cappato, R., Chen, S.-A., Crijns, H. J. G.,
et al. (2007). HRS/EHRA/ECAS expert consensus statement on catheter and
surgical ablation of atrial fibrillation: recommendations for personnel, policy,
procedures and Follow-UpA report of the Heart Rhythm Society (HRS)
task force on catheter and surgical ablation of atrial fibrillation developed

Frontiers in Physiology | www.frontiersin.org 9 January 2022 | Volume 12 | Article 767190

https://www.frontiersin.org/articles/10.3389/fphys.2021.767190/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.767190/full#supplementary-material
https://doi.org/10.1109/TBME.2017.2763460
https://doi.org/10.1109/TBME.2017.2763460
https://doi.org/10.1109/EMBC.2016.7590748
https://doi.org/10.1115/1.4033148
https://doi.org/10.1115/1.4033148
https://doi.org/10.1016/J.JACC.2014.09.053
https://doi.org/10.4022/JAFIB.1227
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-767190 January 13, 2022 Time: 17:3 # 10

Ravikumar et al. Similarity Score for Active Sites of AF

in partnership with the european heart rhythm association (ehra) and the
european cardiac arrhythmia society (ECAS); in collaboration with the
American College of Cardiology (ACC), American Heart Association (AHA).
Europace. 9, 335–379. doi: 10.1093/EUROPACE/EUM120

Chao, T. F., Tsao, H. M., Lin, Y. J., Tsai, C. F., Lin, W. S., Chang, S. L., et al. (2012).
Clinical outcome of catheter ablation in patients with nonparoxysmal atrial
fibrillation results of 3-year follow-up. Circ. Arrhyth. Electrophysiol. 5, 514–520.
doi: 10.1161/CIRCEP.111.968032

Colilla, S., Crow, A., Petkun, W., Singer, D. E., Simon, T., and Liu,
X. (2013). Estimates of current and future incidence and prevalence
of atrial fibrillation in the U.S. adult population. Am. J. Cardiol. 112,
1142–1147.

Elayi, C. S., Di Biase, L., Barrett, C., Ching, C. K., Aly, M., Al Lucciola, M., et al.
(2010). Atrial fibrillation termination as a procedural endpoint during ablation
in long-standing persistent atrial fibrillation. Hear. Rhythm 7, 1216–1223. doi:
10.1016/J.HRTHM.2010.01.038

Go, A. S., Hylek, E. M., Phillips, K. A., Chang, Y., Henault, L. E., Selby, J. V.,
et al. (2001). Prevalence of diagnosed atrial fibrillation in adults. Jama 285:2370.
doi: 10.1001/jama.285.18.2370

Haissaguerre, M., Hocini, M., Shah, A. J., Derval, N., Sacher, F., Jais, P., et al. (2013).
Noninvasive panoramic mapping of human atrial fibrillation mechanisms: a
feasibility report. J. Cardiovasc. Electrophysiol. 24, 711–717. doi: 10.1111/jce.
12075

Jaïs, P., Cauchemez, B., Macle, L., Daoud, E., Khairy, P., Subbiah, R., et al.
(2008). Catheter ablation versus antiarrhythmic drugs for atrial fibrillation: The
A4 study. Circulation 118, 2498–2505. doi: 10.1161/CIRCULATIONAHA.108.
772582

Kumagai, K., Sakamoto, T., Nakamura, K., Nishiuchi, S., Hayano, M., Hayashi,
T., et al. (2013). Combined dominant frequency and complex fractionated
atrial electrogram ablation after circumferential pulmonary vein isolation of
atrial fibrillation. J. Cardiovasc. Electrophysiol. 24, 975–983. doi: 10.1111/JCE.
12166

Lin, Y. J., Tsao, H. M., Chang, S. L., Lo, L. W., Hu, Y. F., Chang, C. J., et al. (2010).
Role of high dominant frequency sites in nonparoxysmal atrial fibrillation
patients: insights from high-density frequency and fractionation mapping.
Hear. Rhythm 7, 1255–1262. doi: 10.1016/J.HRTHM.2010.06.019

Miller, J. M., Kalra, V., Das, M. K., Jain, R., Garlie, J. B., Brewster, J. A., et al.
(2017). Clinical benefit of ablating localized sources for human atrial fibrillation:
the indiana university FIRM registry. J. Am. Coll. Cardiol. 69, 1247–1256. doi:
10.1016/j.jacc.2016.11.079

Miyasaka, Y., Barnes, M. E., Gersh, B. J., Cha, S. S., Bailey, K. R., Abhayaratna,
W. P., et al. (2006). Secular trends in incidence of atrial fibrillation in Olmsted
County. Minnesota, 1980 to 2000, and implications on the projections for future
prevalence. Circulation 114, 119–125. doi: 10.1161/CIRCULATIONAHA.105.
595140

Mohanty, S., Mohanty, P., Trivedi, C., Gianni, C., Della Rocca, D. G., Di Biase, L.,
et al. (2018). Long-term outcome of pulmonary vein isolation with and without
focal impulse and rotor modulation mapping: Insights from a meta-analysis.
Circ. Arrhythmia Electrophysiol. 11:5789. doi: 10.1161/CIRCEP.117.005789

Munger, T. M., Wu, L. Q., Shen, W. K. (2014). Atrial fibrillation. J. Biomed. Res. 28,
1–17. doi: 10.7555/JBR.28.20130191

Narayan, S. M., Baykaner, T., Clopton, P., Schricker, A., Lalani, G. G., Krummen,
D. E., et al. (2014). Ablation of rotor and focal sources reduces late recurrence
of atrial fibrillation compared with trigger ablation alone: extended follow-up of
the CONFIRM trial (conventional ablation for atrial fibrillation with or without
focal impulse and rotor modulation). J. Am. Coll. Cardiol. 63, 1761–1768. doi:
10.1016/j.jacc.2014.02.543

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

Okumura, Y., Watanabe, I., Kofune, M., Nagashima, K., Sonoda, K., Mano, H.,
et al. (2011). Characteristics and distribution of complex fractionated atrial
electrograms and the dominant frequency during atrial fibrillation: relationship
to the response and outcome of circumferential pulmonary vein isolation.
J. Interv. Card. Electrophysiol. 343, 267–275. doi: 10.1007/S10840-011-9637-2

Ouyang, F., Tilz, R., Chun, J., Schmidt, B., Wissner, E., Zerm, T., et al.
(2010). Long-term results of catheter ablation in paroxysmal atrial fibrillation:
Lessons from a 5-year follow-up. Circulation 122, 2368–2377. doi: 10.1161/
CIRCULATIONAHA.110.946806

Pandit, S. V., and Jalife, J. (2013). Rotors and the dynamics of cardiac fibrillation.
Circ. Res. 112, 849–862. doi: 10.1161/CIRCRESAHA.111.300158

Ravikumar, V., Annoni, E. M., Mulpuru, S. K., Roukoz, H., and Tolkacheva, E. G.
(2018). “Evaluation of multiscale frequency approach for visualizing rotors
in patients with atrial fibrillation,” in Proceedings of the Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, Piscataway:
IEEE. 5986–5989. doi: 10.1109/EMBC.2018.8513684

Ravikumar, V., Annoni, E., Parthiban, P., Zlochiver, S., Roukoz, H., Mulpuru, S. K.,
et al. (2021). Novel mapping techniques for rotor core detection using simulated
intracardiac electrograms. J. Cardiovasc. Electrophysiol. 32, 1268–1280. doi:
10.1111/JCE.14948

Roney, C. H., Cantwell, C. D., Bayer, J. D., Qureshi, N. A., Lim, P. B., Tweedy,
J. H., et al. (2017). Spatial resolution requirements for accurate identification
of drivers of atrial fibrillation. Circ. Arrhythmia Electrophysiol. 10:4899. doi:
10.1161/CIRCEP.116.004899

Rubner, Y., Tomasi, C., and Guibas, L. J. (2000). The earth mover’s distance as
a metric for image retrieval. Int. J. Comput. Vis. 402, 99–121. doi: 10.1023/A:
1026543900054

Sanders, P., Berenfeld, O., Hocini, M., Jaïs, P., Vaidyanathan, R., Hsu, L. F.,
et al. (2005). Spectral analysis identifies sites of high-frequency activity
maintaining atrial fibrillation in humans. Circulation 112, 789–797. doi: 10.
1161/CIRCULATIONAHA.104.517011

Sawhney, N., Anousheh, R., Chen, W. C., Narayan, S., and Feld, G. K. (2009).
Five-Year outcomes after segmental pulmonary vein isolation for paroxysmal
atrial fibrillation. Am. J. Cardiol. 104, 366–372. doi: 10.1016/J.AMJCARD.2009.
03.044

Seitz, J., Bars, C., Théodore, G., Beurtheret, S., Lellouche, N., Bremondy,
M., et al. (2017). AF ablation guided by spatiotemporal electrogram
dispersion without pulmonary vein isolation: a wholly patient-tailored
approach. J. Am. Coll. Cardiol. 69, 303–321. doi: 10.1016/J.JACC.2016.
10.065

Thakare, S., Mulpuru, S. K., Roukoz, H., and Tolkacheva, E. G. (2020). “VIEgram -
Analysis and Visualization of Intracardiac Electrograms on Patient-Specific 3D
Atria Model,” in Proceedings of the Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Piscataway: IEEE, 2606–2609.
doi: 10.1109/EMBC44109.2020.9175917

Wazni, O. M., Marrouche, N. F., Martin, D. O., Verma, A., Bhargava, M., Saliba,
W., et al. (2005). Radiofrequency ablation vs antiarrhythmic drugs as first-
line treatment of symptomatic atrial fibrillation: a randomized trial. JAMA 293,
2634–2640. doi: 10.1001/JAMA.293.21.2634

Wilber, D. J., Pappone, C., Neuzil, P., De Paola, A., Marchlinski, F.,
Natale, A., et al. (2010). Comparison of antiarrhythmic drug therapy and
radiofrequency catheter ablation in patients with paroxysmal atrial fibrillation:
a randomized controlled trial. JAMA 303, 333–340. doi: 10.1001/JAMA.2009.
2029

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ravikumar, Thakare, Kong, Roukoz and Tolkacheva. 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) and the copyright owner(s) 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 10 January 2022 | Volume 12 | Article 767190

https://doi.org/10.1093/EUROPACE/EUM120
https://doi.org/10.1161/CIRCEP.111.968032
https://doi.org/10.1016/J.HRTHM.2010.01.038
https://doi.org/10.1016/J.HRTHM.2010.01.038
https://doi.org/10.1001/jama.285.18.2370
https://doi.org/10.1111/jce.12075
https://doi.org/10.1111/jce.12075
https://doi.org/10.1161/CIRCULATIONAHA.108.772582
https://doi.org/10.1161/CIRCULATIONAHA.108.772582
https://doi.org/10.1111/JCE.12166
https://doi.org/10.1111/JCE.12166
https://doi.org/10.1016/J.HRTHM.2010.06.019
https://doi.org/10.1016/j.jacc.2016.11.079
https://doi.org/10.1016/j.jacc.2016.11.079
https://doi.org/10.1161/CIRCULATIONAHA.105.595140
https://doi.org/10.1161/CIRCULATIONAHA.105.595140
https://doi.org/10.1161/CIRCEP.117.005789
https://doi.org/10.7555/JBR.28.20130191
https://doi.org/10.1016/j.jacc.2014.02.543
https://doi.org/10.1016/j.jacc.2014.02.543
https://doi.org/10.1016/j.jacc.2012.05.022
https://doi.org/10.1007/S10840-011-9637-2
https://doi.org/10.1161/CIRCULATIONAHA.110.946806
https://doi.org/10.1161/CIRCULATIONAHA.110.946806
https://doi.org/10.1161/CIRCRESAHA.111.300158
https://doi.org/10.1109/EMBC.2018.8513684
https://doi.org/10.1111/JCE.14948
https://doi.org/10.1111/JCE.14948
https://doi.org/10.1161/CIRCEP.116.004899
https://doi.org/10.1161/CIRCEP.116.004899
https://doi.org/10.1023/A:1026543900054
https://doi.org/10.1023/A:1026543900054
https://doi.org/10.1161/CIRCULATIONAHA.104.517011
https://doi.org/10.1161/CIRCULATIONAHA.104.517011
https://doi.org/10.1016/J.AMJCARD.2009.03.044
https://doi.org/10.1016/J.AMJCARD.2009.03.044
https://doi.org/10.1016/J.JACC.2016.10.065
https://doi.org/10.1016/J.JACC.2016.10.065
https://doi.org/10.1109/EMBC44109.2020.9175917
https://doi.org/10.1001/JAMA.293.21.2634
https://doi.org/10.1001/JAMA.2009.2029
https://doi.org/10.1001/JAMA.2009.2029
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/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Similarity Score for the Identification of Active Sites in Patients With Atrial Fibrillation
	Introduction
	Materials and Methods
	Patient Population and Clinical Intracardiac Electrograms Data
	Similarity Score Based on Earth Mover's Distance Method
	Three-Dimensional Reconstruction Using VIEgram
	Statistical Analysis

	Results
	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


