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Abstract

Identifying ablation targets in persistent atrial fibrillation
(PersAF) remains challenging. This study aims to
investigate the spatiotemporal stability of PersAF drivers
within 5 min recordings of virtual atrial electrograms
(VEGMs). 2048-channel VEGMs (EnSite Array, Abbott)
were analysed for 5 patients undergoing substrate-guided
ablation.  Following QRST subtraction, dominant
frequency (DF, 4-10 Hz) and organization index (OI) were
identified using fast Fourier transform (4 s windows; 50%
overlap). Areas with DF within 0.25 Hz below or equal the
maximum out of the 2048 points were defined as the
highest DF (HDF). Stable DF's (SDF’s) were defined as DF
patterns with the highest recurrence over consecutive time
windows. Rotors were defined as phase singularities (PSs)
with 2100 ms. The 5 min VEGMs were divided into
segments of 30, 60, 90, and 120 s. 2D correlation
coefficients (CORR) was used to measure the similarity
among maps (SDFs, DF selected by OI>0.3, HDF and
Rotors) at different time segments. DF (OI>0.3) density
maps were found to have the highest level of similarity over
time, followed by Rotors, HDF, and SDFs. DF (OI>0.3)
are the most spatially overlapped regions with the SDF’s
sites. Similarity and spatial overlapping of individual
density maps increased with longer segments. There is
spatial overlapping between PersAF drivers density maps,
therefore investigate regions of overlapping might lead to
better identification of substrate targets ablation for
PersAF.

1. Introduction.

The mechanisms driving and sustaining atrial fibrillation
(AF) remain incompletely understood. However, there are
different ablation concepts associated with the mechanism
of initiation and the maintenance of AF [1]. It is
noteworthy that pulmonary vein isolation (PVI) ablation
remains the foundation of ablation of paroxysmal AF
(PAF). Nevertheless, for persistent AF (PersAF) patients,
PVI alone is not so effective, and repeat procedures often

need to be performed [1]. Therefore, non-PV ablation
including linear ablation, complex fractionated atrial
electrograms (CFAEs) [2], and focal impulse and rotor
modulation (FIRM) [3] targeted ablation is frequently
employed. However, none of the above is deemed to be
effective at eliminating AF consistently [4]. Interestingly,
recent studies have established successful driver
identification in the course of mapping PersAF in humans
[5, 8]. Frequent electrical activity has been suggested as a
pivotal characteristic of PersAF drivers. Therefore, high
frequency at a specific site during AF could be considered
candidates for PersAF drivers [9]. For this reason, areas of
high dominant frequency (HDF) have been suggested as
important targets for ablation [10]. Also, DF patterns
(DFPs) with the highest recurrence provide an insight into
PersAF dynamic behaviour, therefore targeting such
sources might result in improvements to the catheter
ablation outcomes [11]. Likewise, a higher organization
index (OI) of virtual atrial electrograms (VEGMs) is an
indication of the dominance of the DF peak within its
spectrum, thus such a region is associated with clinically
relevant AF sources [12]. Furthermore, phase singularity
(PS) analysis has been employed in several clinical centres
to suggest areas of rotational activity, “rotors” and regions
of high rotational content are ablated [7, 13]. However,
there is conflicting evidence on the spatiotemporal stability
of such PersAF drivers [10, 14].

This study aims to investigate the spatiotemporal
stability of PersAF drivers within 5 min recordings of
virtual atrial electrograms (VEGMs).

2. Materials and Methods.
2.1 Electrophysiological study.

In this study, five patients underwent a novel global
simultaneous stable DFs targeting protocol for first-time
substrate-guided catheter ablation guided by three-
dimensional (3D) Non-contact mapping (NCM), using a
multi-electrode array catheter (MEA) (EnSite Array,
Abbott). Ethics approval to conduct the study was obtained



from the local ethics committee and all procedures were
performed with informed consent.

Left atrial (LA) dimensional (3D) electro-anatomical
mapping (EAM) was performed on each of the patients.
Comprehensive atrial geometries were reconstructed using
EAM software (EnSite, Abbott) utilizing the ablation
catheter. Anatomical landmarks comprising PV Ostia, left
atrial appendage (LAA), roof, septum, anterior, PVs, and
mitral valve (MV) annulus were identified and marked.
Once the mapping was completed, the array remained in a
position to avoid any distortion of the reconstructed
isopotential maps. Furthermore, 5 minutes of AF signals
were recorded employing non-contact arrays (NCAs). A
90-second data segment and 2048 node geometry were
transferred into MATLAB from the LA array and target
stable DFs areas were detected and subsequently ablated.
A post-procedure recording was obtained for up to 5
minutes of VEGMs signals.

2.3 Data Processing

The VEGMs (2048 channels) data were extracted with
the EnSite default band-pass filter set between 1 and 150
Hz. No further filtering was applied to the signals to
preserve signal integrity and low-frequency components.
The VEGMs were sampled at 2034.5 Hz for offline
analysis using MATLAB (R2018b, USA). The VEGMs
were resampled at 512 Hz using cubic spline interpolation
to reduce processing time. Ventricular far-field activity
was removed from the recorded VEGMs using a QRST
subtraction technique previously described [15].

2.4 Identification of potential PersAF drivers.

After carrying out ventricular cancellation of the
VEGMs, using Fast Fourier Transform (FFT) with a
Hamming window DF and OI (DF, 4 -10 Hz, within 4 s
windows; and 50% overlap between each sequential
window) were identified. However, just DF selected by a
certain threshold of OI (set at 0.3 [16]): were identified and
considered (DF > 0.3 OI). Areas with DF within 0.25 Hz
of the absolute maximum out of the 2048 points were
defined as the highest DF (HDF). Stable DFs (SDFs) were
defined as DF patterns with the highest recurrence over
consecutive time windows [11], however, for phase
analysis, Hilbert transform was used to generate an
analytical signal from which the instantaneous phase of the
VEGMs was obtained. Subsequently, the Phase
Singularities points (PSs) were identified and detected
using the topologic charge technique (TCT), as described
in [17]. Rotors were defined as PSs which last for at least
100 ms [18].

The 5 min segments of VEGMs were divided into
shorter records of 30, 60, 90, and 120 s. Similarity index
2D correlation coefficients (CORR) was used to measure
the similarity among 2D density maps for (DF > 0.3 O],
Rotors, HDF, and SDFs). Figure 1A illustrates the 2D
density maps generated to assess the spatiotemporal

stability of the selected PersAF drivers. The 2D density
maps within each group of 30, 60, 90, and 120 s were
compared against each other in relation to the consecutive
density map within 300 s of the VEGMs segments as
described in the diagram of correlation coefficients
comparison steps figure 1 B.
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Figure 1(A), A: 3D left atrial geometry generated using EnSite
non-contacting mapping system. B; describe the QRST
subtraction of VEGMs using one ECG lead as reference. C:
illustration of the FFT and DF detection: power spectrum of
VEGMs with the annotated DF and OI. (Modified from [11]). (B)
Diagram of correlation coefficients comparison steps: the SDFs
density maps were used to describe the comparison steps; the 300
s of VEGMs were divided into four groups of 30, 60, 90, and 120
s, ending up with ten density maps for 30 s time duration, five for
the 60 s, three for 90 s, and two density maps for the 120 s
segment. The comparison was carried out by comparing the first
density map of each group to consecutive density maps within the
same group and so on so forth, until covering the whole 300 s of
VEGMs.

3. Results and Discussions.

3.1 Temporal stability of PersAF drivers.

Figure 2B illustrates the mean of the similarity index for
all patients. The results showed that DF (OI>0.3) and
Rotors density maps have the highest level of similarity
over time, thereby higher temporal stability, followed by
HDF and SDFs respectively (table 1).

Table 1: The result of CORR similarity index for all patients

CORR (Mean + SD %)
30s 60s 90s 120s
DF>030I 28+04 3903 46 +0.3 56 +0.1
Rotors 24+0.4 36+0.1 49+0.1 554+0.2
HDF 17+0.6  30+0.2 31 +0.1 33 +0.4
SDFs 13£0.2 16+0.6 12+0.3 19+0.1

Figure 2 A suggests that the locations of the dense regions



in DF (OI>0.3), Rotors, and also HDF density maps
appeared to remain consistent over consecutive time
segments of 300 s of the VEGMs in the all-time duration
segments analysed, therefore, these consistent locations of
the dense regions could be indicative of stable drivers of
PersAF. Whereas, the SDFs results were less stable over
300 s of VEGM recordings. Our finding in relation to the
spatiotemporal of PersAF drivers, supports the fact that the
concept of ablating single AF driver ablation at the time,
for instance, FIRM or CFAEs, should be advocated.
Therefore, combining the PersAF drivers ablation strategy
might result in improvements to the clinical outcomes for
catheter ablation for PersAF. From the results in Figure 2C,
it is clear that for all PersAF drivers tested, as time duration
increases the similarity among the density maps increases
too (Mean £ SD %, the 30s: 21.2 % +0.7, 60s: 31.5 % =+
0.5, 90s: 32.8 % +0.1, 120s: 45 % =£0.1). Thus, temporal
stability improves. As the processing time required to
produce the density map increases with duration of the data
records, reducing the duration of the segments is desirable.
Our results suggest that using non-contact VEGMs, 60 s
segment seems to be sufficient to identify important
PersAF drivers in PersAF patients.

Figure 2(A), Illustrates the results of 2D density maps of the first
two consecutive time segments of the PersAF drivers (DF > 0.3
OI, Rotors, HDF, and SDFs) for one patient, where each row
represents the time duration segment of 30, 60, 90, and 120 s. (B)
Mean of CORR for the AF derivers DF > 0.3 OI, Rotors, HDF,
and SDFs. The bar graph illustrates the results of comparing each
density map of PersAF drivers against each other in relation to
the consecutive density map within 300 s for the time duration as
described in figure 1B. Ten density maps for 30 s were compared,
five for 60s, three for 90s, and two for the 120 s. (C) Illustrates
the result of the mean of CORR for each time duration 30, 60, 90,
and 120 s for the PersAF drivers tested.

3.2 Spatial interactions of PersAF drivers
regions.

A major debate in studies showing PersAF drivers is
whether or not they are spatially stable [9-11]. The present

study offers an insight into the spatial overlapping between
the PersAF drivers. We created an algorithm to investigate
if the dense regions of DF > 0.3 OI, HDF, and Rotors are
spatially overlapping with the SDFs sites within the LA
since SDFs were the ablation target in this study. To
understand their interactions in the co-localisation
behaviour of such drivers. For all patients, the results show
that there is spatial overlapping between PersAF drivers
density maps as following (Figure 3D: Mean + SD%, DF
> 0.3 OL: 21.4 + 2.1%, HDF: 20.8 £ 0.6%, Rotors: 17 +
0.2%). The overlapping percentages might appear to be
relatively small values, however, considering that
overlapping percentage considers the entire size of LA, this
finding could potentially indicate common consistent
locations of dense regions that might represent the
likelihood of individual targets for atrial substrate ablation
of PersAF.

A

Figure 3 (A), the 2D density maps of two consecutive time
segments for one patient for 30, 60, 90 and 120 s segments: The
first column is SDFs density maps, and the second column is the
DF > 0.3 OI maps and the last column represents the overlapping
maps; SDFs are represented with yellow color, DF> 0.301 with
blue, and overlapped areas with brown. (B) Shows the spatial
overlapping between SDFs density maps and Rotors density
maps for one patient. (C) Shows the spatial overlapping between
SDFs density maps and HDF density maps for one patient. (D)
Ilustrates the percentages of spatial overlapping between SDFs
and DF > 0.3 OI, HDF, and Rotors for all patients. Since the 2D
density map is representing the entire LA, the overlapping results
consider the entire size of LA.

4. Conclusions.

For all PersAF drivers tested, as time duration increases,
the similarity and spatial overlapping of individual density
maps improve. Therefore, our results suggest that using
non-contact VEGMs, 60 s segment seems to be sufficient
to identify important PersAF drivers. There is spatial
overlapping between PersAF drivers density maps.
Thereby, our results indicate that the different markers
converged to similar regions as PersAF drivers, reinforcing
that such regions are important for AF perpetuation.
Furthermore, investigate regions of overlapping might lead
to better identification of substrate targets ablation for
PersAF.
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