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Abstract

to achieve improved therapeutic solutions for its treatment [1]. Within this context, mapping techniques with
different degrees of invasiveness, and aiming at representing the fibrillatory activity of the human atria with maximum detail, have emerged in recent years [5, 6]. Taking profit of these techniques, phase mapping (PhM) represents the phase distribution changes of a signal over
time [7]. Analyzing these phase patterns in AF may provide valuable information of the fibrillatory dynamics, thus
helping to clarify its mechanisms [8, 9].

Phase Mapping (PhM) guides catheter ablation of longstanding rotors in atrial fibrillation (AF) by applying the
Hilbert transform (HT) to electrogram (EGM) potential
maps (PM). However, no stable rotors have been reported
by other works with high density PM of the fibrillating human atria. This work studies how PhMs transform PMs
due to preprocessing, interpolation and the application of
the HT. A biophysical 3D model of the human atria simulated a 3.5 seconds AF episode with 5.594 EGM recordings. Three sets of PhMs were generated: a) By direct application of the HT to PMs; b) Achieving high-density by
the interpolation of a simulated 64 poles basket catheter;
c) preprocessing the basket catheter with low-pass filtering at 30 Hz and 2 Hz band-pass filtering centered on
the dominant frequency. PhMs from a rotor location were
compared with their corresponding PMs through the Earth
Mover’s Distance algorithm. An average concordance of
89.26% ± 6.24% was obtained for case a), lowering down
to 72.26%±11.24% for case b) and being 34.43%±7.81%
for case c). Hence, PhMs may notably transform real PMs
creating fibrillatory activity that may not be observed in
high-density potential maps.

1.

In PhM, the phase is used as a descriptor to distribute
the signal value along a 2π radians interval. This requires
a transformation from amplitude to phase that is usually
performed using the Hilbert transform (HT) [7]. As an
alternative, the phase can also be computed as the difference between one potential v(t) and its delayed version v(t + τ ) [8]. Despite being introduced by Winfree
nearly 30 years ago [10], PhM became more significant,
together with phase singularities (PS), after their application to study cardiac fibrillation dynamics [11]. Within
this context, Bray et al. [12] developed a method to locate PSs, defined as points surrounded by a complete phase
shift from −π to +π. In addition, other authors highlighted
the importance of the PSs as the axis points around which
wavefronts spin creating rotors in cardiac fibrillation [11].

Introduction

This has given rise to the Mother Rotor Theory, by
means of which several works have related rotors and
PSs with wavefronts breakdown during ventricular fibrillation [13], and have considered them as perpetuators of
AF [9]. Recently, Narayan et al. [14] claimed that AF can
be terminated by ablating PS of stable rotors. Since PhMs
are generated from potential maps (PM), their comparison
should have be assessed to discern their quantitative differences. However, no previous studies have addressed
this issue. Thus, the aim of this work is to quantify image differences between the original PMs and PhMs using
the Earth Mover’s Distance (EMD) algorithm [15], thus
providing quantitative information able to indicate how the
fibrillatory activity is transformed within the maps.

Atrial fibrillation (AF) is the most common arrhythmia
in routine clinical practice, with a current prevalence in
the developed world about 12% in the elderly [1]. It is
expected that its prevalence will double in the next 50
years as the population ages [2]. Furthermore, symptoms
and morbidity of AF are responsible for frequent visits to
the physician and hospitalizations, thus leading to significant and rising costs in the developed world [3]. It has
been demonstrated that AF begets AF due to the electrophysiological changes induced in the atrial tissue [4]. As
a consequence, the complete understanding of the mechanisms underlaying AF constitutes an imperative target
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2.

Potential Map

Materials

Given that current experimental mapping techniques are
unable to provide ultra high-density maps of the whole human atria during AF, a biophysical model of the human
atria was used instead [16]. Hence, a full 3D model with
1.04 million cubic elements at a resolution of 0.33 mm
and geometry based on magnetic resonance images of the
human atria was used. Next, 3.5 seconds simulated AF
recordings were generated accounting for 5.594 electrograms sampled at 1kHz. Information on the 3D model as
well as how electrograms (EGM) were generated can be
found in [16, 17].

3.

t = 879 ms

Figure 1. Classical jet colormap representation obtained
from the left atrium free wall. The original wavefront is
plotted in the PM (left). The PhM by direct HT shows a
rotor almost disappearing (center). The PhM with preprocessing before HT enhances the wavefront shape (right).

After simulating the AF electrograms, PMs were created
by plotting the EGM potential values v(t) associated with
each geometric coordinate along the 3D atrial surface at
any time instant. Next, three different sets of PhMs were
generated. Firstly, a high-density PhM was obtained by
plotting the Hilbert transformed values of the PMs [7]. The
HT of a real function v(t) is defined as
Z

+∞

−∞

v(τ )
dτ,
t−τ

Filtered Phase Map

t = 869 ms

Methods

1
ṽ(t) =
π

Phase Map

located. The reference PMs were also represented using
the same proportional red-scale. Hereafter, every PhM was
compared with its corresponding PM extracted from the
same location and time instant.
To quantify the comparison between PMs and PhMs the
EMD algorithm was employed [15]. The EMD defines the
minimum cost to transform an image into another. Thus,
each image was converted to its characteristic signature
represented by a 256 × 256 square matrix. To this respect, each pair of P and Q matrices under comparison are
composed by pij and qij elements corresponding to their
respective red pixel values ranged between 0 and 1. According to the method, a ground distance matrix D of the
same size with dij elements, quantifies the Euclidean distance between pij and qij in the CIE-Lab color space [20].
Hence, the objective is to find the flow matrix F minimizing the overall cost of converting one image into another
according to the function

(1)

and transforms v(t) into a complex function in the form
a + jb. In this way the phase φ can be easily extracted by
the operation φ = tan−1 (b/a).
The second set of PhMs was obtained by linear interpolation of 64 EGMs simulating the placement of real recordings taken from a basket catheter in both atria. This way,
10921 recordings were obtained to provide high-density
spatial resolution along the whole atrial surface. Thereafter, the HT was applied to obtain the second set of PhMs.
Finally, the third set of PhMs was obtained by the same interpolation technique. However, before the application of
the HT, several preprocessing stages as in previous works
were introduced [18]. Firstly, a lowpass bidirectional 40th order FIR filter with 30 Hz cutoff frequency was applied to
each EGM. Next, the result was filtered with a 40th -order
bandpass FIR filter with a bandwidth of 2 Hz around the
dominant frequency (DF) of the EGM [18, 19].
PhMs are usually plotted using a jet colormap [7,11,18],
but this is not a proper representation to compare quantitatively PM and PhM images. This is due to the high color
variability outside from the wavefront areas between both
maps, as can be seen in Fig. 1. Therefore, every map was
depicted using a red-scale proportional to its maximum and
minimum value as shown in Fig. 2. Each of the PhM sets
was represented by a red-scaled plot in which a set of 45
256 × 256 pixel images was extracted for each time instant. This operation was performed whenever a rotor was

f (P, Q, F) =

256 X
256
X

dij fij ,

(2)

i=1 j=1

where each fij element represents the flow between each
pij and qij pair of values. Finally, the normalized EMD
can be obtained by
P256 P256
EMD(P, Q) =

j=1 dij fij
i=1
,
P256 P256
i=1
j=1 fij

(3)

and converted to the concordance percentage that will be
next presented in the results.
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Figure 2. From left top to right bottom, evolution of a wavefront along the left atrium free wall in steps of 3 ms. The
wavefront in the PM evolves as a straight line to the right upper corner of each image. Meanwhile the same wavefront in
the PhM suffers a spiral-shape transformation becoming a rotor.

4.

Results

The DFs obtained from the whole set of EGMs ranged
between 2.2 Hz and 15.1 Hz with an average of 5 ±
1.89 Hz. Peer comparisons of 45 images between PMs
and their corresponding PhMs with the same size, location, color scale and time instant were computed. Results
according to the 3 sets were: a) PhM by direct application of the HT yielded an average peer concordance of
89.26% ± 6.24%; b) High-density interpolation of the 64
poles basket catheter, 72.26% ± 11.24%; c) Interpolated
and preprocessed PhM, 34.43%±7.81%. Besides numeric
results, a qualitative visual comparison is shown in Fig. 2.
Note how an evolving quasi linear wavefront in the PM is
plotted as a spiral-shape rotor in the PhM.

duced them almost 30 years ago, there is a lack of comparative studies between standard PMs and PhMs. In addition, PhMs of AF reentrant activity have been recently
introduced as promising guiding tools for catheter ablation [14,19]. However, as soon as PhMs are complemented
with preprocessing steps, aiming at enhancing rotors activity, their plots differ increasingly from the original PMs,
thus introducing wavefront distortions that should have to
be considered with caution [21]. This finding has been validated through the EMD quantifying a set of color-scaled
images to highlight wavefront activity (Fig. 2). Anyhow,
this work presents the limitations associated to the use of
simulated signals. Its results should be verified with real
AF recordings, as well as extended to more AF episodes
and different color scales representations.

5.

6.

Discussion

PhM techniques have evolved with the introduction of
new preprocessing steps that enhance longstanding rotors
observation [14, 18]. Nonetheless, since Winfree intro-

Conclusions

A qualitative and quantitative comparison between PMs
and PhMs has been performed using the EMD. Results
show how maps concordance decreased as a function of
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the increasing preprocessing. Hence, PhMs as well as their
preprocessing and interpolation have to be managed with
caution because they may notably transform real PMs, thus
creating fibrillatory activity or long-standing rotors that
may not be observed in high-density potential maps.
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