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Abstract

The atrial electrical activity analysis is nowadays play-
ing a key role to improve current knowledge about the
mechanisms triggering and maintaining atrial arrhyth-
mias, such as atrial fibrillation (AF). Indeed, the intra-
atrial electrograms (EGMs) provide essential information
to guide the prevailing cornerstone treatment of AF, i.e.,
catheter ablation. Bearing in mind that cardiac electro-
physiology laboratories are plenty of technology, such a
kind of operating rooms are a very adverse environment
when it comes to avoid power-line interference in EGM
recordings. However, the reduction of this nuisance signal
deserves more attention. Thus, aimed at reducing power-
line noise but, at the same time, preserving the original
EGM morphology, a novel algorithm based on the station-
ary Wavelet transform (SWT) is proposed. To validate the
method, 150 bipolar EGMs with 10 seconds in length have
been synthesized with different noise levels. The original
and denoised EGMs have then been compared by means
of an adaptive signed correlation index (ASCI), computed
both in time and frequency domains. The obtained re-
sults have shown improvements between 9% and 17% for
the proposed method regarding a reference notch filtering.
Consequently, this new algorithm may enable more reli-
able and truthful further analyses of atrial EGMs.

1. Introduction

The extracellular electrogram (EGM), recorded directly
from the heart, is the hallmark of invasive cardiac electro-
physiology and provides information about the electric sta-
tus of the underlying myocardium [1]. This signal is gen-
erated by depolarization of cardiomyocytes that provokes
transmembrane currents in extracellular space and poten-
tial differences due to electric resistance of the extracel-
lular medium [1]. In contrast to the healthy myocardium
where the shape of the EGM is simple, under pathological
conditions this recording consists of multiple components
and long duration, which have been attributed to abnormal
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conduction and arrhythmogenicity [2]. Hence, the EGM
analysis plays a key role in the improvement of current
knowledge about the mechanisms triggering and maintain-
ing atrial arrhythmias, such as atrial fibrillation (AF) [3].

Indeed, although AF is the most common arrhythmia
in clinical practice and affects approximately 2% of gen-
eral adult population, its pathophysiological mechanisms
are not fully known [4,5]. This aspect makes its diagnostic
and treatment highly complex and poorly effective [4] and,
therefore, more efforts are required to improve the man-
agement of AF [6]. To this respect, the first-line therapy
for this disease, i.e., catheter ablation, still provides no-
tably low long-term success rates and many experts claim
for the need of more advanced processing and interpreta-
tion of the EGMs acquired during the procedure to deter-
mine more precisely the atrial areas to be targeted [7].

However, the EGM recording is often characterized by
a low amplitude and tainted by notable nuisance interfer-
ences, since it is acquired in the presence of numerous
sources of electric noise [8]. Hence, to develop further
accurate and trustful analyses, signal preprocessing is an
essential step [9]. Within this context, the power-line in-
terference should receive special attention, because it is
located within the EGM bandwidth and, thus, its isolated
elimination is difficult to perform [10]. Despite this, com-
ercial recording systems often incorpore low-order simple
notch filters, which remove important local cardiac com-
ponents along with the nuisance signal [9]. In the present
work, an algorithm based on the stationary Wavelet trans-
form (SWT) is proposed to reduce power-line interference
and, at the same time, preserve the original EGM morphol-
ogy as much as possible.

2. Methods

2.1. Study population

The proposed algorithm was validated making use of a
set of synthesized bipolar EGMs. The use of these sig-
nals allows to quantify accurately the achieved noise re-
duction and the waveform integrity preservation. Thus, an
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Figure 1. Graphical summary about how the proposed SWT-based algorithm works. To remove the power-line interference,
atrial activations are detected and windowed in scales 3 (DC3) and 4 (DCy).

approach similar to the presented by Oesterlin et al. [11]
was used to synthesize 150 EGM recordings with a dura-
tion of 10 seconds. Next, to obtain recordings with signal-
to-interference ratios (SIR) of 25, 20, 15, 10 and 5 dB, a
signal centered on 50 Hz and containing two harmonics
was generated and added to the clean synthesized EGM
recordings. Next, random variations in amplitude and fre-
quency were performed within very limited ranges for the
two added harmonics of 50 Hz.

2.2. SWT-based denoising algorithm

Wavelet transform (WT) has been proven to be an useful
tool for the denoising of many physiological signals, since
it is able to deal successfully with transients, aperiodici-
ties and other non-stationary components [12]. Briefly, this
tool decomposes a signal into different scales emphasizing
its main time and frequency features [12]. An interesting
variant of classical WT is its stationary version, i.e. SWT,
which overcomes the lack of translation-invariance [13].
More precisely, each scale or detail coefficient (DC) is only
obtained through a bank of low- and high-pass finite im-
pulse response filters, without decimation stages. Thus,
every DC presents the same length as the original signal.

Making use of this tool, the EGM was decomposed into

four levels with a second-order Coiflet function as wavelet
mother. Given that the power-line interference was mainly
concentrated on scales 3 and 4 (because they cover a fre-
quency range between 31 and 62 Hz, approximately), atrial
activations in these DCs were detected by thresholding and
windowed to preserve their morphology, such as the exam-
ple in Fig. 1 shows. Thus, the noise out of the established
windows was removed and the denoised signal was finally
reconstructed from the resulting wavelet coefficients.

2.3. Performance assessment

As a reference for comparison, a similar notch filter to
the one incorporated in many commercial recording sys-
tems has been replicated by using a third-order Butter-
worth structure. It was designed with a 2 Hz bandwidth
centered on the frequency of 50 Hz and applied to the EGM
signal in a forward/backward fashion.

To quantify noise reduction and morphology preserva-
tion in the resulting EGM signal for the two analyzed al-
gorithms, an adaptive signed correlation index (ASCI) was
computed both in time and frequency domains. This in-
dex was used instead of the common Pearson’s correla-
tion coefficient, because additionally it takes into consider-
ation the amplitude differences between the two compared
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Table 1.
filtering both from time and frequency domains.

Average values of ASCI obtained for the proposed SWT-based denosing algorithm and the reference notch

SIR (dB)
Method ASCI (%) 25 20 15 10 5
SWT-based denoising 1 903 +43 898+45 882+49 855+51 823+5.7
Frequency 982+13 981414 980+13 97.6+14 966+16
Notch filtering Time 733+75 733+75 7133+76 733+76 T32+76
Frequency 954+09 954+09 954410 954+09 95509

signals. From a mathematical point of view, if the origi-
nal clean EGM is named 2 (n) and the denoised recording
Z(n), the ASCI is computed as

1

L
ASCI [:E(n),fc(n)] =Y ak)@ik), (D
k=1

il

where L is the number of samples both for z(n) and &(n)
and the operator ® is defined as

1 if|z(n)

. (n)] <&,
xz(n) ® &(n) = { 1 it fe(n) )|

(n)| > ¢

The threshold ¢ was experimentally set to 5% of the stan-
dard deviation of z(n).

2

-
-

3. Results

Table 1 summarizes the average values of ASCI ob-
tained for the proposed SWT-based denoising algorithm
and the reference notch filtering both from time and fre-
quency domains. As can be seen, whereas the notch fil-
tering provided lower and almost fixed values of ASCI
regardless of the noise level, the SWT-based method re-
ported slightly altered time and frequency waveforms as
the SIR decreased. Nonetheless, the proposed algorithm
always provided notably cleaner and more unaltered re-
sulting EGMs than the reference filtering. As a graphical
example, Fig. 2 displays the resulting signals for both de-
noising methods in time and frequency domains, when a
SIR of 15 dB was considered.

4. Discussion and conclusions

The EGM preprocessing plays a key role to reach fur-
ther accurate and trustful analyses. However, this aspect
has not received broad attention in the literature. In fact,
the simple notch filter included by commercial recording
systems is widely used to reduce power-line interference
in the EGM recording, although it modifies notably the
signal morphology both in time and frequency domains,
such as the presented results have proven. Moreover, it is
worth noting that this filtering provokes a similar alteration

in the EGM recording regardless of the noise level, thus
completely disturbing even those signals with a very lim-
ited interference. In this way, clinically useful information
could be lost and, additionally, the connection between the
EGM morphology and the underlying electrophysiological
mechanisms of AF could be blurred.

On the contrary, the proposed SWT-based algorithm has
provided a promising ability to reduce the power-line in-
terference, even for very low values of SIR of 5 and 10 dB.
Moreover, as Fig. 2 shows, the EGM morphology both in
time and frequency domains have been mainly preserved,
thus enabling further realistic and reliable electrophysio-
logical studies. Another interesting feature of this method
is its simplicity, so that it may be easily incorporated to
commercial recording systems. However, the algorithm
requires the detection of atrial activations in scales 3 and
4, which is not always simple for complex and fragmented
EGMs [14]. Consequently, additional experiments focused
on these kinds of recordings will be developed in future.
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Figure 2. Typical example of the resulting EGM signals for the two analyzed denoising methods both in time (a) and

frequency (b) domains, when a SIR of 15 dB was considered.
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