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Abstract

Intracardiac atrial electrograms (EGM) are prone to
ventricular far-field potentials due to ventricular depolar-
ization. In this study, a filtering technique integrating in-
dependent component analysis (ICA) and wavelet decom-
position has been proposed to significantly reduce the ven-
tricular far-field contents while preserving the EGM mor-
phology related to atrial activations. First, the wavelet de-
composition is applied to each unipolar EGM. Then, ICA
is applied to the decomposed unipolar EGM components
and surface ECG template. Each independent component
is cross-correlated with the simultaneously recorded ECG
template and the three components with higher correlation
coefficients were eliminated before applying inverse ICA.
Total of 126 unipolar EGM collected from an atrial fibril-
lation patient have been included. Results indicate that the
proposed filtering can reduce the ventricular signal power
by around 17 dB (decibel). Furthermore, the signal-to-
noise ratio is increased by approximately 17 dB after ap-
plying the proposed filtering. In conclusion, the proposed
filtering method could be used for atrial fibrillation-related
intracardiac mapping for catheter ablation. Further stud-
ies on a larger dataset are essential to quantify the exact
impact of ventricular artefacts on both unipolar and bipo-
lar EGM and the effectiveness of the proposed filtering
technique.

1. Introduction

Atrial fibrillation (AF) is the most occurring heart
rhythm disorder in humans [1]. Remodeling of the arrhyth-
mogenic substrates that potentially interrupt the normal
cardiac electrical wave propagation dynamics during sinus
rhythm is one of the primary causes of AF induction and
prolongation [2]. Intracardiac catheter ablation is a widely
used clinical procedure to terminate AF-related atrial elec-
trical sources and to reinstate sinus rhythm. As a precur-
sor to any catheter ablation procedure, intracardiac electro-
grams (EGM) are recorded using catheter-based electrodes
to determine AF-related sources as target ablation sites.

Ventricular far-field potentials often influence local
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EGM recordings. Specifically, unipolar EGM are more
likely to be influenced by the ventricular artefacts. Al-
though current mapping systems use bipolar EGM that are
assumed to be less sensitive to the far-field potentials, bipo-
lar EGM are constructed from unipolar EGM. Thus, it is
important to characterize the influence of inevitable ven-
tricular far-field effects on local unipolar EGM. It is essen-
tial to further evaluate the effects on bipolar EGM.

Rieta and Hornero have studied the effect of ventricu-
lar activities on both unipolar and bipolar EGM signal and
described three different techniques for removing ventric-
ular artefacts [3]. The techniques are independent com-
ponent analysis (ICA)-based filtering, template matching,
and subtraction and adaptive ventricular cancellation.

In this study, a combination of ICA and wavelet de-
composition (WD) has been utilized to reduce the effects
of ventricular contents on local unipolar EGM. Previous
studies integrated wavelet transform and independent com-
ponent analysis for source separation in single channel
recording [4,5]. The underlying motivation of using ICA is
that atrial and ventricular activities can be considered sta-
tistically independent originated from two distinct sources
[6]. In that case, in the electrode output, i.e., unipolar EGM
is the mixture of both atrial and ventricular contents.

2. Methods

2.1. Intracardiac electrogram acquisition

This study had been approved by the ethics committee
of the Royal Adelaide Hospital. An array of 18 unipolar
electrodes (EnSite™ HD Grid Catheter, Abbott Medical)
were used to record the left atrial intracardiac EGM from
a patient undergoing catheter ablation due to symptomatic
drug-refractory persistent AF. Figure 1 shows the config-
uration of the electrode array. The electrodes are oriented
in four parallel struts in such a way to maintain the centre-
to-centre inter-electrode spacing of 4 mm (£0.5 mm) be-
tween any two adjacent electrodes along and across the
strut. The length of each electrode is 1 mm with an outer
diameter of 0.81 mm. The sampling rate was set at 2034.5
Hz.
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Figure 1. An array of 18 unipolar electrodes used to col-
lect the intracardiac EGM.

The EGM were acquired for 3 seconds for each shot
along with surface ECG. Each shot consists of simultane-
ously recorded 18 unipolar EGM. A total of 7 shots were
included in this analysis after visually inspecting them for
the annotation of significant contamination of ventricular
far-field potentials in local atrial EGM. As a result, the
performance of the proposed filtering technique has been
validated on 126 unipolar recordings.

2.2.  Ventricular artefact reduction method

Figure 2 illustrates the basic block diagram of the pro-
posed filtering method for ventricular artefact reduction.
The raw unipolar EGM were first filtered using a Band-
pass (Butterworth) filter of order 4. The corner frequencies
were 5 Hz and 1 kHz. The low cut-off was used to elimi-
nate any baseline drift from the raw EGM and the high cut-
off is selected to maintain the Nyquist rate (approximately
half of the sampling rate). Then, each unipolar EGM was
decomposed up to level 6 using wavelet transform. The
used wavelet basis was Coiflet 5 as its morphological re-
semblance to QRS complex morphology. Simultaneously
recorded lead IT ECG (30 — 300 Hz) was considered as a
template for characterizing ventricular contents, i.e., QRS
event related to ventricular depolarization. The lead II was
selected because it provides a relatively higher amplitude
as compared to other ECG leads. A notch filter was ap-
plied to eliminate powerline interference from both EGM
and ECG.

ICA was then applied to the 8 signal contents including
the 7 contents of unipolar EGM extracted by wavelet de-
composition and one simultaneously recorded ECG. As a
blind source separation technique, ICA works with NV ob-
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Figure 2. A basic block diagram illustrating the pro-
posed filtering technique integrating independent compo-
nent analysis and wavelet decomposition.

served signals that are considered as mixtures of multiple
signal contents from diverse independent sources. Assum-
ing z(t) € RM represents the observed signals in M sen-
sors (i.e., electrodes) and s(t) € RN represents N source
signals, then the linear mixtures model for ICA decompo-
sition can be written as follows [7]

x(t) = As(t). (1)

Here, A € R™*N i5 the unknown mixing matrix that has
to be estimated. Different ICA algorithms work by assum-
ing the statistical independence of the source signals. In
this study, the FastICA algorithm is used. FastICA trans-
forms the observed signals by maximizing non-gaussianity
of the components, which is an alternative manifestation of
statistical independence. For more details of FastICA al-
gorithm, please refer to [7, 8].

Each of the eight independent components was cross-
correlated with the ECG template. Finally, three indepen-
dent components showing higher cross-correlation were
eliminated proceeding to inverse ICA to reconstruct the fil-
tered EGM.
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Figure 3. [Illustration of defining ventricular signal con-
tents as characterized by QRS complexes, top-bottom:
lead II surface ECG and R-peak annotations, signal and
noise contents before and after ventricular artefact elim-
ination (Note: a 125ms window is placed at each QRS
event to define the ventricular signal).

2.3. Performance evaluation

The performance of the proposed filtering technique was
evaluated by estimating the reduction in signal power in
QRS events as defined by a 125 ms window. Figure 3 de-
picts the definition of the ventricular contents (character-
ized by QRS complex) and the contents of the remaining
signal. Ventricular artefact power was calculated on sig-
nal contents in the QRS-defined windows. Furthermore,
the signal-to-noise ratio (SNR) was calculated by consid-
ering the signal contents at QRS events as noise and the
remaining signal contents as a signal. It is to be noted that
the SNR measurement would be useful to investigate the
contribution of ventricular far-field potentials in local atrial
EGM.

Finally, statistical analysis was carried out to evaluate if
the power at QRS-defined signal contents and SNR were
significantly different. The Lilliefors test was applied to
check the distributions of the power and SNR values with
and without filtering. As the distributions do not follow
Gaussianity, the Mann—Whitney U test was applied. P-
values < 0.01 were considered significant.
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Figure 4. Comparison of the power of ventricular con-
tents before and after ventricular artefact reduction filter-
ing (VAR: ventricular artefact reduction).

3. Results and discussion

Figure 3 delineates the effectiveness of the proposed fil-
tering technique for ventricular artefact reduction. Specif-
ically, the significant reduction of signal amplitudes in the
QRS-defined ventricular artefacts implicates the potential
use of the proposed method during intracardiac mapping
for AF catheter ablation. The unipolar EGM included in
this study are significantly contaminated with ventricular
artefacts, i.e., QRS-defined events due to ventricular depo-
larization.

Figure 4 compares the power of QRS-defined ventricu-
lar artefacts for all 126 unipolar EGM with and without ap-
plying the proposed filtering technique. Overall, the ven-
tricular power is decreased by around 17 dB after applying
the filtering. Figure 5 indicates an increase in SNR by ap-
proximately 17 dB. Both the increase in SNR and the de-
crease in QRS-defined ventricular signal power evince the
applicability of the proposed method in intracardiac map-
ping.

To date, there is no automatic filtering technique in com-
mercially available mapping tools. Generally, the ventric-
ular artefact reduction is done by visually inspecting the
EGM in an electrophysiology laboratory, which is a te-
dious process. With the advancement of high density and
high-resolution mapping tools, the proposition of an au-
tomated filtering method for ventricular artefact reduction
would be practical. Typically, a band of 30 — 300 Hz is
used clinically to extract meaningful signal attributes that
are used to identify ablation targets. However, the clinical
significance of the signal contents in the eliminated bands
would require to be further studied for scrutinizing the ef-
fects of filtering in substrate-based AF ablation. As the
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Figure 5. Comparison of the signal-to-noise ratio before
and after ventricular artefact reduction filtering (VAR: ven-
tricular artefact reduction).

peak-to-peak voltage is typically used for AF-related atrial
substrate characterization, it might be critical to filter the
raw unipolar EGM carefully while preserving local ampli-
tude and morphology.

Bipolar EGM are considered less sensitive to ventricu-
lar far-field potentials relative to unipolar EGM and current
cardiac mapping tools use bipolar EGM for atrial substrate
characterization. There are multiple variables, including
bipolar vector, inter-electrode spacing, electrode size and
tissue contact that influence the interpretation of bipolar
EGM [9, 10]. Tissue contact depends on the accuracy of
electrodes placement during signal acquisition although it
is very difficult to maintain stable electrode placement in
the presence of continuous blood flow and contraction of
the heart muscles. As the bipolar EGM are constructed
using unipolar EGM, it might be critical to carefully filter
out undesired artefacts, i.e., ventricular far-field potentials
while preserving the local EGM morphology for more ac-
curate interpretation of bipolar EGM.

The elimination of three independent components was
an arbitrary selection based on the experimental context.
As mentioned earlier, all the unipolar EGM used in this
study are severely contaminated with ventricular far-field
effects. Notably, the unipolar EGM included in this pre-
liminary study were selected from the atrial sites near the
Mitral valve. Future studies may consider algorithms for
adaptive elimination of independent components for better
preserving the local EGM morphology.

4. Conclusion

Intracardiac unipolar EGM are usually contaminated
with ventricular far-field effects that may cause misinter-

pretation of AF-related target sources during catheter abla-
tion. The proposed ICA and wavelet decomposition-based
ventricular artefact reduction technique seems effective,
which could be incorporated in the future mapping tools
after further validation on a larger dataset.
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