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Abstract
In recent years, interest has been paid to the identification of the arrhythmia anatomical origin in ventricular
tachycardia from available information in the patient, including ECG morphology and electrograms stored in implantable devices. In this work, we scrutinize the differences in morphology from cardiac sounds. For this purpose, we compared the spatial and temporal similarity
in cardiac sounds recorded during electrical intracardiac
stimulation, in terms of the so-called M-mode representation for cardiac signals. A protocol was set in 5 patients referred to electrophysiological study. Cardiac pacing was made at 400 ms from different points in the left
ventricle. During stimulation, we recorded: (1) the ECG
signals from 12 leads; (2) the spatial coordinates for the
pacing site, by using an intracardiac navigation system;
(3) the heart sounds, by using a high-fidelity recording
system. After visual-supervised correction, M-mode maps
represented an aligned and clearly represented the variations due to distance and substrate in a consistent view.
The same signal processing was followed for the cardiac
sounds, showing that the ECG-based alignment was not
sufficient, and that the sound signal represents a very much
lower signal to noise ratio domain.

1.

Introduction

An arrhythmia takes place when regularity is lost or
frequency is changed in the heart beats. Those arrhythmias representing risk for the patient require therapy, including anti-arrhythmic drugs, catheter ablation of the arrhythmia mechanisms, cardiac surgery, or implantable devices such as pacemakers or defibrillators [1]. When heart
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rate is higher than 100 beats-per-minute the arrhythmia
is called tachycardia, and when it has ventricular origin,
it can produce ventricular fibrillation and sudden cardiac
death. During an electrophysiological study (EPS), several
catheters are introduced in the patient in order to determine the anatomical location and the functional nature of
the arrhythmia mechanism, and then burning under control
to suppress the region with abnormal conduction (or lately
with extreme cold), so that this ablation ends with the arrhythmia. In some of the cases when tachycardia cancelation is not successful, the patient requires an implantable
cardioverter defibrillator (ICD). On the other hand, the
physician is supported during the cardiac ablation procedure by several advanced systems, including current cardiac navigation systems (CNS), which allow to replicate
the patient cardiac anatomy using a computer program, to
guide the catheters precisely within the heart, and to register the cardiac electrical activity with detail [2–4].
Any previous knowledge about the anatomical location
of the ventricular tachycardia origin can contribute to improve the efficacy of the EPS and also to shorten its duration. Previous approaches have mostly used the ECG
signals [5], and very recently, the usefulness of the ICD
stored electrograms (EGMs) during preceding tachycardia episodes has been scrutinized [6]. However, there
are no previous studies analyzing the likely usefulness of
the heart sounds to support and contribute to the previous
identification of the anatomical location of the ventricular
tachycardia origin. Therefore, the present work addressed
the signal processing requirements of the cardiac sound
signals for their use in this setting.
For this purpose, we designed an advanced signal processing procedure, starting with the usual for ECG or EGM
processing, and adapting it to the high-noise nature of the
heart-sound signals. In addition, we proposed a spatial-
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(a)

(b)
Figure 1. Signal processing was compared stage by stage
on the ECG and on the SCG. (a) Example of suitably adjusted baseline wander removal on the SCG. (b) Overlapped SCG windows after automatic segmentation, and
averaged SCG template.
temporal representation for the recorded signals, the socalled M-mode, which allows us to better determine the
suitability of the signal processing techniques, by comparison of spatial waveforms in a given location with its
neighbors. We finally scrutinized the spatial variability of
two features in the heart-sound signals, namely, its amplitude and a newly proposed time-related parameter.

2.

Patients and Database

The used database was assembled from the patients enrolled in LocMoTIC study [7], which pursuit the analysis
of several clinical and technological methods ir order to
determine the anatomical origin of ventricular arrhythmia
with focal origin. A set of patients with ICD who were
also referred to EPS were considered. During the EPS,
a protocol was conducted in which pacing trains of 400
ms cycle were delivered from different anatomical locations, the stimulation-catheter coordinates were recorded
in the navigation system, and the EGM was recorded in the
ICD. EGM signals were recovered after digital processing
of printouts, as described in [6].
In addition to the EGM signals, some ICDs are able to
record seismocardiogram (SCGs) signals thanks to a microaccelerometer embedded in the tip of a special atrial
lead (SonRT M ) whose audible manifestation are the well
known heart sounds. The bandwidth provided by this
system is larger than conventional phonocardiography,
hence, signal components outside the audible band could

Figure 2. Example of supervised adjustment on the SCG:
With the automatic segmentation (up), points in blue are
detected as fiducial points, and the misalignment is evident
in the segmented waveforms (middle). Histogram (down)
of the time-delay for all the patients and all the recordings,
after supervised correction.
be recorded [8]. Usually the SonR signal is used to assess
the hemodynamic effectiveness of each heart beat as the
signal contains significant mechanical and hemodynamic
information. However, in the scope of this work, some patients were included in a specific branch of the protocol
in order to study the usefulness of the heart rate sounds to
support the EGM information. For this purpose, seismocardiogram (SCGs) signals were simultaneously recorded
in these patients. When the implanted device was not
equipped with SonRT M technology the SCG signals were
recorded by means of an accelerometer (high sensitivity
100 mV/g Bruel&KjaerT M accelerometer for optimized
SCG signal acquisition), situated on the medium external
region, which was connected to a signal conditioner and
amplifier. The SCG signal was recorded in real-time by
means of the BiopacT M MP150 system, connected to a
dedicated laptop. Specific software allowed to visualize
the signals and to export them for subsequent analysis.
In 5 patients, we had available: (1) the basal signals (patient at rest and in sinus rhythm) for the EGM and the SCG;
(2) the pacemapping signals, for the EGM and the SCG;
(3) at least 3 ECG leads; (4) ventricular meshes, provided
by the CNSs, and hence the corresponding coordinates for
the pacemapping points.
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(a)

Figure 4. Measured parameters throughout the M-mode
spatial line in patient 1: (up) SCG template amplitude;
(down) delay of the SCG fiducial point with respect to
ECG R-wave.

(b)

(c)
Figure 3. Spatial-temporal representations for patient 1.
(a) Activation map and path for supporting the M-mode.
Numbers identify the pacemapping points. (b) M-mode
for ECG templates. (c) Idem for SCG templates.

3.

Signal Processing and Results

Signal processing in ECG and EGM recordings is a
well-established research field, and sustained rhythms are
often analyzed with temporal filtering, heuristic and morphological processing, and template creation. However, it
is not clear that the signal processing for electric signals
can be straightforward used in heart sound signals. Therefore, signal processing was compared stage by stage on the
ECG and on the SCG signals, taking profit of the fact that
both of them had the same time basis at sampling.
Figure 1 shows some relevant observed signals and the
processing effect on them. First, signals were low-pass filtered at 40 Hz for cancelling the high-frequency noise that

was present both in the ECG and in the SCG. A notch filter at 50 Hz and several harmonics was also tested, but it
did not give better results for signal conditioning than the
low-pass filter. Then, the baseline wander was removed
by adjusting a spline to the time-space nodes and obtaining the median of the signal samples at each node. It was
observed that a node separation of 700ms or higher (up
about 1300ms) provided with good results in both signals,
whereas lower separation produced strong distortion on the
waveforms. The baseline wander was strongly present on
the ECG, and smoothly present on the SCG, nevertheless,
its suppression improved the SCG signal quality. R waves
were detected by using a conventional adaptive threshold
approach, but they were obtained only in the ECG signals,
and these R-peak times were used both for the ECG and
for the SCG in order to segment.
A representative beat was segmented on each R-wave.
We used 300 ms windows centered around the R-peak of
the ECG, and the same time window but delayed 150 ms to
include the first sound in the time window. Then, templates
were created by averaging beats on each signal. Whereas
the ECG templates were consistent during pacemapping,
SCG templates were observed to be highly noisy (see Fig.
1c). An automatic algorithm for synchronization was created, which refined the fiducial point of the SCG signal
within a moderate exploration window of ±30 ms, which
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did not improve. Nevertheless, the visualization of the
fiducial points for each beat in the SCG signal (Fig. 2a)
showed that two effects were causing the distortion. On
the one hand, some of the beats did not exhibit a consistent morphology, which indicated that they were probably non-captured stimulated beats. On the other hand, the
phase noise was stronger in SCG than in ECG signals, and
hence, a greater beat-to-beat variability is present in sound
signals. Therefore, we performed an adjustment on all the
SCG signals, by removing the inconsistent beats and by
corrected the fiducial point on each beat, according to the
situation in neighbor beats for each signals, and on spatially close signals. This improved significantly the quality
of the beat templates obtained for the SCG signals.
Histograms were obtained to quantitatively characterize
the time jitter in the SCG. For this purpose, the difference
was obtained between the synchronization time instants resulting of the R-wave detection in the ECG, with respect to
the corrected fiducial point on each SCG beat. Figure 2b
shows the histograms of this correction value calculated on
all the signals on the 5 available patients. It can be seen the
significant bimodal structure of this parameter, and more,
most of its values are in the rank 0-200ms.
A spatial representation of the left ventricle anatomy
was used to plot the nodes, as well as those points in which
pacemapping was made, as seen in Fig. 3a. These points
were ordered along a line with the criteria that all the points
were included in the line, and that those points that were
closer in the ventricle were also spatially closer along this
line (blue). Accordingly, the M-mode was defined as follows: x-axis is the Euclidean distance of each point in the
blue line with respect to the previous one (in mm); y-axis
is the time (relative to the template); and z-axis is the template amplitude, either for the ECG or for the SCG. The
name of M-mode is taken from echocardiography, where a
exploration line allows to explore the ultrasound velocity
in a spatial-temporal domain. The first line is assigned always to the basal (sinus rhythm) template, in order to give a
comparison with respect to the ventricular location. Figure
3b shows that a smooth transition can be seen of the ECG
waveform changing as a function of space, and that neighbor templates are similar, which only can be observed after
the expert alignment. Figure 3c shows that a remarkable
alignment has been also obtained in the SCG templates,
even though they are much more noisy templates despite
the filtering and averaging. Finally, Fig. 4 shows the spatial evolution of the amplitude and delay parameters for a
patient. Note that some of the parameter spatial transitions
are smooth and others are notably fast.

4.

Conclusions

tric signals has to be redesigned if fiducial points are to be
estimated. This work has evidenced the relevance of the
jitter noise in SCG beats, and the sensitivity of the templates generation to it. Nevertheless, the noise could be
partly due to the need for acquiring some external recordings, resulting in increased environmental noise. Hence,
the extension of the present work and new works will benefit from the use of intracardiac SCG signals provided by
SonR system.
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SCG signals exhibit a significantly larger variability
than ECG signals. Conventional signal processing for elec-
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