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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 mor-
phological processing, and template creation. However, it
is not clear that the signal processing for electric signals
can be straightforward used in heart sound signals. There-
fore, 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 fil-
tered at 40 Hz for cancelling the high-frequency noise that

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.

was present both in the ECG and in the SCG. A notch fil-
ter 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 obtain-
ing 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 cre-
ated, 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 consis-
tent morphology, which indicated that they were proba-
bly 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 spa-
tially 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 re-
sulting 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 fol-
lows: 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 tem-
plate 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 al-
ways 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 neigh-
bor 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 spa-
tial 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

SCG signals exhibit a significantly larger variability
than ECG signals. Conventional signal processing for elec-

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 tem-
plates generation to it. Nevertheless, the noise could be
partly due to the need for acquiring some external record-
ings, resulting in increased environmental noise. Hence,
the extension of the present work and new works will ben-
efit from the use of intracardiac SCG signals provided by
SonR system.
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