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Abstract

In this paper, we present a novel algorithm for pediatric
heart sound segmentation, incorporated into a graphical
user interface. The algorithm employs both the Electro-
cardiogram (ECG) and Phonocardiogram (PCG) signals
for an efficient segmentation under pathological circum-
stances. First, the ECG signal is invoked in order to deter-
mine the beginning and end points of each cardiac cycle
by using wavelet transform technique. Then, first and sec-
ond heart sounds within the cycles are identified over the
PCG signal by paying attention to the spectral properties
of the sounds. The algorithm is applied on 120 record-
ings of normal and pathological children, totally contain-
ing 1976 cardiac cycles. The accuracy of the segmenta-
tion algorithm is 97% for S1 and 94% for S, identification
while all the cardiac cycles are correctly determined.

1. Introduction

Several studies showed that developing a screening tool
for pediatric heart disease through digital processing of
heart sound signal is feasible [1] [2] [3]. This is of special
importance for pediatric heart disease screening in which
such a noninvasive and inexpensive approach is a prior-
ity [4]. However, one important obstacle in developing
the all-automatic tool is end-pointing of cardiac cycles as
well as localization of first heart sounds (S7) and second
heart sounds (Ss), termed by heart sound segmentation.
Inaccurate segmentation can put a negative impact on the
screening results relying on the fact that most of the al-
gorithms are applied on a particular segment of a cardiac
cycle [1] [5]. It is possible to develop an automatic seg-
mentation algorithm using a synchronous 12-lead ECG.
However, using a 12-lead ECG along with an electronic
stethoscope is inconvenient for pediatric cases and a single
lead ECG by itself is insufficient for the segmentation in
certain cases. There are a large number of the algorithms in
which only PCG signal is used for the segmentation [6] [7].
However, developing an accurate algorithm for segmenta-
tion using PCG only in sever pathological cases of children
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is still problematic. Earlier researchers studied short-time
energy and sub-band energy techniques to obtain an en-
velop over the PCG by which the the heart sounds are lo-
calized [8] [9]. In later studies, Neural networks were em-
ployed for either cardiac cycle end-pointing or S; and S2
detection on the PCG signal [10] [11]. Recently, statistical
classifiers (e.g. HMM) have been used for the segmenta-
tion [12] [13]. Nevertheless, the harsh murmurs caused by
sever pathologies in children might decline efficiency of
the algorithms particularly when the classifiers with high
structural risk (e.g. neural networks) are invoked. The
other risk factor for such algorithms is the presence of forth
heart sound (S4). In this case, the beginning of the cardiac
cycles might be misinterpreted specially for children with
a high heart rate.

In this study, we present a robust algorithm for heart
sound segmentation using joint ECG and PCG signals. In
our automatic algorithm, ECG signal is employed in or-
der to determine beginning and end points of cardiac cy-
cles. Then, S; and S5 are identified using the PCG sig-
nal recorded synchronously with ECG. The automatic al-
gorithm is incorporated into a graphical user interface in
which manual and semi-automatic segmentation are pos-
sible. The graphical user interface together with the auto-
matic algorithm serves as a segmentation tool which can
be used both for medical and biomedical engineering pur-
poses. Results showed that the automatic algorithm effi-
ciently improves the applicability of the tool in which re-
playing the segmented signals makes it profitable for med-
ical assessments or even for pedagogical purposes.

2. Materials

2.1. Segmentation tool

The segmentation tool is constituted of an automatic al-
gorithm and a graphical user interface in which manual and
semi-automatic possibilities are also embedded. In man-
ual segmentation mode, all the cardiac cycles as well as Sy
and S sounds are manually annotated by the user using
zoom facility while in semi-automatic segmentation mode,
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Figure 1. Flowchart of the automatic segmentation algo-
rithm

the cardiac eveles are automatically determined and repre-
sented using the automatic algorithi and the 57 and Ss
sounds are annotated within the extracted cycle. Clearly,
in the automatic mode, cardiac cycles along with .57 and
S5 sounds arc identified by the algorithm. The tool is de-
veloped under the MATLAB plattorm where further signal
processing routines could be easily augmented.
2.2.  Data collection

We have recorded 120 samples, each containing 10 sec-
onds of synchroncus PCG and ECG signals taken from
120 normal and pathological children, referred to the Chil-
dren Heart Center of Tehran, Iran. Pathological samples
(80 samples) containg valvular and septal heart diseases in
which the following pathological sounds are found: low Lo
medium grades of systolic murmurs, wide splitting of sec-
ond heart sound and third heart sound. Various types of
ECG abnormalities (e.g. baseline drift, long T-wave, and
long P-wave) are seen in the recordings. All samples were
recorded under the supervision of a pediatric cardiologist,
using a commercial clectronice stethoscope, a laptop com-
puter with a 16-bit sound card and sampling rale of 44.1
KHz.

3. Methods

The proposed wol incorporates two distinet phases:
a. Cardiac cvcle end-pointing.

b. 8, and 55 localization,

Figure 1 shows the flowchart of the algorithm, In the
first phase, beginning and end points of each cardiac cycle
are determined using the ECG signal. Several studies have
already been done in order to use only PCG for cardiac
cycle extraction [6] [12] [13]. However, we use ECG sig-
nal since it gives much less complexity to the end-pointing
algorithm and the accuracy of the segmentation process
is highly linked to the end-pointing phase. In the sccond
phase, Sy and S5 are localized within the end-pointed car-
diac cvcles over the PCG signal. It is sometimes difficult
to develop an algorithm for a complete segmentation us-
ing a single lead ECG, because T-wave is oo weak Lo be
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Figure 2. The flowchart of cardiac cycle end-pointing

identified in some patients.

3.1. Cardiac cycle end-pointing

Our end-pointing algorithm is based on R-Peak detec-
tion using wavelet translormn relying on the fact thatl each
cardiac cycle is proceeded by a R-peak. Figure 2 depicts
the flowchart of the algorithm,

We used quadralic spline wavelel with compact support
and one vanishing moment as an ellicient matched filter
tor QRS complex |14]. It is a first derivative of a smooth
function [15] whose Fourier transforms is:

U(w) = iw (ﬂfi])l
E

where 7 represents the discrele Fourier transform [14].
Based on this delinition, the high-pass filter 7(w) and low-
pass filter [T (w) for the detail and approximate coefficients
are as follow [14]:

(H

Hw)=¢'? (c:c;rsg)3 2)

Clw) = 4jel % (szn:)
) 2
The wavelet transtorm of the input signal at the second
level is reconstructed for R-Peak detection. Computing
short Lime energics over 100 ms windows provides a curve
which betler discriminates the QRS complexes. An aver-
age of the energies is assumed as the discriminative thresh-
old for the QRS intervals in which the peak point corre-
sponds to R-Peak. Figure 3 represents a typical ECG sig-
nal with high T-wave, the reconstructed signal at the sec-

ond level and the short time energy graphs.
It is casily seen in the graphs that the algorithm cfTec-
tively boosts the QRS interval against T-Wave.

(€))]

3.2. 5] and 5, localization

Several studies showed that the power speetral distri-
bution of PCG is substantially changed in the presence
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Figure 3.  An ECG signal (top) along with the recon-
structed signal at the second level (middle) and the up-
sampled short time energies (bottom),

of heart murmurs [1] [16] [17]. On the other hand, the
main frequency contents of the S and S are below 200
Hz, whilc it can be extended up to 600 Hz for heart mur-
murs [6] [16]. Our localization algorithm is based on win-
dowing a cardiac cycle into K temporal frames and com-
puting the cross-spectrum of each frame ¢y, (k= 1...., K)
with the first frame £;, as follow:

K
P{\QL;'_, tﬂ.‘} Z Rl’,;;.,_.". | lr\ﬂ'}_.)(f_'fwn'!'

rr—1

(4)

where 1y, ¢, is the cross-correlation of the two temporal
frames. The cross-spectral energy is computed for each

frame as:
Wa

> Plwh)

w=W,

E (tf.r} (5)

where W, and W5 are the lower and upper frequency lim-
its for the basic heart sounds (5 and .52), respectively. It is
clear that the {irst frame contlains a segment of 5 since the
cardiac cycles are commenced by Sy. Therefore, £({) is
the spectral correlation of the frame ¢, with .5, and repre-
sents high values for the frames associated with 57 or S,
We used Wy 30 and Wy 150 taking the frequency
contents of the 5; and 55 into account [6]. The number of
the temporal frames A and the overlap pereentage are cm-
pirically obtained as 30 and 20%. respectively. Figure 4
depicts a cardiac cycle and the corresponding F(!4} under
a harsh systolic murmur.

Ag seenin figure 4, 57 and 8, are clearly discriminaled
using E(¢;). The tentative discriminating threshold is:

T 0.9 E;‘I,.ﬂ-n_ f (.1 E_-".of{r..‘!.' (6)

where £z, and £ a4, are the maximum and minimum of
I2(t1), respectively. It is worth noting that the frequency
linits (W 30 and W, 150H allcnuates those sounds
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Figure 4. A cardiac cycle of PCG signal (bottom) and £
{(bottom).

wilh frequency contents outl of the 87 and Sy e.g. third
heart sounds [6]. It is clear that the first peak above the
threshold corresponds to 5. End point of 5 is determined
as the first point after the peak and below the threshold
on which the first derivative of E'({;} exceeds to its local
maximum. In order to identify S5. we apply the statistical
mode operator on the peaks, discriminated by the thresh-
old. The peak, corresponds to the largest mode is selected
as Ss. The beginning and end points of 53 are determined
in the same way as 5 cnd-pointing.

4, Results

The algorithm is applied on the data described in sec-

tion 2.2, The signals are manually annotated after several
rchearings. For the first step, the delecled end-points are
visually compared with the R-peaks of the ECG. An er-
ror is assumed when the detected point is out of range of
QRS complex. Results showed that all the cardiac eycles
available in our dataset (totally 1976 cycles) are correctly
identified by the algorithm.
The cvaluation of the sccond step is based on the accu-
racy of the identified sounds comparing with the annotated
sounds. 20% of the temporal duration of each sound is as-
sumed as its error margin for the beginning and end points
of the sound. Based on this delinmition, the results oblained
for &) and S5 localization are tabulated in table 1.

Table 1. Results of 5| and 53 localizations.

Sound Number of Numberof Accuracy
Type the sound Errors {9%)
S1 1976 53 97
Sz 1976 113 94




S. Discussion and conclusions

This paper presents an automatic tool for segmentation
of heart sound signals. The tool constituts of a graphi-
cal user interface along with an automatic algorithm for
heart sound segmentation, developed under a MATLAB
platform. The automatic algorithm for PCG segmentation
was tested with pathological cases in which robustness of
the algorithm plays an important role. Results showed that
the algorithm efficiently identifies the beginning and end
points of the cardiac cycles as well as S7 and S5. A semi-
automatic facility is added to the tool in order to correct
possible errors in S; and S5 identification within a cardiac
cycle.
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