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1 Introduction

Intelligent phonocardiography as a non-invasive and inexpensive approach has been
recently sounded for screening cardiac disease [1, 2]. Recent studies revealed that
application of the intelligent phonocardiography is not limited only to screening
pediatric heart disease, as it steps toward associating diagnostic value with the
approach [3–5]. Importance of this approach is better realized when considering that
a large number of the pediatric referrals to the hospital have normal hearts, while
shortage of pediatric cardiologists causes long waiting time for the families which
brings stress and costs to the healthcare system. On the other hand, there are still a
considerable number of pediatric patients in the primary healthcare centers which
are negatively misdiagnosed due to the complexities in cardiac auscultation as it
is still employed for the screening purpose [6]. Patent ductus arteriosus (PDA) is a
congenital disease caused by an abnormal blood flow between the two major arteries
exiting the heart. Aortic and pulmonary artery are connected through a vessel,
named ductus arteriosus before birth. Although ductus arteriosus plays an important
role in fetal blood circulation, it should be naturally ceased within a few hours
after the birth when the lung performs a normal respiration. Those children whose
ductus arteriosus remains opened long after the birth are considered as suffering
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from PDA. A child with untreated PDA can develop complications like pulmonary
hypertension which may require heart or lung transplant in the long term. It is
therefore of critical importance to screen children with PDA soon before developing
serious complications when the disease progress can be controlled by an appropriate
management. One of the manifestations of PDA is a continuous heart murmur heard
in both the systole and the diastole. Auscultation of the murmur initiated by a PDA
is a complicated task, especially for the unexperienced practitioners and nurses of
primary healthcare centers. Studies on the intelligent phonocardiography toward
murmur classification in children have been profoundly reported over decades [7–
10]. However, this is not true for developing a sophisticated processing method
for screening children with PDA from the heart sound signal. This paper presents
a novel method for processing heart sound signals to detect PDA murmur. The
method adjusts our internationally patented method (PCT/EP2009/051410), which
we called the Arash-Band, in a way to include temporal characteristics of the signal.
Results showed an acceptable performance for the classification comparing to the
one for a practitioner which had been reported to be below 70%. The method
exhibits low complexities in testing, offering the possibility to be used either as
a decision support in the primary healthcare centers or as a distributed screening
system on the web technology [11].

2 Materials and Methods

2.1 The Data Preparation

Heart sound signal and electrocardiogram (ECG) were recorded from 50 children,
who referred to Children Medical Centre of Tehran University, Iran, using an
electronic stethoscope of Meditron Analyzer in conjunction with a DELL laptop
equipped with 16-bit sound card. The sampling rate was 44,100 Hz to have good
recording/play back signal. Each recording had 10 s duration. All the referrals
gave the informed consent for participating in the study. The study was conducted
according to the Good Clinical Practice, and complied with World Medical Asso-
ciation and Declaration of Helsinki, and approved by the institutional committee
of ethics. All the referrals were examined by a pediatric cardiologist who used
echocardiography as the gold standard in companion with the ECG, chest X-ray,
and other complementary tests. The patient population is listed in Table 1.

2.2 The Processing Method

The heart sound signals were downsampled using an anti-aliasing filter and seg-
mented through which the first and the second heart sounds were carefully annotated
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Table 1 The patient characteristics of the participating population

Total number of patients 50
Number of healthy individuals with no murmur 15
Number of healthy individuals with innocent murmur 15
Age range of the healthy individuals 4–15 years
Number of patients with patent ductus arteriosus 20
Age range of the patients with patent ductus arteriosus 0–5 years
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Fig. 1 An illustration of the innovative processing method. Details of the calculations can be found
in [12]

according to the concurrence with the ECG peaks. The processing method is based
on our original method, named Short Time Arash-Band, which relies on spectral
calculation over two sets of the short sectors of the signal, one set for processing the
systolic and the other set for the diastolic parts, independently. Then, the spectra-
sectoral contents of the signal are calculated for the purpose of feature selection.
Details of the spectra-sectoral calculations are found in [12]. Figure 1 illustrates the
sectoral processing. A backward growing with three sectors and a forward growing
with five sectors are empirically selected to analyze the systolic and diastolic parts
of the signal, respectively. The spectral contents of the sectors are calculated using
the priodogram. For each sector, a discriminative frequency band is found based on
the Arash-Band method [12]. The calculated spectra-sectoral energies are employed
by a multilayer perceptron neural network for the classification.

2.3 The Evaluation

Performance of the method is evaluated by using leave-one-out method. In this
method, one single data is used for testing the method and the rest for training.
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This procedure is repeated 50 times with each single recording used only once for
testing. Then, the accuracy of the method is calculated as:

Pac = 100
NTP +NTN

NTP +NTN +NFP +NFN
(1)

where NTN and NTP are the number of the correctly classified individuals from the
healthy and the PDA groups, respectively. The NFP and NFN are the number of the
incorrectly classified individuals from the PDA and the healthy groups, respectively.
The leave-one-out method is suitable when the data size is small, as is the case for
this study.

3 Results

Figure 2 demonstrates samples of the healthy and PDA group. The healthy subject
shows an innocent murmur, whereas for the PDA the murmur is of continuous
one. The murmur intensity of the healthy subject is heard even higher than the
PDA patient. This makes the differentiation problematic using both the conventional
auscultation and the artificial intelligent-based methods.

Figure 3 demonstrates result of the leave-one-out method, applied to the 50
signals of our database.

Fig. 2 A sample of the healthy subject (with innocent murmur) against another one with PDA,
from our database
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Fig. 3 Output of the method for the healthy children (blue O) and the children with patent ductus

arteriosus (red X)

As can be seen, the two groups are acceptably segregated using the proposed
method. However, there are three children with PDA which are misdiagnosed by
the method, offering a sensitivity of 85%. All the three false negative patients are
subjects of silent PDA, which can be considered as healthy individuals. Referring
to the database, all the three patients have small PDA. On the other hand, there are
four cases of healthy children which are classified as abnormal, because of the high
intensity innocent murmur. These individuals mostly undergo echocardiography.
The accuracy of the method is estimated to be 86% with a specificity of 87%.

4 Discussion

This paper suggested the intelligent phonocardiography as an automated approach
for improving screening accuracy of the children with congenital heart disease in
primary healthcare centers. The approach is easy-to-use, inexpensive, non-invasive,
and quick that allows the practitioners and nurses to candidate proper patients to
undergo echocardiography. The processing method proposed in this paper is based
on the advanced deep learning method [12], but with an empirical modification
toward more simplification for a quick learning. Although the advanced deep
learning method shows minimal structural risk compared to a hybrid method [13],
complexity of the presented method in this paper also is minimal in the both training
and testing phase. The suggested method takes both the temporal and spectral
contents of the heart sound into consideration such that an optimal classification
is obtained. Application of artificial neural networks had been reported in a large
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number of the studies on heart sound signal analysis, in which murmur classification
was an objective [14–19]. However, development of a sophisticated deep learning
method, with minimal complexities in detecting PDA children was not previously
reported. One of the important characteristics of the presented method is the low
structural risk and robustness against the test data [12]. Nevertheless, it is necessary
for the method to be trained with a broader dataset by which overfitting is avoided
and a better performance can be observed.

5 Conclusions

This paper presented an original machine learning method for detecting patho-
logical heart murmurs resulted from patent ductus arteriosus (PDA) in children.
The purposed method is a simplified extension of our deep learning method for
classifying cyclic time series, with a considerably less complexities in the training
phase. Results of the leave-one-out validation method exhibited an acceptable
performance, outperforming a typical pediatrician who employs conventional aus-
cultation. The method can be easily integrated with a portable computer to be used
as an efficient decision support system in primary healthcare centers.
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