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h i g h l i g h t s

• A novel framework for heart sound classification without segmentation.
• Extracting the autocorrelation features of the normalized average Shannon energy envelopes at different wavelet sub-bands.
• Fusing the autocorrelation features into the uniform features by using diffusion maps and classifying them with the SVM classifier.
• Evaluating the proposed method on two public datasets published in the PASCAL Classifying Heart Sounds Challenge.
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a b s t r a c t

Heart sound classification, used for the automatic heart sound auscultation and cardiac monitoring,
plays an important role in primary health center and home care. However, one of the most difficult
problems for the task of heart sound classification is the heart sound segmentation, especially for
classifying a wide range of heart sounds accompanied with murmurs and other artificial noise in the real
world. In this study, we present a novel framework for heart sound classification without segmentation
based on the autocorrelation feature and diffusion maps, which can provide a primary diagnosis in the
primary health center and home care. In the proposed framework, the autocorrelation features are first
extracted from the sub-band envelopes calculated from the sub-band coefficients of the heart signal
with the discrete wavelet decomposition (DWT). Then, the autocorrelation features are fused to obtain
the unified feature representation with diffusion maps. Finally, the unified feature is input into the
Support Vector Machines (SVM) classifier to perform the task of heart sound classification. Moreover,
the proposed framework is evaluated on two public datasets published in the PASCAL Classifying Heart
Sounds Challenge. The experimental results show outstanding performance of the proposed method,
compared with the baselines.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Heart sound auscultation has been a critical part of the clini-
cal examination since the invention of the stethoscope in 1816 by
Lannec [1]. The traditional heart auscultation, however, is over-
dependent on the ear sensitivity and the subjective experience
(auscultation skills) of the physician [2]. Nowadays, heart sound
classification, used for the automatic heart sound auscultation [3]
and cardiac monitoring [4], becomes a promising research field
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based on the methods and techniques of modern signal process-
ing and artificial intelligence [5]. With the development and pop-
ularization of the electronic stethoscope and the smart phone
(e.g., IPhone), heart sound classification plays an important role in
primary health centers and home care.

The procedure of the heart sound classification usually consists
of three steps: heart sound segmentation, feature extraction, and
classification. The heart sound segmentation aims at segmenting
the heart sound signal into a series of cardiac cycles. From each of
cardiac cycles, the feature is extracted, which captures the infor-
mation about the mechanical activity of the heart in one cardiac
period. The extracted feature is input into the classifier, such as
Artificial Neural Networks (ANN), Support Vector Machines (SVM)
and Hidden Markov Models (HMMs), to identify the abnormal
heart soundwhich usually relates to some heart condition. In some
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methods [4,6,7], the heart sound segmentation was performed
with the electrocardiogram (ECG) as a reference, where the ECG
was recorded in parallel. By segmenting the heart sound signal into
cardiac cycles according to the ECG, Ahlstrom [6] focused on the
murmur classification (distinguishing the pathological murmurs
from the physiological murmurs) based on the recurrence quan-
tification analysis (RQA) feature and ANN classifier. Jabbari [7] also
relied on the ECG to segment and classify the heart sounds with
the feature, extracted by using matching pursuit, based on three-
layer feed-forward multilayer perception (MLP) network. How-
ever, these methods with the ECG-based segmentation require to
simultaneously record and synchronously process the heart sound
and the ECG signal, which is very inconvenient, especially in the
case of infants or newborn children [8].

Recently, more classification methods without using the ECG
signal are proposed. Among thesemethods, the segmentationwith
envelope analysis is the most popular one and widely used for
extracting feature and classifying the heart sound. The envelope-
based segmentation is performed by three steps: (1) extract-
ing the envelope of the heart signal; (2) detecting the peaks of
the fundamental heart sounds (FHS), S1 or S2; and (3) identify-
ing the cardiac cycles with the peak conditioning. The envelope
extraction algorithms used in the envelope-based classification
methods are the normalized average Shannon energy [9], Hilbert
transform [10], homomorphic filtering [11], cardiac sound char-
acteristic waveform extraction [2], Hilbert–Huang transform [12],
short-time modified Hilbert transform [13], etc. Moreover, to im-
prove the robustness of detecting the FHS peaks, the original heart
sound signal is usually represented in the transform domain by us-
ing some signal analysis approaches, such as short-time Fourier
transform, discrete wavelet transform [14], tunable-Q wavelet
transform [15], optimum multi-scale wavelet packet decomposi-
tion (OMS-WPD) [16], S-transform [17]. However, due to the un-
reliability of the peak conditioning for detecting and identifying
the FHS peaks, the envelope-basedmethodsmainly suffer from the
two drawbacks [18]. The first one is that the true FHS peaks are
missed and the extra false peaks are detected, due to the affection
of the murmur or background noise. The second is that the com-
mon assumption used in the peak conditioning, the systole period
is shorter than diastole period, is not always true, especially, in the
case of infants, newborn children, or some cardiac patients. Besides
these envelope-basedmethods, other approaches based on the sta-
tistical models are also used for the heart sound segmentation in a
supervised or unsupervised way, such as HMMs [19], duration de-
pendent HMMs [20], Ensemble EmpiricalMode [21], K-means [22],
dynamic clustering [23]. The nature of the model-based methods
is to characterize or summarize the properties of the FHS by using
their models, based on some discriminative information about the
FHS, such as the distribution of time–frequency energy, the period
(of systole, diastole, or cardiac cycle), and the temporal correlation
(Markov property). Unfortunately, the properties of the FHS vary
greatly from infants to old people and from healthy people to car-
diac patients. It is difficult for the model-based methods to model
all the FHS in a unified model, especially, accompanied with some
artificial sounds in the real world.

In fact, the primary task of heart sound classification can be
performedwithout heart sound segmentation, as done in [18]. The
goal of the primary task is only to detect the presence of a disorder
in the heart sound rather than to further identify it, which is helpful
to provide a primary diagnosis in the primary health center and
home care. Certainly, the results of the primary diagnosis can also
be used to later implement the automatic diagnosis. Based on the
cardiac period estimated from the heart sound, Yuenyong [18]
extracted an equal number of cardiac cycles and classified them
into two categories (normal and abnormal) using a neural network
classifier. However, the accurate estimation of the cardiac period is

Fig. 1. The overall framework of the heart sound classification without
segmentation.

also difficult, and the classification problem of heart sounds mixed
with artificial sounds is not considered in their method.

In this study, a novel framework is proposed for the primary
task of heart sound classification based on the diffusion maps
[24,25] and SVM classifier. The overall framework is shown in
Fig. 1. Firstly, the pre-processed heart sound signal is decomposed
into the approximation and detail coefficients by using the discrete
wavelet decomposition (DWT). Then, with these coefficients,
the normalized average Shannon energy envelopes and their
autocorrelation functions are calculated, respectively. Thirdly, the
sub-band autocorrelation functions, which are associated with
the approximation and detail DWT coefficients, are fused by the
diffusion maps to obtain the unified feature representation of the
heart sound signal. Finally, the feature is input into the SVM for
classifying the heart sound signal. In addition, the experiments
are performed on the public datasets published in the PASCAL
Classifying Heart Sounds Challenge [26], and the proposedmethod
is comparedwith the best threealgorithms [26], UCI, J48, andMLP,
presented in the Challenge competition.

The main contribution of the paper is twofold. (i) Contrasting
to existing approaches, the proposed framework is the first one to
perform the heart sound classification without using any location
information in the heart sound signal, such as segmentation. Al-
though the segmentation is not required in [18], its implementa-
tion relies on the accurate estimation of the cardiac period which
provides a reference to select the interval from the heart sound sig-
nal. However, estimation of the cardiac period is unnecessary in
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