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ABSTRACT Previous studies have shown that the acoustic characteristics of coronary heart disease (CHD)
are the diastolic turbulent murmurs. But there is little research on how to distinguish the differences between
diastolic turbulent murmurs and diastolic valvular murmurs. In order to improve the diagnosis accuracy of
CHD based on the analysis of diastolic murmurs, empirical wavelet transform was applied to distinguish the
difference of diastolic murmurs between in CHD and in valvular disease. Firstly, the spectrum of diastolic
heart sounds was divided into three modes and the segmentation boundaries were set as [150, 200] Hz.
Next, the diastolic modal spectrums were obtained. It is found that the essential difference of diastolic
murmurs between in CHD and in mitral stenosis is the third modal spectrum. Finally, the characteristic
parameter P3 was defined and used to distinguish the diastolic murmurs in CHD and in valvular disease.
The performance of the proposed method is tested and the results show when the proposed method was used
to identify the diastolic murmurs of CHD, Se is 94.7%, Pp is 93.4% and Oa is 88.7%; When the proposed
method identifying the diastolic murmurs of valvular disease, Se is 93.3%, Pp is 94.6% and Oa is 88.6%.

INDEX TERMS Diastolic murmurs, coronary heart disease (CHD), valvular disease, empirical wavelet
transform (EWT).

I. INTRODUCTION
Coronary heart disease (CHD) has become the ‘‘number
one killer’’ of human beings, while most of its detection
methods are invasive, expensive or unable to achieve early
diagnosis [1], [2]. Early coronary blocking will not cause
abnormal changes in ECG, only when the coronary blocking
rate is over 70% ∼ 75% can the ECG signal be changed [3].
Using the reflection principle of ultrasonic wave to detect
the degree of coronary artery blockage is the principle of
B-ultrasonography. But when the external environment
changes or the intensity of ultrasound in the body and the
emission path change, there will be false emission, which
can result in the decrease of CHD’s diagnostic accuracy [4].
Nuclear magnetic resonance, CT, PET are expensive, poor
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CHD people can not easily beat the cost [5], [2]. Coronary
angiography is currently the ‘‘gold standard’’ for the diag-
nosis of CHD. However, angiography is an invasive diagno-
sis with certain risks. In some cases, it can lead to serious
complications and even death [6].

Changes in heart sounds and the appearance of murmurs
are often the earliest features of organic heart disease [3].
With the development of electronic stethoscope and digital
signal processing technology, many scholars have devoted
themselves to the study of the acoustic characteristics of
heart sounds of CHD, hoping to solve the problem of early
accurate diagnosis of CHD [7], [8]. Many Previous studies
have proved that the acoustic characteristics of CHD are the
diastolic turbulent murmurs [9]–[13]. Sangster and Oakley
have studied the phonocardiograms (PCG) of patients with
CHD and confirmed the application value of diastolic mur-
murs in the diagnosis of CHD [14]. J. L. Semmlow and
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W.Welkowitz et al used Fourier transform to study the dif-
ferences of diastolic heart sound spectrum between patients
with CHD and normal people, and found that high-frequency
energy spectrum of the diastolic heart sound increased in
patients with CHD [15]. Metin Akay and JL Semmlow et al.
used the eigenvector method to study the diastolic heart
sound of coronary artery stenosis before and after angioplasty
and showed that the diastolic murmurs were equivalent to a
narrowband signal with high frequency, which were associ-
ated with coronary artery stenosis [16]. Zhao applied EMD
(empirical mode decomposition) algorithm and Hilbert trans-
formation to analyze the diastolic heart sound of CHD and
found that the average instantaneous frequency of diastolic
heart sounds in patients with CHD is higher than that of
normal people [17].

However, high frequency diastolic murmurs are known to
occur not only in CHD, but also in valvular diseases, such as
mitral stenosis, tricuspid stenosis, and aortic and pulmonary
valve regurgitation. Up to now, there is little study focus
on how to distinguish the differences of diastolic murmurs
in CHD and in valvular diseases. Although there are many
clinical methods to separate CHD from valvular diseases,
such as CT, echocardiography, ECG, X-ray, etc. But as men-
tioned above, these methods have some drawbacks in solving
the early non-destructive diagnosis of CHD. In order to use
diastolic murmurs to solve the early non-invasive detection
of CHD, the interference of diastolic murmurs caused by
valvular disease should be eliminated firstly.

In addition, the friction peak noise caused by the
friction between the hand-held stethoscope and the skin
seriously interferes with the weak diastolic turbulent murmur.
Therefore, the accuracy and specificity of diagnosing CHD
based on diastolic turbulent murmurs need to be further
improved.

In this paper, aMEMS (micro-electro-mechanical systems)
electronic stethoscope with high signal-to-noise ratio (SNR)
is used to collect heart sound signal of the patients with
CHDwhich can reduce the difficulty of removing noise while
retaining weak pathological information of heart sounds. It is
proposed that using empirical wavelet transform (EWT) to
study the differences of diastolic murmurs between in CHD
and in valvular disease. The heart sound signal of valvular
disease is collected from Michigan heart sound Database.

II. PROPOSED METHOD
The proposed method for distinguishing the diastolic mur-
murs in CHD and in valvular disease includes several steps:
preprocessing (resampling, normalization, denoising, seg-
mentation), decomposition of diastolic heart sound using
EWT, feature extraction, classification. Figure 1 illustrates a
simplified block diagram of the proposedmethod for discrim-
ination the diastolic murmurs in CHD and in valvular disease.

A. WAVELET THRESHOLD DENOISING
The biggest problem encountered in the analysis of heart
sound signal of CHD is environmental noise. This problem
is generally solved from two aspects, one is to develop more

FIGURE 1. Diagram of the proposed method for the discrimination of
diastolic murmurs in CHD and in Valvular disease.

advanced electronic stethoscope, the other is to find more
advanced signal de-noising algorithm. The advanced equip-
ment can collect the signal with high SNR (such as theMEMS
electronic stethoscope), thus greatly reducing the difficulty of
signal de-noising algorithm.

In this paper, the heart sound sensor of the MEMS
stethoscope was designed with the aid of the hydrophone
which imitated the fish lateral line structure [18]. Because a
kind of medical coupling solvent whose density is approxi-
mate to the human’s blood was used to encapsulate the heart
sound sensor, the attenuation of the heart sound signal passing
to the sensor’s micro-structure via human tissue reduced
greatly. In addition, when using the MEMS electronic stetho-
scope to collect heart sound signal, there is no need to hold it
all the time. The stethoscope was just placed on the left border
of patient’s chest. Therefore, its sensitivity and SNR has been
further improved and its SNR is higher than 3M Littmann
3200 stethoscope 8.2 db. Literature [18] have presented the
design and manufacturing process of the MEMS electronic
stethoscope in detail. Heart sound data with high SNR can
greatly reduce the difficulty of data processing and improve
the accuracy of data analysis results.

The noise type of coronary heart sound data collected
by MEMS electronic stethoscope is simple, and the wavelet
threshold denoising algorithm was used to denoise coronary
heart sound data. Sym3 wavelet basis and three-layer decom-
position can be uniformly adopted. The threshold function is
uniformly set as (1) [19]:

βj = σ
Noise
j

√
2log(Nj) (1)

Nj is the length of the signal at the decomposition scale j.
σNoisej is the noise variance, it can be calculated through
formula (2):

σNoisej =
median(

∣∣CDj∣∣)
0.6745

(2)
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FIGURE 2. Sym3 wavelet three-layer decomposition of CHD’s heart
sounds.

For example, a noise coronary heart sound data was
collected by MEMS electronic stethoscope. The patient, a
59-year-old man, underwent coronary angiography and was
determined to have 40% midstream stenosis of the anterior
descending branch. The recording duration of this heart sound
is 15 second. Three complete cardiac cycles were selected.

The detailed components and approximate components of
each layer were obtained after the Sym3 wavelet was used
to decompose the noised coronary heart sound signal into
three layers, as shown in Figure 2. It can be seen the noise
is simple and is mainly distributed in the detail component of
each layer. After the third layer, the noise coefficient become
very smaller.

The comparison waveforms before and after noise
elimination of CHD’s heart sound data are shown in Figure 3.
It can be found that the noise elimination effect is rela-
tively ideal. While removing the noise, weak pathological
information- the third and the fourth heart sound signal- is
retained.

B. DECOMPOSITION OF DIASTOLIC HEART
SOUND USING EWT
According to the previous studies, most of the diastolic
murmurs in valvular heart disease were within 200Hz, while
the diastolic turbulent murmurs in CHD were above 200Hz
[15]. In order to further improve the specificity and accu-
racy of the algorithm in diagnosing CHD based on diastolic
murmurs, it is needed to study the characteristic parameters
to distinguish the diastolic murmurs in CHD and in valvular
disease.

EWT combines the advantages of wavelet transform and
empirical mode decomposition (EMD) and can also over-
come the disadvantages of EMD producing false modes [20].
Because of the advantages of EWT algorithm, in recent years,
it has been widely used in various engineering applications,
such as harmonic detection of power system, classification
of heart sound murmurs [21], feature extraction for first heart
sound [22], etc. It decomposes signal through dividing the
signal’s spectrum flexibly and constructing Meyer wavelet
filter banks according to the segmentation boundaries.

FIGURE 3. CHD heart sound before and after threshold denoising. (a) The
waveform of CHD’s heart sound before denoising;(b) The waveform of
CHD’s heart sound after denoising.

Therefore, EWT is proposed to decompose the diastolic heart
sound of CHD and valvular disease. The support of the
filter depends on the spectral information of the signal to
be analyzed. The signal spectrum is normalized to [0, π ].
If the signal is composed of N single-frequency components,
the Fourier spectrum of the signal need to be divided into
N intervals, and then N bandpass filters are constructed.
In addition to the boundary points 0 andπ , we need to identify
N-1 more points of the spectrum. Signal’s Fourier spec-
trum segmentation interval can be expressed as: [wn−1,wn]
(n = 1, 2. . ., N). The amplitude is dimensionless, and the
segmentation of Fourier spectrum based on EWT is shown
in Figure.4. wn is in the center of one support of bandpass
filter. The width of support is 2τn, which is the transition area
between every filter. In Figure 4, the shaded part is the filter
support. Each spectrum interval can be signed3n and should
satisfy the formula (3):

UN
n=13n = [0,π ] (3)

Empirical wavelet transform is constructed on each
spectrum segmentation, namely a series of Meyer’s wavelet
filter Banks.

The scale function and empirical wavelet function of EWT
can be expressed by equations (4) and (5).

φ̂n (w) =



1, if |w|≤wn−τn

cos
[
π

2
β

(
1
2τn

(|w| − wn + τn)
)]
,

if wn − τn ≤ wn + τn
0, otherwise

(4)

ψ̂n (w) =



1, if wn + τn ≤ |w|wn+1 − τn+1

cos
[
π

2
β

(
1

2τn+1
(|w| − wn+1 + τn+1)

)]
,

if wn+1 − τn+1 ≤ |w| ≤ wn+1 + τn+1

sin
[
π

2
β

(
1
2τn

(|w| − wn + τn)
)]

if wn − τn ≤ |w| ≤ wn + τn
0, otherwise

(5)
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FIGURE 4. Segmentation of the Fourier spectrum.

FIGURE 5. Heart sound data of mitral stenosis with early and late
diastolic murmurs.

where, β (x) is a function that satisfy equation (6):

β (x) =


0, if x ≤ 0
andβ (x)+ β (1− x)= 1∀x ∈ [0, 1]
1, if x ≥ 1

(6)

In fact, many functions can satisfy equation (6), but β (x)
described in equation (7) is most frequently used in reference
[17]:

β (x) = x4(35− 84x + 70x2 − 20x3) (7)

After the heart sound signal was preprocessed, diastolic
heart sound signal was extracted for further analysis. EWT
was used to divide the signal’s spectrum. The boundaries for
segmentation of the spectrum was set as [150, 200] Hz. Then
the diastolic heart sound signal was decomposed into three
modes: 0∼150 Hz, 150∼200Hz, >200Hz. Finally, the spec-
trums of the three modal signals were obtained respectively
and the significant difference of diastolic murmurs in CHD
and in valvular disease is the third modal spectrum.

C. FEATURE EXTRCTION
In order to further demonstrate the algorithm flow and feature
comparison, the heart sound data of one patient with mitral
stenosis and one with CHD were used to illustrate.

Firstly, a heart sound data of mitral stenosis with early
and late diastolic murmurs was selected fromMichigan heart
sound Database for study. The recording duration of the heart
sound data is one minute and one second. A part of the
waveform of this heart sound data is displayed in Figure 5.
Its diastolic heart sound signal (from the end of S2 to the start

FIGURE 6. The spectrum segmentation of diastolic heart sound with
mitral stenosis. (a) Waveform of diastolic heart sound; (b) The spectrum
of diastolic heart sound; (c) The spectrum segmentation using by EWT.

FIGURE 7. The spectrum segmentation of diastolic heart sound with CHD.
(a) Waveform of diastolic heart sound; (b) The spectrum of diastolic heart
sound. (c) The spectrum segmentation using by EWT.

of next S1) was selected as shown in Fig.6(a). Its spectrum
was shown in Fig.6(b). The spectrum was divided into
three parts:0∼150Hz, 150∼200Hz and >200Hz as shown in
Fig.6(c).

Next, the same algorithm was used to analyze the diastolic
heart sounds of CHD. The heart sound signal of the patient
with CHD here is the same as that shown in Figure 3.

The waveform of diastolic heart sound of CHD was
selected as shown in Fig.7(a). The spectrum and its
segmentation using EWTwas shown in Fig.7(b) and Fig.7(c).

According to the segmentation of spectrum, the Meyer
wavelet filter banks are constructed. The diastolic heart sound
signal is decomposed into three different modes as shown
in Figure 8.

The three diastolic modal time-domain signals obtained
by the mode decomposition were Fourier transformed to get
their spectrums. Then the differences of the three modal
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FIGURE 8. Comparison of diastolic modal decomposition between CHD
and mitral stenosis. (a) diastolic modal decomposition of CHD; (b)
diastolic modal decomposition of mitral stenosis.

spectrums in both CHD and in mitral stenosis can be clearly
seen in Figure 9.

It is found that the essential difference of diastolic murmurs
in CHD and in mitral stenosis is their third modal spectrum
as shown in Figure 9. The third diastolic modal spectrum of
CHD has more energy concentrated in 300∼400Hz. While
the third diastolic modal spectrum in mitral stenosis has more
energy below 250Hz.

Therefore, the ratio of spectral energy greater than 250Hz
and spectral energy less than 250Hz in the third diastolic
modal spectrum can be used as the feature to directly distin-
guish diastolic murmurs in CHD and in valvular disease. The
ratio was named as P3 in this paper and it can be expressed
by the equation (8).

P3 =
E(3)f≥250Hz
E(3)f<250Hz

(8)

III. CLASSIFICATION RESULTS
To further verifywhether P3 could be used to distinguish dias-
tolic murmurs in all CHD and in all valvular disease, experi-
ments were carried out to calculate P3 of all kinds of CHD and

FIGURE 9. Comparison of diastolic modal spectrum between CHD and
mitral stenosis. (a) three diastolic modal spectrums of CHD; (b) three
diastolic modal spectrums of mitral stenosis.

valvular disease using the same algorithm proposed before.
And their results can be seen in Table 1. MEMS electronic
stethoscope was used to collect 30 CHD heart sounds, and
3M electronic stethoscope was used to collect the 20 CHD
heart sound. Ten diastolic periods were analyzed for each
CHD heart sound data. There are 20 diastolic heart sounds of
CHD from Michgan heart sound Database. Valvular disease
includes mitral stenosis, tricuspid stenosis, aortic and pul-
monary valve regurgitation et al. Valvular diastolic murmurs
also include early diastolic murmur, late diastolic murmur,
mid-diastolic murmurs, and full diastolic murmurs. Themean
value of P3 was calculated and the statistical results were
shown in Table 1.

According to the statistical results in Table 1, P3, which is
used to distinguish diastolic murmurs caused by CHD or by
valvular disease, can be chosen as 8. That means if P3 is
greater than 8, the diastolic murmurs are caused by CHD.
If P3 is less than 8, the diastolic murmurs are caused by
valvular disease. Finally, 150 diastolic signals of CHD and
valvular disease were collected, and the classification rule
was used to calculate the accuracy and specificity of the
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TABLE 1. Comparison of P3 between CHD and valvular heart disease.

TABLE 2. Performance of the proposed method for discrimination of diastolic murmurs in CHD and in valvular disease.

proposed algorithm as shown in Table 2. So far, no studies
have been reported to distinguish the diastolic murmurs in
CHD and in valvular disease. In order to demonstrate the
effectiveness of the proposed method in distinguishing the
diastolic murmurs in CHD and in valvular disease, compar-
ison experiment was carried out. The method proposed by
Zhao in reference [17] was used to compare with the proposed
method in this paper. Zhao used HHT (Hilbert Huang Trans-
form) to get the diastolic marginal spectrum of diastolic heart
sounds. Then parameter P was used to distinguish CHD and
non-CHD. Here, P can also be used to distinguish diastolic
murmurs in CHD and in valvular disease. P is the marginal
spectral energy ratio and was defined as equation (9):

P =
Ef≥200Hz
EF<200Hz

(9)

The comparison results show that the proposed algorithm
has great advantages over HHT algorithm in distinguishing
the diastolicmurmur in CHD and in valvular disease as shown
in Table 2.

IV. CONCLUSION
This work applied EWT algorithm in distinguishing diastolic
murmurs between in CHD and in valvular diseases. The
entire diastolic period (from the end of S2 to the end of the
next S1) was selected as the key analysis period. The diastolic
spectrum segmentation boundary was set as [150, 200] Hz.
Then diastolic signal was decomposed into 3 modes, cor-
responding to 0∼150Hz, 150∼200Hz, and >200Hz respec-
tively. Every mode’s spectrum was obtained and it is found
that the essential difference of diastolic murmurs in CHD and
in valvular disease is the third mode’s spectrum. The third
mode’s spectrum show the diastolic murmurs of CHD usually
concentrated in 300∼400Hz while the diastolic murmurs of
valvular disease were always below 250Hz. Therefore, P3,

the ratio of energy greater than 250Hz to energy less than
250Hz in the third mode spectrum, was used to distinguish
diastolic murmurs between in CHD and in valvular disease.

After a large number of experiments, the statistical results
in Table 1 show that P3 can differentiate diastolic mur-
murs in CHD and in valvular disease very well. The sta-
tistical results in Table 2 further showed the performance
of the proposed method in distinguishing the diastolic mur-
mur in CHD and in valvular disease is superior to HHT.
When the proposed method identifying the diastolic mur-
murs of CHD, the sensitivity(Se) is 94.7%, specificity(Pp)
is 93.4% and accuracy (Oa) is 88.7%; When the proposed
method identifying the diastolic murmurs of valvular disease,
the sensitivity(Se) is 93.3%, specificity(Pp) is 94.6% and
accuracy (Oa) is 88.6%.

With the further accumulation of heart sound data,
intelligent algorithms such as support vector machine can be
used to find P3, a characteristic parameter used to distinguish
diastolic murmurs in CHD and in valvular disease, and the
performance of the proposed method may be improved.
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