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Heart sounds are a rich source of information for early diagnosis of cardiac pathologies. Distinguishing
normal from abnormal heart sounds requires a specially trained clinician. Our goal is to develop a machine
learning application that tackle the problem of heart sound classification. So we present a new processing
and classification system for heart sounds. The automated diagnostic system is described in terms of its
preprocessing, cardiac cycle segmentation, feature extraction, features reduction and classification stages.
Conventional architectures will be used to identify abnormal heart sounds then the performances of the
proposed systems will be compared. The conventional architectures include the following traditional
classifiers: SVM, KNN and ensemble classifier (bagged Trees, subspace KNN and RUSBoosted tree). The
proposed system is verified on the publicly available dataset of the heart sounds. The cross-validation
and local hold out train-test methods are used to perform the experiments and obtain and compare
the results. The proposed system showed potential for achieving excellent performance compared to
previous methods on the same dataset with a score of 0.9200 at a sensitivity of 0.8735 and specificity of
0.9666 using a support vector machine classifier with cubic kernel. The details of the methodology and
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the results are presented and discussed.
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1. Introduction

Cardiovascular disease (CVD) still the first leading cause of death
with an estimated 17.9 million people worldwide died from CVD-
related conditions in 2016, representing 31 % of all global deaths
[1]. Heart diseases can be diagnosed by several techniques involve
medical imaging procedures, which are rather costly and cumber-
some and hence of limited availability to many people. On the
other hand, the simplest CVD diagnostic technique is heart sound
auscultation, which is an old yet very effective diagnostic tool to
check the condition of the heart. Early detection of abnormal heart
sounds provides the needed time to prevent cardiovascular system
disruption.

The phonocardiogram (PCG) is a graphical description of heart
sound. The PCG signal contains helpful information that aids diag-
nose heart disease and assess the quality of cardiovascular system
function [2]. In general, heart sounds are often difficult to inter-
pret due to their low intensity and dominating frequencies near
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the lower limit of the human hearing range. So, auscultation needs
a lot of training and experience.

Computer-aided auscultation is an automated diagnostic tool
utilize the computer to help the physician in the initial inspection
of abnormal heart sounds.

In the past few decades, many automated analysis algorithms
were developed to assess patients based on the PCG alone with-
out electrocardiogram (ECG) synchronization. Deep learning and
conventional architectures classification models were utilized.
Also, different types of features were implemented. This area has
received a lot of research work and still.

Potesetal.[3] proposed an ensemble of a feature-based classifier
and a deep learning based classifier to boost the classification per-
formance of heart sounds. A total of 124 time-frequency features
were extracted from PCG signal and input to AdaBoost ensem-
ble classifier. PCG signals were decomposed into four frequency
bands to train convolutional neural network (CNN). The final deci-
sion was based on combining the outputs of AdaBoost and the
CNN. Rubin et al. [4] proposed an algorithm that transformed 1-
D PCG signal into 2-D time-frequency heat map representations
using Mel-frequency cepstral coefficients (MFCC). Convolutional
neural network was used to automatically classify normal versus
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abnormal heart sound recordings. The PhysioNet/Computing in
Cardiology Challenge 2016 presented a dataset to develop, test
and compare several algorithms with conventional architectures
and deep learning to classify heart sounds. Many research groups
contributed new methods in response to this challenge [5-7].
Gokhale [8] introduced an algorithm that utilizes Hilbert enve-
lope and wavelet features with boosted trees ensemble classifier.
Goda et al. [9] used time-frequency domain features and support
vector machine (SVM) classifier. An algorithm was proposed by
Grzegorczyk et al. [10] to classify heart sound recording based
on deep neural networks. Conventional neural network and auto-
encoder deep neural network were used with forty-eight time
and frequency domain features. Tschannen et al. [11] introduced
another technique where deep features (generated by a wavelet-
based convolutional neural network) and time-frequency domain
features were both used with L,-SVM classifier. Homsi et al. [12]
presented an approach that use time, frequency, wavelet and sta-
tistical domain features with a nested set ensemble classifier that
included random forest, LogitBoost and cost-sensitive classifiers.
Langley et al. [13] utilized wavelet entropy to classify unsegmented
and short duration PCG signals where a wavelet entropy threshold
was determined from the training set then PCG signals with entropy
below the threshold were classified as abnormal. In Singh-Miller
etal.[14], spectral features with discriminative model based onran-
dom forest regressor were applied for classification of heart sound
recordings. Vernekar et al. [15] demonstrated Markov features
with a weighted ensemble classifier that include four AdaBoost
ensemble classifiers and four artificial neural networks (ANN) to
classify PCG signals. Plesinger et al. [ 16] implemented a fuzzy logic
like approach with logical rules and probability assessment based
on histograms to classify heart sounds. Nabhan and Warriek [17]
attempted to improve the work in [12] by detection the outlier
signal and separated it from standard range signal by using an
interquartile range threshold. Abdollahpur et al. [18] proposed an
algorithm that assessed the signal quality of the segmented car-
diac cycle then a total of ninety features including time domain,
time-frequency, perceptual and Mel-frequency cepstral coefficient
(MFCC) were extracted from the correctly segmented cycles only.
The classification was performed using three feed-forward neural
networks followed by a voting system. Langley and Murray [19]
tried to improve the work in [13] where short and unsegmented
heart sounds recordings were classified using feature threshold
based classifier. Spectral amplitude and wavelet entropy features
were calculated using FFT and wavelet analysis. A decision tree was
then used to combine the spectral amplitude and wavelet entropy.
Maknickas and Maknickas [20] applied CNN to classify heart sound
records with Mel-frequency spectral coefficients (MFSC), difference
and second-order difference of the MFSC calculated and fed to CNN
as three dimensions for each frame. Whitaker et al. [21] proposed
combining sparse coding and time domain features for heart sounds
classification. Six SVM classifiers used. Abduh et al. [39] applied
fractional Fourier transform based Mel-frequency spectral coeffi-
cients (FrFT-MFSC) and stacked auto-encoder deep neural network
to classify heart sound records. In spite of the excellent performance
of the new method, there is always the concern of overfitting prob-
lem in such methods. Deep learning methods require large amounts
of training data that are difficult to meet by biomedical data sets,
and the current problem is no exception. Therefore, the estimation
of the many parameters associated with the deep learning neu-
ral network architecture using the much fewer training samples
available from our data set raises a major concern that the system
may not generalize well. Consequently, studies in this field have
attempted to propose augmentation or simulation methods to gen-
erate more data samples from the limited available ones. This raises
concerns about how realistic such synthetic data samples are and
whether this approach should be acceptable for medical diagnostic

systems. A number of regulatory organizations as AAMI (Associa-
tion for the Advancement of Medical Instrumentation), Medicines &
Healthcare products Regulatory Agency (MHRA), and British Stan-
dards Institute (BSI) held a joint workshop in 2019 to discuss
governance and regulation of emerging artificial intelligence and
machine learning technologies in healthcare and provided their
conclusions in an important position paper [40]. Among their rec-
ommendation was a particularly relevant one about the critical
importance of quantity and quality of data input to intelligent
systems. Even though such recommendations are not yet incorpo-
rated into active regulations, it seems that systems based on such
approaches using synthetic data will be much harder to be cleared
by regulatory agencies given the burden of proof of their validity.
Therefore, it is desirable to develop a system that is based on tradi-
tional classification with much fewer parameters to estimate and
would allow the limited available data set to be sufficient to train,
validate and test the system in a robust manner.

In this work, we develop a computer-aided auscultation sys-
tem based on the fractional Fourier transform based Mel-frequency
spectral coefficients features set developed by our group [39] com-
bined with traditional classifiers. The new system is described
in terms of its preprocessing, cardiac cycle segmentation, fea-
ture extraction, feature reduction and classification stages. The
proposed system with several variants of its implementation are
verified on the dataset of the PhysioNet/Computing in Cardiol-
ogy Challenge 2016 and compared to previous work on the same
dataset using the evaluation metric of this challenge.

2. Methodology

The components of the proposed computer-aided auscultation
system are shown in Fig. 1 and are detailed as follows.

2.1. Preprocessing

Ambient sounds, lung sound, internal body noise, cough and
stethoscope movement are the main interferences in heart sounds
recording and analysis. Therefore, effective filtration is of critical
important to enhance the heart sounds signal by reducing the influ-
ence of background noise and removing spike noise. In this work,
a two-stage preprocessing system is utilized. In the first stage, a
3rd_order Butterworth band-pass filter with corner frequencies of
15 and 800 Hz is used to select the useful bandwidth of the heart
sounds. In the second stage, spectral subtraction denoising method
was applied [22]. This method was reported to be highly effective
for background noise reduction in such challenging applications as
EEG signal denoising for brain-computer interface [23]. The advan-
tage of this technique is its adaptive noise estimation. The noise
power is estimated from the frequencies outside of the range of
frequencies of heart sounds then a weighted version of it is subse-
quently subtracted from the power spectrum of raw heart sounds
and used to reconstruct the denoised signal [22]. In this work,
spectral subtraction filtration was used with a weighting factor of
0.5.

2.2. Cardiac cycle segmentation

In this stage, each PCG signal is split into cardiac cycles. It is
essential for the recognition of the systolic or diastolic states, per-
mitting succeeding categorizing of abnormal states in this areas.
Many algorithms were implemented. Some was carried out by
the usage of a reference signal such as the ECG, the segmenta-
tion algorithms require to record the ECG in parallel. It will assist
to recognize heart sounds. Other algorithms do not use ECG as a
reference. In this work Springer’s improved version of Schmidt’s
segmentation algorithm [24] utilized to split PCG signal into cardiac
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Fig. 1. Block diagram of the proposed approach for classification of heart sounds with an illustration of the signals obtained at each step (PCG: Phonocardiogram, FrFT:

Fractional Fourier transform. MFSC: Mel-frequency spectral coefficients).

cycles.Then, each complete cardiac cycle is used for processing. This
algorithm does not require ECG synchronization and uses a logis-
tic regression hidden semi-Markov model (HSMM) to estimate the
most likely sequence of states by incorporating information about
expected heart sound state durations. To overcome the problem of
variable time length of cardiac cycles (and hence size of their digital
signals) in subsequent processing steps, the size of all signals was
set to be the longest cardiac cycle found across all PCG recordings
(here, it was around 2 s). For cardiac cycles with shorter length, they
were zero-padded to that length. This ensured uniform frequency
resolution for all signals.

2.3. Feature extraction

In this stage, the segmented cardiac cycles are processed to
extract a set of features that best represents their salient char-
acteristics for optimal classification accuracy. Generally speaking,
since phonocardiogram signal is essentially similar to speech sig-
nal, popular feature representations currently used for speech
signals such as spectral and cepstral features can be potentially
useful in this application as well [25]. Among the most success-
ful of these are the Mel-frequency cepstral coefficients (MFCC)
transform the original PCG signal into a time-frequency rep-
resentation of the distribution of signal energy [4]. The MFCC
features correspond to the cepstrum of the log filter-bank energies.
The Mel-frequency scale is approximately linear for frequencies
below 1kHz and logarithmic for frequencies above 1kHz [27].
This is motivated by the fact that the human auditory system

becomes less frequency-selective as frequency increases above
1kHz.

In this work, we use the fractional Fourier transform based
Mel-frequency spectral coefficients features (FrFT-MFSC) devel-
oped by our group [39]. These features are based on a modified
version of MFCC whereby Fractional Fourier transform is used
instead of discrete Fourier or the discrete cosine transforms to
allow for a flexible time-frequency expansion. The log-energy
was computed directly from the Mel-frequency spectral coeffi-
cients.

The Fractional Fourier Transform (FrFT) is the generalization
form of Fourier transform and indicates a rotation of a signal in
time-frequency plane. While the discrete Fourier or cosine trans-
forms can obtain the frequency components of a signal, they are
essentially decomposing the signal in terms of harmonic com-
ponents that are not localized in time. Therefore, they cannot
describe local variations in the signal as compared to a time-
frequency analysis method. The fractional Fourier transform offers
a generalization of the Fourier transform with the Fourier spec-
trum and the time domain signal are both special cases of this
transform. Hence, it allows a more flexible time-frequency rep-
resentation than other methods such as the spectrogram, Wigner
distribution or ambiguity function in that it can transform sig-
nals to any intermediate domain between time and frequency.
Hence, FrFT is suitable for non-stationary signal processing and
has wide applications in basic signal analysis and speech recog-
nition.
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The continuous form of FrFT with at-order of a signal s(t) can be
defined within 0 < |a| < 2 through the linear operator as [28-31],

(F%) (wa) = /OO Kq (wg, t) s(t) dt. (1)

o0
Here, the kernel K, (wgq, t) is given by:
ky exp(jm (wﬁcot(m) — 2wgtcsc(#) + tzcot((ij))) ,ifa#0, £2,
KaWa, t)= & §(wa—t), ifa=0, (2)

S(Wq+t),ifa==+2

h an exp(-j(BgD_4) s
where, ¥ = &t and ky = Bv/E0) 1 —jcot(#), and wqy
means the variables in a™-order fractional Fourier transform. Sim-
ilar to the discrete Fourier transform (DFT), the discrete fractional
Fourier transform (DFrFT) matrix F®(m, n) is obtained as the dis-
crete version of Eq. (2) as,

N-1
a B —jmka
FO(m,n) =) "ug(m) exp(=5

k=0

Jug(n) . (3)

Here, u is discrete Hermite-Gaussian function and a is the fractional
order. The discrete fractional Fourier transform of a signal is just the
matrix vector multiplication of this transform matrix in Eq. (3) with
the signal vector.

Fig. 2 shows the steps of FrFT-MFSC extraction, which are
derived as follows:

1 The signal is pre-emphasized by a filter H(z)= (1 - 0.9 z~1) that
boosts the higher frequencies to balance the spectrum of sounds
steep roll-off in the high frequency region [38]. Then the signal
is framed and windowed into the selected frames length.

2 The fractional Fourier transform of the windowed signal is calcu-
lated.

3 The powers of the obtained spectrum are mapped into the Mel-
scale using triangular overlapping windows.

4 The logs of the powers are calculated at each Mel-frequency to
obtain the FrFT-MFSC values.

We perform normalization to make all features in the range
of [0,1] [26]. The Mel-scale is defined as follows where f is the
frequency in Hz:

700

For FrFT-MFSC feature extraction, the processing parameters
were as follows: four fractional orders (a=0.90,0.95,1.0,1.1). The
frame length parameter was chosen to cover the duration of each
of the fundamental heart sounds S1 and S2 (nominal values of
S1=122msandS2 =114 ms).So, the chosen frame length is taken as
125 ms. The frame shift was taken close to 50 % of the frame length
as is commonly used in the literature and chosen to be 50 ms. Fig. 3
illustrates the frames for a single segmented cardiac cycle after
zero-padding to 2000 ms. The number of bands was taken as 20
based on experimentation. For each fractional order, a 20 (bands)
x 38 (frames) spectral coefficients matrix was computed. That is,
for each cardiac cycle, a total of 3040 features were obtained.

Mel(f)=2595logq, (1 + L) . (4)

2.4. Feature dimensionality reduction

Principal component analysis (PCA) is used to convert possi-
bly correlated features into linearly uncorrelated ones with an
orthogonal transformation. It also identifies components that do
not contribute much to the representation (or variance or the data)
and hence can be removed. In this work, the percentage of variance
accounted for in PCA was set as 95 %.

2.5. Classification

Many factors affect the performance of traditional classifiers and
therefore should be considered during the mathematical model
building and as well as in the generalization for real data anal-
ysis. The most important factors include the distribution of data
in the feature space, balance of class data samples, heterogeneity,
diversity of training data and presence of noise. Furthermore, each
classifier has relative advantages and disadvantage compared to
others. For example, k-nearest neighbor (KNN) is a memory-based
learning technique [32] and therefore training and testing data
should both be available all the time. Also, decision tree classifiers
are preferred for noisy datasets [33]. On the other hand, boosted
ensemble classifier is reported to perform best for imbalanced data
[34].

In this work, we check the performance of different tradi-
tional classifiers on a set of features derived from dataset by
using cross-validation method. We carry out training to search for
the best classification model, including support vector machines
(using linear, quadratic, cubic, and Gaussian kernels), k-nearest
neighbor (using linear, cosine, cubic, and weighted distance met-
rics), and ensemble classification (bagged Trees, subspace KNN and
RUSBoosted tree) [35,36]. Table 1 summarizes the classification
parameters considered in this study.

Cross-validation and local holdout methods were used to train
and test the different classifiers. In the cross-validation experi-
ments, the feature vector data were divided into 5 folds. Each
fold was held out in turn for testing and the model was trained
for that fold using all data outside the fold. Then, each model
performance was assessed using the data inside the fold, and
the overall results are computed as the average over all folds.
In the local holdout method experiments, 80 % of feature vec-
tor data was used as training set and the remaining 20 % was
used for testing and both were chosen randomly. This 5-fold
cross-validation and 80-20 % holdout experiments were per-
formed 5 times by randomly selecting/dividing the given data
in order to estimate the mean performance variability of the
classifier.

2.6. Database description

In any pattern recognition problem, database selection plays
important role in model building and generalization. Database
should be large, diverse and understandable. So analysis and com-
parison of the different implemented algorithms will be easy.

The performance of the proposed system was verified using the
database of the PhysioNet/Computing in Cardiology Challenge 2016
[7]. The used dataset includes 3153 recordings. The sure labeled
data of this dataset includes 2868 recordings collected from six
databases. Normal patient records are 2249 whereas abnormal
patient records are 619, lasting from 5s to just over 120s. All
recordings have been resampled to 2000 Hz and have been pro-
vided as “.wav” format. They were recorded in different real-world
clinical and nonclinical environments and include recordings of
varying amounts of noise. The data were recorded from both nor-
mal subjects and pathological patients, and from both children and
adults. The same patient could have between 1 and 6 recordings
in the database. The data were recorded from different locations
on the body (including aortic area, pulmonic area, tricuspid area
and mitral area, among others). The data are clearly imbalanced
since the number of normal recordings are much larger than that
of abnormal recordings. The dataset was divided randomly into
two independent sets with 80 % for training and 20 % for test-
ing.

It should be noted that this dataset incorporates realistic chal-
lenges of noisy, imbalanced data in addition to different data
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Fig. 2. Feature extraction using fractional Fourier transform Mel-frequency spectral coefficients with an illustration of the processed data at each step (PCG: Phonocardiogram,
FrFT: Fractional Fourier transform. MFSC: Mel-frequency spectral coefficients).

collection environments (that is, collection was done by different 2.7. Performance evaluation

research groups). Heterogeneity in the collection of the recordings

introduces differences with potential to make classifier training To evaluate the performance of classification process, the con-
more difficult. In particular, a classifier trained on one population fusion matrix is computed with the abnormal cases as the positive
might perform poorly when applied to another.
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Table 1
Parameters of the used classifiers.
Classifier Parameters
Linear Linear kernel, Sequential Minimal Optimization solver
Quadratic Quadratic kernel, polynomial, 2nd order, Sequential Minimal Optimization solver
SVM Cubic Cubic kernel, polynomial, 3rd order, Sequential Minimal Optimization solver
Gaussian Gaussian kernel, polynomial, Sequential Minimal Optimization solver
Bagged Trees Combine Weights: Weighted Average, training cycles =200
Ensemble Classifier Subspace KNN Combine Weights: Weighted Average, training cycles =200
RUSBoosted Tree Combine Weights: Weighted Average, training cycles =200
Linear Euclidean distance, Distance weight=Equal, k=10
Cosine Cosine distance, k=10
KNN Cubic Cubic distance, k=10
Weighted Distance weight, k=10

class and used to calculate the values for sensitivity, specificity and
accuracy as,

Sensitivity (Se) = % , (5)
o TN
Specificity (Sp) = IN + FP° (6)
TP + TN
Aceuracy = g5 TN Fp FN @

where TP, TN, FP, andFN are the confusion matrix entries repre-
senting true positive, true negative, false positive and false negative
cases, respectively.

For imbalanced data, the error rate and the accuracy are not
appropriate to measure the classification performance because
they do not consider misclassification costs. As a result, they tend
to be strongly biased to favor the majority class and are sensitive
to class skews [34,39]. Therefore, an alternative evaluation score
based on the average between sensitivity and specificity was cho-
sen as the official evaluation metric for the PhysioNet/Computing
in Cardiology Challenge 2016 and defined as,

Se + Sp

Score = 5

(8)
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Table 2
FrFT- MFSC features classification results using 5-fold cross-validation train-test method showing the mean and standard deviation (SD) of 5 experiments.
Classifier Sensitivity Specificity Accuracy Score
) Mean 0.6352 0.9429 0.8815 0.7890
Linear SD 0.0009 0.0002 0.0002 0.0004
drati Mean 0.8284 0.9568 0.9312 0.8926
Quadratic SD 0.0074 0.0014 0.0007 0.0032
SVM , Mean 0.8657 0.9634 0.9439 09145
Cubic SD 0.0051 0.0012 0.0014 0.0027
) Mean 0.7989 0.9569 0.9254 0.8779
Gaussian SD 0.0110 0.0024 0.0019 0.0049
Bagged Trees Mean 0.7387 0.9718 0.9254 0.8553
SD 0.0115 0.0015 0.0028 0.0059
Mean 0.8365 0.9703 0.9437 0.9034
Ensemble Subspace KNN SD 0.0094 0.0019 0.0022 0.0047
Mean 0.7845 0.8502 0.8371 0.8173
RUSBoosted Tree SD 00131 0.0049 0.0048 0.0070
) Mean 0.8277 0.9656 0.9381 0.8967
Linear SD 0.0088 0.0011 0.0020 0.0045
) Mean 0.8012 0.9718 0.9378 0.8865
Cosine SD 0.0277 0.0084 0.0015 0.0097
KNN . Mean 0.7305 0.9728 0.9245 0.8517
Cubic SD 0.0416 0.0064 0.0034 0.0177
Weighted Mean 0.7901 0.9712 0.9351 0.8807
SD 0.0082 0.0010 0.0013 0.0038
Table 3
FrFT- MFSC features classification results using 80 % as training and 20 % as testing showing the mean and standard deviation (SD) of 5 experiments.
Classifier Sensitivity Specificity Accuracy Score
. Mean 0.6292 0.9425 0.8807 0.7861
Linear SD 0.0006 0.0014 0.0002 0.0003
Ouadratic Mean 0.8208 0.9305 0.9082 0.8757
SD 0.0024 0.0605 0.04802 0.0298
SVM . Mean 0.8735 0.9666 0.9469 0.9200
Cubic SD 0.0018 0.0035 0.0006 0.0013
) Mean 0.7879 0.9583 0.9239 0.8731
Gaussian SD 0.0020 0.0011 0.0007 0.0012
Bagged Trees Mean 0.7372 0.9709 0.9245 0.8540
SD 0.0033 0.0006 0.0008 0.0017
Mean 0.8453 0.9698 0.9447 0.9075
Ensemble Subspace KNN sD 0.0054 0.0008 0.0004 0.0024
Mean 0.7907 0.8495 0.8386 0.8201
RUSBoosted Tree SD 0.0149 0.0097 0.0055 0.0043
. Mean 0.8286 0.9659 0.9377 0.8972
Linear SD 0.0013 0.0023 0.0002 0.0016
) Mean 0.7845 0.9770 0.9382 0.8808
Cosine SD 0.0036 0.0017 0.0003 0.0013
KNN . Mean 0.7173 0.9775 0.9252 0.8474
Cubic SD 0.0074 0.0015 0.0020 0.0042
Weighted Mean 0.7887 0.9716 0.9356 0.8802
SD 0.0012 0.0009 0.0003 0.0005

The results in this study present the values of all the above
measures.

3. Results and discussion
3.1. Experimental verification

The performance of the proposed system was verified using the
dataset of the PhysioNet/Computing in Cardiology Challenge 2016
described above [7]. Each of the PCG records was preprocessed
using the Butterworth band-pass filter of order 3 with corner fre-
quencies 15 and 800 Hz then enhanced further using the spectral
subtraction denoising with weight 0.5. Each record was segmented
into cardiac cycles resulting in 79,492 cardiac cycles. The longest
cardiac cycle found across all PCG recordings has a length of around
2s. So, if a cardiac cycle had a length less than 2 s, the time series
was zero-padded to that length.

For FrFT-MFSC feature extraction, a total of 3040 features were
computed for each cardiac cycle. To improve the classification pro-

cess, all features vector values were normalized to interval [0,1].
Then, the feature reduction process was performed using PCA such
that the percentage of variance represented by the results is 95 %.
This process reduced the dimensionality of the feature space down
to 40 that are computed as weighted linear combination from all
3040 features.

Performance comparison was done for several traditional clas-
sifiers that included support vector machine (SVM), k-nearest
neighbor (KNN), bagged Trees ensemble classifier, subspace KNN
ensemble classifier, and RUSBoosted tree ensemble classifier with
parameters listed in Table 1.

3.2. Results

Table 2 summarizes the results of classification using 5-folds
cross validation train-test method. The cross-validation train-test
method appears to reduce the effect of over-fitting and helps
in model evaluation more effectively when using imbalanced
data. It should be noted that most classifiers in our experi-
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Table 4
Comparison of the performance metrics of different variants of the proposed
method.

Classifier Sensitivity Specificity Score

SVM - Cubic Kernel 0.8735 0.9666 0.9200
Subspace KNN Ensemble classifier 0.8453 0.9698 0.9075
KNN - Linear 0.8286 0.9659 0.8972
SVM -Quadratic Kernel 0.8284 0.9568 0.8926
KNN - Cosine 0.8012 0.9718 0.8865
KNN - Weighted 0.7901 0.9712 0.8807
SVM - Gaussian Kernel 0.7989 0.9569 0.8779
Ensemble classifier Bagged Trees 0.7387 0.9718 0.8553
KNN - Cubic Kernel 0.7305 0.9728 0.8517
Ensemble Classifier RUSBoosted Tree 0.7907 0.8495 0.8201
SVM - Linear Kernel 0.6352 0.9429 0.7890

ments achieved relatively balanced values for sensitivity and
specificity. The SVM classifier with cubic kernel achieved the
highest score value of 0.9145 with sensitivity and specificity of
0.8657 and 0.9634 respectively. The SVM classifier with cubic
kernel achieved the highest sensitivity of 0.8657. On the other
hand, SVM classifier with linear kernel achieved the lowest sen-
sitivity of 0.6352. The KNN classifier with cubic distance metric
classifier with achieved the highest specificity of 0.9728 while
RUSBoosted tree ensemble classifier the lowest specificity of
0.8502.

Table 3 summarizes the results of classification using local hold-
out train-test method. Most classifiers here also achieved relatively
balanced values for sensitivity and specificity. Also, the SVM clas-
sifier with cubic kernel achieved the highest score value of 0.9200
with sensitivity and specificity of 0.8735 and 0.9666 respectively.
The SVM classifier with cubic kernel achieved the highest sensitiv-
ity of 0.8735 while the SVM classifier with linear kernel achieved
the lowest sensitivity 0.6292. On the other hand, the KNN classi-
fier with cubic distance metric achieved the highest specificity of
0.9775, while RUSBoosted tree ensemble classifier produced the
lowest specificity of 0.8495.

The results of several variants of the proposed work are pre-
sented in Table 4. Also, the results reported in the previous work in
the literature are presented in Table 5.

3.3. Discussion

The SVM classifier with cubic kernel achieved the highest score
value of 0.9200 with sensitivity and specificity of 0.8735 and 0.9666
respectively. Hence, it provided the best estimate of the predictive
score in both methods and relatively balanced values for sensitiv-
ity and specificity. Performance assessments of classifiers in both
train-test methods were generally similar. The proposed system led
to significant improvemeernel achieved the highest score value of
0.9200 with sensitivity and specificity of 0.8735 and 0.9666 respec-
tively. Hence, it provided the best estimate of the predictive score
in both methods and relatively balanced values for sensitivity and
specificity. Performance assessments of classifiers in both train-
test methods were generally similar. The proposed system led to
significantimprovements in classification performance using tradi-
tional classifiers, which indicates the robustness of the new system
and its ability to handle diverse PCG recordings and signal quality
conditions.

Table 4 shows several variants of the proposed method as they
rank by the official challenge score. It also shows the classifica-
tion methods used in each and also the sensitivity and specificity
values. The comparison of such variants should address not only
the score but also the balance between sensitivity and specificity
values. As can be observed, two variants of the proposed method
provide excellent performance metrics that outperform all previ-
ous methods applied on the same dataset in Table 5 except the

method by our group in [39] that uses deep learning. Furthermore,
other variants also appear to provide good performance metrics as
compared to the pervious methods applied to the same dataset.
Also, it should be noted that the sensitivity and specificity values
obtained for all entries from the new system are relatively close.
This indicate clear potential of the proposed system and indicate the
robustness of the used features which appear to work with various
traditional classification methods and parameters.

It is important to observe the effect of the class distribution of
the training data, which is a very important factor that determine
the quality of subsequent classification. In the challenge database,
the number of samples seems to be large but unfortunately these
samples are heavily imbalanced with much different numbers of
normal and abnormal recordings. This causes conventional classi-
fiers to often become biased toward the majority class and therefore
increase misclassification rate for the minority class. Therefore, the
performance of different classifiers was evaluated on the dataset by
using two validation methods. The firstis the cross-validation train-
test method, which reduces the effect of over-fitting produced by
noisy records. The second is the local holdout method that simu-
lates real life analysis by building the model with 80 % of used data
and use the rest to evaluate the model.

Furthermore, the question comes of that possible data over-
fitting occurs in this study. Overfitting in the context of machine
learning refers to a system that models the details and noise in the
training data in a way that adversely affects performance on new
data. To investigate the extent of this problem in our study, the
results were reported in Tables 2 and 3 as the mean and standard
deviation of the outcome of 5-fold cross validation and 80-20 %
local holdout several experiments respectively. This approach fol-
lows the well-known random resampling technique that is used
to validate machine learning models. As can be observed, the stan-
dard deviations are less than 0.5 % of the mean value reported for all
results, which is considered small. The overall analysis of all results,
the mean of random variations in the cross-validation results was
0.786 % with median of 0.511 %, again both are fairly small. These
results indicate that the problem of overfitting may not have a sig-
nificant impact on the outcome of this study based on the small
variability in the different resampling experiments. Nevertheless,
it remains a concern to this study.

The results of the previous work are generally within a narrow
score metric range from 0.73 to 0.93 even they use different types
of features and classifiers as shown in Table 5. Also, it is noted
that the best scores were achieved with the most complex mod-
els. For example, Potes et al. [11] used final decision rule based
on combination of ensemble AdaBoost classifier and convolutional
neural network. Also, Homsi et al. [12] employed a nested set of
ensemble classifiers that includes cost-sensitive classifier (CSC),
LogitBoost (LB) and random forest (RF). Abduh et al. [39] applied
fractional Fourier transform based Mel-frequency spectral coeffi-
cients (FrFT-MFSC) and stacked auto-encoder deep neural network.
The proposed features still gave good result with the much simpler
classifier using SVM with cubic kernel. This indicates the potential
of the used features and their impact in simplifying the develop-
ment process of the classification system.

This study indicates the potential of FrFT-MFSC features for
phonocardiogram analysis where they represent the distribution of
PCG signal energy in a more effective manner even under different
noise and recording environment conditions. Applying FrFT-MFSC
features with different fractional orders provides a good tool to rep-
resent noisy PCG signal in different time-frequency planes where
they also preserve locality in both time and frequency. The use
of log-energy computed directly from the Mel-frequency spectral
coefficients maintains such time-frequency localization. The alter-
native yet more common use of discrete cosine transform for this
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Table 5
Comparison of the performance metrics of the previous methods reported in the literature.
Study Classifier Sensitivity Specificity Score
Abduh et al [39]. Stacked Autoencoder Deep Neural Network 0.8930 0.9700 0.9315
Plesinger et al. [16] Fuzzy logic like approach 0.8690 0.9370 0.9030
Langley and Murray Amplitude spectrum and wavelet entropy 0.8690 0.9370 0.9030
[19] threshold followed by decision tree
Godaetal. [9] SVM 0.9308 0.8470 0.8870
Nabhan and Warriek Nested ensemble of algorithm including 0.8740 0.9140 0.8940
[17] random forest, LogitBoost and cost-sensitive
classifier
Abdollahpur et al. [18] Three feed-forward NNs 0.8883 0.8851 0.8867
Whitaker et al. [21] SVM 0.8867 0.8816 0.8841
Homsi et al. [12] Nested ensemble of algorithms including 0.9440 0.8690 0.8840
random forest, LogitBoost and cost-sensitive
classifier
Tschannen etal. [11] L2-SVM 0.9080 0.8320 0.8700
Potes et al. [3] Final decision rule based on AdaBoost 0.8800 0.8200 0.8500
ensemble classifier and Convolutional neural
network
Singh-Miller and Discriminative model based on random forest 0.8100 0.8900 0.8500
Singh-Miller [14] regressor
Potes et al. [3] Convolutional neural network (CNN) 0.7900 0.8600 0.8200
Vernekar et al. [15] Weighted ensemble classifier including four 0.7920 0.8430 0.8200
AdaBoost ensemble and four ANN classifiers
Potes et al. [3] AdaBoost- ensemble classifier 0.7000 0.8800 0.7900
Langley and Murray Wavelet entropy threshold 0.9500 0.6000 0.7800
[13]
Gokhale [8] Boosted trees ensemble classifier 0.7600
Grzegorczyk et al. [10] Conventional neural network and autoencoder 0.8300 0.6200 0.7300

computation projects the spectral energies into a new basis that
would not maintain such localization.

Noting that the dataset is significantly imbalanced, it is interest-
ing to observe from Table 4 that several variants of the proposed
method that performed very well used conventional classifiers such
as SVM and KNN that are not intended for imbalanced data. In
fact, we can see also from Table 5 that SVM was also reported to
perform well by several previous studies. This indicates that the
dataset has sufficiently limited statistical variability that allows
the characteristics of the underlying distribution of the abnor-
mal class to be learned by such classifiers from the available
number of samples. So, even though the use of ensemble clas-
sifiers is always recommended for imbalanced data in general
[37], the dataset used in our problem presents an interesting spe-
cial case as confirmed by our results and those from previous
work.

Although it may seem that the computation of 3040 features is a
lot to process, we aimed to analyze all this information to establish
first that they are useful. Moreover, given the relatively slow sam-
pling rate and the speed of today’s computers, processors or FPGAs,
it is practically possible to compute all such features in real-time
and at reasonable cost as well.

Even though the PCA does not provide binary in/out reduction
of features like the classical feature reduction approaches, one can
still gain insight into which features are more relevant by observing
their weights in the principal components that explain the 95 %
of data variance. For example, in our results, we found that 466
features had significant weights above 90 % of the maximum weight
in the principal component feature combination derived from PCA.
Fig. 4 shows the distribution of these significant features across
the different fractional orders. It indicates balanced importance for
features from all orders with slight advantage to order 1.0 then
0.95. Fig. 5 shows the distribution of the same features over the
different frames within the cardiac cycle. It clearly indicates that
the initial 600 ms part of the cardiac cycle is the most relevant to
the diagnosis. This range show more emphasis that coincides with
both the S1 and S2 parts of the PCG and to a lesser extent with the
systole part. So, the outcome from PCA gives further insight into
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Fig. 4. The distribution of significant features in the principal component across
different values of the fractional order.

the physiological correlation of the set of features emphasized by
PCA based on weight that can be used to find out the most useful
of them.

3.4. Study limitations

Some difficulties were encountered in dealing with the data that
are common to all similar studies. First, the variations in heart rate
lead to temporal record length variations. This was addressed via
zero-padding of all recordings to the length of the longest one. This
maintains the same sampling rate while harmonizing frequency
resolution among all records, which is critical to our method given
itsreliance on frequency domain features. Second, the inter-patient
differences made it challenging to build a model that generalizes
well across patients. This remains a challenge in biomedical sig-
nal measurement in general and there is not much to do to reduce
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Fig. 5. The distribution of significant features in the principal component across
different frames within the cardiac cycle.

such differences. Finally, differences introduced by heterogeneity
in the collection of the recordings can render a classifier trained on
one population much less effective when applied to another. Here,
even though the features proposed seem to capture the salient
features among all such populations as evident from the robust
performance among populations, the problem of overfitting still
cannot be ignored and therefore is considered among the potential
limitations of the present study. Such limitations are open research
points for future research.

4. Conclusions

A new approach is proposed to classify heart sounds. The main
contribution of this approach is the combination of the features
based on fractional Fourier transform based Mel-frequency spec-
tral coefficients and traditional classifiers that offer simplicity and
robustness against overfitting. The description of the proposed
methodology and its implementation details are presented. The
results of experimental verification using the database of the Phy-
sioNet/Computing in Cardiology Challenge 2016 indicate that the
presented approach and several variants of it performed well with
an evaluation score reaching 0.92 in the best results obtained using
a support vector machine classifier with cubic kernel. These results
confirm the robust performance obtained by the new system com-
pared to the previous work applied on the same data. This indicates
the potential of the new system for clinical utility.

Appendix A. Supplementary data
Supplementary material related to this article can be found,

in the online version, at doi:https://doi.org/10.1016/j.bspc.2019.
101788.
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