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Abstract 

This paper investigates the application of non- 
#Gaussian AR model and the parametric bispectral 
(estimation in analyzing normal and pathological heart 
sound signals. The non-Gaussian AR model of PCG 
signals (phonocardiogram) is used to detect quadratic 
,nonlinear interactions and to class!& the two patterns 
(of phonocardiograms in terms of the parametric 
<hispectral estimate. The bispectral cross-correlation 
,is proposed to the order determinution of the model. 
Several real PCG data are implemented to show that 
the quadratic nonlinearity exist in hoth normal and 
(clinical heart sounak. It was foitnd that parametric 
(hispectral techniques are effective and iisejid tools in 
(analyzing PCG and other biomedical signals, such as 
. W G ,  ECG and EEG, 

1. Introduction 

Cardiac auscultation has become a basic clinical tool 
to analyze heart sounds for a long time. However, 
quantitative phonocardiogram (PCG) and advanced 
processing technique have lagged behind. The 
understanding of heart sound mechanisms and the 
inherent complexity of PCG signals is still limited. With 
the development of digital signal processing techniques, 
many rcscarch rcsults have shown that thc measuremcnt 
and processing of PCG signals are clinically significant 
because the signals involve plenty of useful information 
relating to the different states of the heart. A variety of 
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methods, such as the sound spectrograph, envelope 
distribution, FFT technique, time-frequency 
representation and model-based methods, are widely 
used to detect the information of PCG signals for 
clinical purpose. Both time and frequency domam 
analysis are developed for the PCG signals analysis [l] 
[2] [3]. Parametric methods, such as Burg and Marple 
algorithm, are widely applied for the analysis and 
classification of PCG signals since the parametric 
methods give a better estimation of spectral features of 
the signals [4] [ 5 ] .  However, many methods based on 
power spectrum or correlation for PCG signals 
processing start with the assumption of linearity, 
Gaussianility and minimum phase systems [6]. In other 
words, all these methods generally depend on the second 
order statistics. PCG signals often do not comply with 
these assumption in practical applications. To 
understand the exact feature and extract more 
information involved in phonocardiographic signals, tius 
contribution proposes the higher-order spectra (HOS) 
for analysis and classification of heart sounds. HOS can 
reveal more mfomation than power spcctrum can. 
Cumulant or polyspectra, provides both amplitude and 
phase information of the signals [7] [SI. Furthemnore, 
HOS provides a measurement of Gaussianility since 
both cumulant and polyspectra are identically zero for 
any stationary Gaussian processes [9]. Consequently, 
HOS-based analysis significantly increases the SNR 
when the signals are contaminated by additive Gaussian 
noise with d o w n  covariance. 

The purpose of this contribubon are three folds: to 
hscuss non-Gaussian AR model of PCG signals, to 
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deternime the order of non-Gaussian AR model for PCG 
signals, and to analyze the classlfication of two patterns 
of phonocardiogram by bispectrum. 

2. Method 

2.1 Non-Gaussian AR model of PCG signals 

It is assumed that the phonocardiographic signals are 
non-Gaussian and third-order stationary. Let a PCG 
sequence { s ( k )  } be modelled by a non-Gaussian AR 
model as follows [ 101 : 

P 

s(n) + Caks (n  - k )  = w(n)  (1) 
k=l 

where w (n)  is a white non-Gaussian i.i.d. process with 
zero mean and third-order stationary. E[w' (n)] = e 
and E[w'(n) = p f 0.  The system given in (1) is 
assumed to be stable and s(n) is statistically 
independent of w(n)  for k 5 n . It is followed from (1) 
that [ 1 11 

C,s (-m,-n) = p .  S(m, n)  - 
(2) 

U -E a,C,,(k - m, k - n); m,n 2 0 
k = l  

where C3s(m,n) is the third-order cumulant of 
sequences ~ ( k )  . The parameters { ak } can be decided 
by solving expresion (2) along the line 
m = n ='O,l,-..,p. 

2.2 The order determination of non-Gaussian 
AR model 

Like most cases for order selection in parametric 
spectral estimation, the model order in (2) must be 
considered. The criteria like FPE, AIC or CAT for order 
determination is not valid for the model given in 
expresion (1) since all of these criterias are developed 
under the assumption of second-order statistics [ 121. 
Some methods for order decision of ARMA models 
were reported, such as the SVD approach [13] and 
information theory criteria [ 141. Third-order statistics 

are found to be approapriate for order selection of non- 
Gaussian ARMA model in which the non-Gaussian 
input is contaminated by additive Gaussian noise with 
unknown covariance. For the model in (2), an approach 
for AR model' order selection is proposed to the 
parametic bispectral estimation of the PCG signals 
[15]. The bispectral cross correlation (BCC) is defined 
as : 

m , m 2 

where Ds (W w ) represents the bispectral estimate 
by using the conventional method, and B, (w I ,  w ) is 
the parametric bispectral estimate with order p .  Note 
that the energy content of each AR estimation should be 
normalized when using (3). The BCC changes with the 
AR model order p .  The optimal order is decided when 
the maximum value of BCC occurs. 

2.3 Pattern classification based on the AR 
model 

Since HOS retain both amplitude and phase 
dormation of the signal, the features of the HOS can 
be extracted for the purpose of clinical pattern 
classfication. Moreover, features derived from HOS of 
the signals have high immunity to additive Gaussian 
noise. The parameters of non-Gaussian AR model are 
proposed to form the features vector for the pattern 
classification of PCG signals. The Classification of 
normal and patient phonocardiogram is analyzed. A 
scheme for obtaining minimal set of parameters { ak } 
from equation (2) is selected as choosing features 
vectors. Both linear and nonlinear classifier for the 
different PCG signals are performed and tested. A group 
of normal and clinical phonocardiographc signals are 
employed for the two classes of pattern classification. 
The results with different order of non-Gaussian AR 
model are provided to demonstrated that the perfomance 
of patterns classification in terms of third-order 
statistics is effective and applicable. The perfomance of 
classlfication with different noisy background are 
investigated to exhibited the hgh SNR performance 
when parametric bispectral technique is applied to the 
pattern classlfication of the PCG signals. 

3. Results and discussion 

30 

Authorized licensed use limited to: University of Virginia Libraries. Downloaded on May 07,2010 at 11:35:04 UTC from IEEE Xplore.  Restrictions apply. 



A computer-based system for PCG signals detection 
and data acquisition is carried out, in which the ECG 
was collected as a timing signal. 10 normal and 12 
patient PCG signals were digitally recorded from Fuwai 
Hospital in Belling and stored as data files for 
postprocessing. The analog PCG signals were converted 
to digital format through an AD converter at a sampling 
rate of 1250 Hz and 2500 Hz. In ord.er to understand the 
bispectral structure of PCG signals, both FFT method 
and parametric method are used for bispectral 
estimation of PCG. The amplitude bispectra in tenns of 
conventional method and non-Gaussian AR meodel are 
shown in Fig. 1 (a) and (b), respectively. 
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Fig. 1 The amplihtde bispectra d normal PCG by 
FFT and parametric model 

Fig.2 The bispectra of clinical PCG with MI and MS 

By comparing the bispectral structure, it is found 
that parametric approach offers much better resolution 
of bispectral estimation. Fig.2 (a) and (b) give the 
parametric bispectral estimation obtained from two 
records of clinical PCG signals with heart disease of MI 
and MS. The results clearly indicate that different 
bispectral structure exist between the normal and some 
abnormal phonocardiogram. Consequently, PCG 
signals should be treated as a non-Gaussian process. 
For the normal phonocardiogram, there exist four 
bispectral peaks with the frequency from 1 10 Hz to 180 
Hz in bifrequency domain. For the pathological 
phonocardiogram, four bispeckal peaks also exist in 
the bifrequency domain, but the bispectral structure is 
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quite different from that of normal PCG. The bispectral 
peaks clearly move to high frequency area in 
bifrequency domain, with the frequency ranging from 
180 Hz to 500 Hz since the clinical reasons and the 
murmurs. The bifrequencies corresponding to the 
significant levels of detected square nonlinearity are 
summarized in Table 1. 

3 .  

2 5 -  

Tablt: 1. 
three kinds of PCG signals in bifrequency domain. 

Frequencies occuring bispecral peaks for 

The background noise was tested for PCG bispectral 
estimation with different SNR. As shown in Fig.3 (a), 
one record of typical normal phonocardiographic signals 
contaminated with Gaussian white noise is illustrated. 
Fig.3 (b) shows the amplitude of parametric bispectral 
estimate. It can be seen that the bispectral analysis has 
high immunity to the background noise by comparing 
Fig.1 with Fig.3. 

The bispectral cross correlation (BCC) is employed 
to the optimal order determination for the normal PCG 
non-Gaussian AR model. The bispectral estimation with 
different model orders p was implemented to estimate 
the BCC values. We observe that the maximum BCC 
value occurs when order p is equal to 13. Moreover, it 
can be seen that the BCC values change randomly as 
model order increases. We found that the optimal orders 
for non-Gaussian AR model is between 10 and 15 for a 
normal PCG sequence. 

The model parameters stand for the third-order 
statistics of the signals. They are selected to form the 
features vectors for two classes of pattern classification 
of phonocardiogram, normal and clinical 
phonocardiograph with murmurs. Nonlinear method is 
applied to differiate the normal and the pathological 
phonocardiogram. These particular feature vectors, 
standing for the third-order statistics of PCG data, have 
provided a good classification accuracy even when the 
parameters with orders p are less than optimal order 13 
A group of real normal and pathological PCG records 
are employed for two classes of pattern classification 
based on parametric bispectral estimate. Some 
experiment of classification of noisy patterns are also 

investigated to demonstrate the high SNR 
performance when third-order cumulant is used to the 
pattern classification of PCG. 
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Fig.3 
Gaussian noise and the bispectrum 

The PCG signal contaminated with addhve 

4. Conclusion 

The higher-order spectra was used in ths  paper to 
investigate the heart sound signals. Non-Gaussian k& 
model was fitted for the bispectral estimation and 
pattern classification of phonocardiogram. Parametnc 
bispectral estimate of PCG were employed to detect and 
quantify the presence of quadratic phase coupling 
occurring in the different clinical phonocardiograms. 
Furthermore, The parameters of the non-Gaussian AR 
model were applied as the features for two classes of 
pattern clsslfication. Several real PCG data were 
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analyzed in terms of bispechum. The results 
demonstrate that a PCG should be treated as a non- 
Gaussian process. Different bispectral structure exist in 
both normal and pathological heart sounds. The 
information of the bispectrum was used as the main 
features for the two pattern classification of the PCG 
signals. It was found that parametric bispectral 
techniques are useful tools in analyzing the quadratic 
nonlinear interactions of biomedical signals, such as 
PCG, ECG and EEG. Polyspectra may be an effective 
and useful tool for understanding the basic heart sound 
mechanism and improving diagnostic sensitivity via 
heart sounds. 
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