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ABSTRACT

Doppler ultrasound spectrogram indices have relations with the blood flow status and can be used to diagnose cerebral
vascular diseases. To improve the diagnosis sensitivity, a Doppler signal multi-characteristics analysis system was
proposed. Four characteristic extraction methods, the short-time Fourier transform, the pole parameters, the fractal
dimension and the Teager energy parameters, were firstly used to analyze Doppler signals from common carotid arteries.
Then a Fisher analysis method was applied to classify the state of the carotid arterial blood flow. From results of 53
cases, it was showed that this system could provide a more satisfactory diagnostic means in clinic.

INTRODUCTION

Since the incidence and mortality of cerebral vascular diseases are showing a continuous rising trend, the diagnosis and
treatment of these diseases have been a medical hotspot. It is well known that common carotid arteries are the main
source of the cerebral blood perfusion, information about the blood flow through the common carotid arteries can be
used for diagnosis purposes. Doppler ultrasound spectrogram indices, such as the systolic-to-diastolic ratio S/D, the
pulsatility index PI, the resistive index RI, were reported to have some relationship with the blood flow status. These
spectrogram indices together with the flow velocity and flow volume measurements from common carotid arteries have
been carried out in several former work, which can be references in the cerebral vascular disease diagnosis [1].

Generally, spectrogram indices are extracted from the maximum frequency waveforms of Doppler ultrasound signals
and describe the global characteristics of the waveforms. However, any feature hidden in the local properties will be
missed, which leads to low sensitivity of the cerebral vascular disease diagnosis. In order to improve the sensitivity of
diagnosis, a Doppler signal multi-characteristics analysis system was proposed in this paper.

METHOD AND EXPERIMENTS

In this Doppler signal multi-characteristics analysis system, four characteristic extraction methods were used to analyze
sampled audio Doppler signals from common carotid arteries. They were the spectrogram parameters method based on
the short-time Fourier transform (STFT), the pole parameters method based on Auto-Regressive-Moving-Average
(ARMA) model analysis [2], the fractal dimension method [3] and the Teager energy parameters method [4].

First, the spectrogram of audio Doppler signals was obtained using the STFT with a 10-ms Hanning window [5], and
the maximum frequency waveform was estimated using the percentile method, in which the percentage was set about
5% according to the signal to noise ratio (SNR) of signals [6]. From the maximum frequency waveform, the RI[=(S-
D)/S], PI[=(S-D)/M], S/D were calculated, where S was the peak-systolic frequency, D was the end-diastolic
frequency and M was the time-averaged maximum frequency over a complete cardiac cycle.

Then the scale-variation method was used to calculate the fractal dimension DF of the Doppler signal waveform. First
Doppler signal waveform was normalized to Y(t) where the region of t was [0,1]. According to the definition of the
waveform fractal dimension, the total length L of the waveform was the sum of single segment length li which was the
length of the straight line connecting the two neighboring points when t�[0,1] was divided into m segments with the
step length �t=1/m. The variation of �t led to the different L which was written as,

)1( −−∆= FDtkL (1)
where k was a constant. From (1), it was obtained,

tDkL F ∆−−= ln)1(lnln (2)
_________
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After the L under different �t was calculated, the least squares method was used to estimate the slope –(DF -1) of the
best fit straight line. Finally the fractal dimension of Doppler signals DF  was got.

It was known that the audio Doppler signal was considered as a quasi-stationary random signal during a short time
duration T (T is usually chosen 10 ms). An ARMA model with the order of (2,3) was used to analyze the signal within
the time duration,
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With the sample value of the signal, the model parameters b1, b2, b3, a1, a2 and a3, were estimated. After analysis of all
time duration, poles and zeroes distributions were obtained over cardiac cycles. From the poles distribution, several
parameters were calculated. Let Ri one real pole, Pi two conjugate complex poles. The centers of Ri and Pi , RG and PG,
were first calculated, then the amplitudes and variance of RG and PG  were obtained, written as rR and rP , σR and σP

respectively. The angle of PG , φP, was also obtained .

The definition of Teager energy en for the signal x(n) during the time duration T was written as,
)1()1()]([ 2 −+−= nxnxnxen (4)

When x(n) was,
)cos()( φ+Ω= nAnx (5)

where A was the signal amplitude, Ω was the signal frequency, and φ was the signal phase, en was equal to,
222 )1()1()]([ Ω≈−+−= Anxnxnxen (6)

After the waveform of en over cardiac cycles (Assume there were N segments of time duration) were calculated, the
parameter E was estimated,
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where e was,
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After all these characteristic parameters were estimated, a Fisher multi-characteristics analysis method was applied to
classify the state of the carotid arterial blood flow. Here four parameters, S/D, DF, rP,and E, were chosen. Thus the
characteristic parameter vector X was written as )/( ′ErDDS pF . Assume the numbers of normal and

abnormal cases were respectively n1 and n2, the mean and covariance matrix of the normal cases were respectively µ1

and Σ1, and the mean and covariance matrix of the abnormal cases were respectively µ2 and Σ2, the liner Fisher
function Y was calculated,

XXlY 1
21 )( −Σ′−=′= µµ (9)

where l and Σ were,
)( 21

1 µµ −Σ= −l (10)
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The classification threshold Y0 was chosen,

XlY ′=
2
1

0 (12)

For the Fisher multi-characteristics analysis system, four parameters, S/D, DF, rP,and E, were firstly calculated, then
the liner Fisher function Y was calculated using (1). If Y >Y0 , this case was considered as a normal one, otherwise
abnormal.



A 5 MHz continuous-wave Doppler flow meter (Q-3) was used to detect audio common carotid arterial Doppler signals.
Audio Doppler signals were sampled using a Creative Sound Blaster Card in an Intel Pentium PC. The sample rate was
chosen 22.05 kHz. Totally 53 cases of carotid Doppler signals were sampled at Chifeng Hospital, Shanghai, China.
Among them, 22 cases were normal while 31 cases had cerebral vascular disease. The feature extraction and the case
classification were implemented on an Intel Pentium III personal computer using the MATLAB software.

RESULTS

The distribution of parameters, DF and S/D, for 53 cases were shown in Fig. 1(a). It was seen that the normal and
abnormal cases were difficult to be classified only according to parameters DF and/or S/D. With the rule of the
minimum error, there were 8 and 9 cases wrongly classified respectively for normal and abnormal only according to the
parameter DF. The total error ratio was 32%. If the parameter S/D was only used, there were 8 and 10 cases wrongly
classified respectively for normal and abnormal, and the total error ratio was 34%. Thus a high diagnosis ratio couldn’t
be obtained only with parameters DF or S/D used.

Fig. 1(b) showed the distribution of parameters, rp and E. Here the rule of the minimum error was also used. For the
parameter rp, there were 4 and 8 cases wrongly classified respectively for normal and abnormal, and the total error ratio
was 23%. However, for the parameter E, there were 4 cases wrongly classified respectively for normal and abnormal,
and the total error ratio was only 13%. Thus parameters, rp and E had higher diagnosis sensitivity than parameters, DF
and S/D. Among four parameters, the parameter E had the highest diagnosis sensitivity.
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Fig.1  (a)Two-dimensional distribution of DF and S/D, (b)two-dimensional distribution of rp and E (’*’ stands for
normal cases while ’Ο’ stands for abnormal cases).

To improve the diagnosis sensitivity, a Fisher multi-characteristics analysis method was used. Here four parameters
were all used. With this Fisher multi-characteristics method, there were only 2 cases wrongly classified respectively for
normal and abnormal, which was shown in Fig. 2. The total error ratio was less than 8%. Thus this system could meet
the requirement of the clinical diagnosis.
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Fig.2  The distribution of four-characteristics Fisher analysis result Y vesus S/D (’*’ stands for normal cases, ’Ο’
stands for abnormal cases, and the solid line for the optimal classification value Y0��

CONCLUSION

The signals analysis results using this multi-characteristics analysis system showed that the Teager energy parameter
was most sensitive to the cerebral infarction diagnosis and this system could provide a more satisfactory diagnostic
means in medical clinic.
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