
are equivalent to annular arrays were also analyzed 
with the two distribution models. 
4. Result and Discussion 

Figure 1 shows the B-mode images and the 
corresponding amplitude PDFs. Ultrasound wave 
was transmitted from each cannel, and RF echo 
signal were received by ch. 1 (smallest element) (a)  
and by ch. 5 (largest element) (b). All B-mode 
images were normalized with the maximum 
amplitude in 25 TR pairs (transmit: chs. 1–5, receive: 
chs. 1–5). In Fig. 1 (a), since the smallest element 
was used for receiving, spatial resolution is low. In 
the case of transmit with large element such as ch. 4 
and ch. 5, the apparent resolution was improved but 
the receive sensitivity was low. Therefore, even 
though the phantom was a homogeneous medium, 
PDF had low approximation accuracy with respect to 
two distribution models. In Fig. 1(b), B-mode 
images had high spatial resolution because it was 
received by the largest element. But due to the 
difference in the transmit and receive sound field 
characteristics, PDFs were not general 
characteristics. However, in either case, two 
distributions were approximated in the particular TR 
pairs, and highly sensitive measurement can be 
performed in near the focus. 

Figure 2 shows the imaging results of simple 
synthesis with no time delay, synthesis with SFT, 
and signal acquired by single concave transducer. 
Compared with the results of simple synthesis and 
SFT, there is no big difference in the PDF at near the 
focus, however in the B-mode image of the SFT, the 
deep part was clearly imaged, since the intensity of 
echo in SFT case was about 3 dB higher than the 
simple synthesis case. Besides, The PDF 
characteristic was stable in the part that was deeper 
than the focus. Also, the same advantages were 
confirmed as a comparison with the single element 
concave transducer case.  
5. Conclusion 

It is confirmed that complication of the 
transmit and receive sound field affects the PDF 
analysis. In the annular array, imaging sensitivity 
was improved by SFT, however, the sensitivity of 
PDF analysis near the focus was not higher than 
supposition. In order to carry out the PDF analysis 
efficiently with annular array transducer, it is 
necessary to consider methods such as weighting 
between TR pairs at applying SFT.  
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Fig.1 B-mode images and amplitude PDF computed from single element signal. 
 

 
Fig. 2 B-mode images and PDFs of synthetic signal from 25 data and single element concave transducer. 
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1. Introduction 

We have been developing a quantitative diagnostic 
method for liver fibrosis using an ultrasound B-mode 
image. In our previous study, we proposed a multi-
Rayleigh model to express a probability density 
function(PDF) of echo amplitudes from liver fibrosis 
and proposed a probability imaging method of tissue 
characteristics on the basis of the multi-Rayleigh 
model.[1-2] To quantitatively evaluate liver fibrosis 
using the multi-Rayleigh model, it is important to 
increase estimation accuracy of multi-Rayleigh 
model parameters. The main purpose of this study is 
to evaluate the relationship between the optimal 
input parameters for evaluation of liver fibrosis 
based on multi-Rayleigh model and the estimation 
accuracy of multi-Rayleigh model parameters. 

 
2. Evaluation method for liver fibrosis based on 
multi-Rayleigh model 
2.1 Multi-Rayleigh model 

When many scattered points are distributed 
randomly and homogeneously, such as in normal 
liver tissue, the PDF of the echo amplitude can be 
approximated by a Rayleigh distribution. The 
Rayleigh distribution is given by 

     𝑝𝑝(𝑥𝑥) = 2𝑥𝑥
𝜎𝜎2 exp (− 𝑥𝑥2

𝜎𝜎2),           (1) 
where 𝑥𝑥  and 𝜎𝜎2  are the echo amplitude and the 
variance of the echo amplitude, respectively.[1] 

 On the other hand, in an inhomogeneous 
medium, such as a fibrotic liver, the PDF of the echo 
amplitude deviates from the Rayleigh distribution. 
We proposed a multi-Rayleigh distribution model 
using a combination of Rayleigh distributions with 
different variances.  
The multi-Rayleigh model with two components is 
given by 
  𝑝𝑝mix2(𝑥𝑥) = (1 −𝑅𝑅m)𝑝𝑝low(𝑥𝑥) + 𝑅𝑅m𝑝𝑝high(𝑥𝑥),    (2) 
where plow(𝑥𝑥) is the Rayleigh distribution with a 
low variance(normal tissue), 𝜎𝜎low2 , and phigh(𝑥𝑥) is 
the Rayleigh distribution with a high variance 
------------------------------------------------------ 
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(fibrotic tissue), 𝜎𝜎high2  . 𝑅𝑅m  is mixture rate of 
Rayleigh distributions with high variances. By 
approximating the PDF of echo amplitudes using the 
multi-Rayleigh model, the fiber mixture rate 𝑅𝑅m , 
and the fiber variance ratio 𝑅𝑅v = 𝜎𝜎high2 /𝜎𝜎low2 , which 
is an indicator of the fibrosis progressive ratio can be 
estimated. 
2.2 Estimation method of multi-Rayleigh model 

In the evaluation of liver fibrosis based on multi-
Rayleigh model, moments are the input parameters. 
Moments are indicators of the shape of the PDF. The 
𝑛𝑛 -th moment around average value, 𝑀𝑀𝑛𝑛 , for 
normalized echo amplitudes is calculated as 

𝑀𝑀𝑛𝑛 = 𝐸𝐸 [(𝑥𝑥−𝜇𝜇)
𝜎𝜎𝑛𝑛

𝑛𝑛
],             (3) 

where 𝑥𝑥  is the echo amplitude. 𝜇𝜇  and 𝜎𝜎  are the 
average value and the standard variance of the echo 
amplitude, respectively. To estimate the multi-
Rayleigh model parameters, moments of echo 
amplitudes are used as input parameters; therefore, 
the combination of moments used in the estimation 
algorithm affects the estimation accuracy of multi-
Rayleigh model parameters. Thus, the selection of 
the optimal combination of moments is important to 
estimate the multi-Rayleigh model parameters stably. 

 
3. The relationship between statistics of 
ultrasound echo envelope and the estimation 
accuracy of multi-Rayleigh model parameters 

By using the ultrasonic simulation, the 
relationship between statistics of ultrasound echo 
envelope and the estimation accuracy of multi-
Rayleigh model parameters is studied. 

 
3.1 Ultrasonic simulation 

From the scatterer distribution model, an 
ultrasound image was calculated. The scatterer 
distribution model was located 10 to 40 mm from the 
transducer. The center frequency was 7.5 MHz. The 
lateral size of the scatterer distribution model was 
15mm. As shown in Figs. 1(a) and 1(b), the B-mode 
image of normal and fibrotic tissues can be made by 
the change of reflection strength of the scatterer. The 
mixture rate and variance ratio are 0.3 and 3,                             
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(a)              b) 

Fig. 1 (a) B-mode image of normal tissue. (b) 
B-mode image of fibrotic tissue. 

 

 
Fig. 2 (a) The 0.15th and 1.5th moment 
calculated from B-mode images. (b) The 
projection of contour line.  

    
(a)              (b) 

Fig. 3 (a) The range of mixture rate. (b) The 
range of variance ratio. 

 

 
Fig. 4 Histogram of fibrotic parameters 
estimated using (a) the 0.15th and 1.5th 
moment, and (b) the 1.1th and 3rd moment.  

respectively. 
3.2 Evaluation of estimation accuracy of multi-
Rayleigh model parameters 

Figure 2(a) shows the distribution of moments of 
echo amplitudes following the multi-Rayleigh model 
with the setting model parameters (𝑅𝑅m = 0.3,𝑅𝑅v =
3 ). This trial was iterated 1000 times. Then, the 
boundary of the area which statistically contains 
95% of the data is shown in black. The black 
boundary is converted into the multi-Rayleigh model 
parameters’ space as shown in Fig. 2(b). When the 
distribution area shown in Fig. 2(b) becomes smaller, 
the estimation accuracy of multi-Rayleigh model 
parameters becomes higher. In order to determine the 
optimal input parameters which have high estimation 
accuracy, the deviation of mixture rate and variance 
ratio with different combination of moments are 
calculated. The results are shown in Fig. 3(a) and 
3(b). The combinations of moments which cannot 
determine the multi-Rayleigh model parameters 
uniquely, are excluded. From Fig. 3(a) and 3(b), we 
can see that the estimation accuracy is higher when 
the value of Fig. 3(a) and 3(b) is smaller. These 
results show that the multi-Rayleigh model 
parameters can be estimated with high estimation 
accuracy by using 0.15th and 1.5th moment.  

Figure 4(a) shows the histogram of fibrotic 
parameters estimated using the 0.15th and 1.5th 
moment. To compare with the result of Fig .4(a), the 
histogram of fibrotic parameters estimated using the 
1.1th and 3rd moment which have low estimation 
accuracy is shown in Fig. 4(b). From these results, 
we can see that the multi-Rayleigh model parameters 
can be estimated with high estimation accuracy by 
using 0.15th and 1.5th moment.  
 
4. Conclusions 

In this paper, by using the simulated ultrasound B-
mode image, the relationship between the input 
parameters for evaluation of liver fibrosis based on 
multi-Rayleigh model and the estimation accuracy of 
the multi-Rayleigh model parameters was examined. 
From the simulation results, we can determine the 
moments which have high estimation accuracy by 
using the distribution area in the multi-Rayleigh 
model parameters’ space. We concluded that the 
optimal input parameters for the estimation of the 
multi-Rayleigh model parameters with high 
estimation accuracy can be determined. 
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