
Since the maximum flow velocity appears ever 
π[rad] on CFI, duty ratio of ∆𝜙𝜙𝑤𝑤 gives 

 
𝑑𝑑𝑟𝑟 = ∆𝜙𝜙𝑤𝑤

𝜋𝜋 = 2
𝜋𝜋 cos−1 ( 𝜆𝜆

8𝜉𝜉0
) .       (16) 

 
Eq.(16) shows that duty ratio 𝑑𝑑𝑟𝑟  changes 

depending on the shear wave displacement 
amplitude 𝜉𝜉0 . This implies that shear wave 
displacement amplitude 𝜉𝜉0  is measured from the 
duty ratio 𝑑𝑑𝑟𝑟 . However, 𝑑𝑑𝑟𝑟  also changes by MTI 
filter and color Doppler gain of ultrasound imaging 
system. Hence, if 𝑑𝑑𝑟𝑟 is measured in advance for a 
phantom by changing the displacement amplitude of 
the vibrator and a calibration curve between 𝑑𝑑𝑟𝑟 and 
the displacement amplitude, the relative value of 
shear wave displacement amplitude is estimated 
from 𝑑𝑑𝑟𝑟 by the calibration curve.  

It is also derived that displacement amplitude of 
shear wave depends on the ratio between first order 
spectrum and DC component of spectrum of flow 
velocity recorded on CFI, the relative value of the 
displacement amplitude of shear wave is measured 
from the spectral ratio. 

3. Results 

In order to evaluate a method to estimate shear 
wave displacement amplitude, which is discussed 
above, CFI is observed by changing the amplitude of 
vibrator. Phantom is agar gel. Shear wave frequency 
is 276.5Hz. Results are shown in Fig.1. It is shown 
that duty ratio of fringe on CFI, which shows shear 
wave wavefront, increases with the vibrator 
amplitude. 

Fig.2 shows an example of image for breast 
phantom (BB-04, OST, Japan). Fig.(a) is B-mode 
image. Circular hypoechoic area is a model of 
stiff malignant lesion. Fig.(b) and (c) are shear 
wave propagation map and shear wave velocity 
map, which are reconstructed by CD SWI. 
Fig.(d) is displacement amplitude map which is 
obtained by the proposed method. Stiff area 
shows low displacement amplitude area, 
because displacement amplitude is much lower 
than that of the surrounding soft area. 

4. Conclusion 

  CD SWI elastography is a novel imaging 
method which observes shear wave propagation 
in real-time. This paper proposes a novel method 
which reconstructs shear wave displacement 
amplitude map in CD SWI elastography. Both 
theoretical discussion and basic experimental 
result show that the proposed method is useful 
for real-time displacement amplitude estimation 
which is suitable for CD SWI.  
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Fig.1 CFI acquired for different amplitude of 
vibration.(a): 0.5, (b): 1.0, (c): 2.0 and (d): 3.0 (Arb. 
unit), respectively. 

 
 
Fig.2 Breast phantom image. (a): B-mode image, (b): 
shear wave propagation map, (c): shear wave velocity 
map and (d): shear wave displacement amplitude map 
which is observed by the proposed method. 
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1. Introduction 

Estimation of shear wave propagation speed 
using the particle velocity that is occurred by 
heartbeat is useful as a method of measuring the 
elastic property of liver [1]. Recently, a method of 
evaluating the hardness of tissue by measuring 
shear wave occurred by an ultrasonic push pulse 
has been developed [2]. However, more safety 
assessment of shear wave propagation speed is 
preferable because the method induces a risk of 
tissue injury by cavitation [3]. If it is possible to use 
shear wave occurred by heartbeat, it is possible to 
estimate the elastic property of liver tissue more 
safely. 

We have previously showed that it is possible 
to estimate shear wave propagation speed occurred 
by heartbeat by plane-wave high frame rate 
ultrasound with parallel receive beamforming [4]. 
The propagation direction and speed were estimated 
by estimating the wave numbers in the range and 
lateral directions to obtain shear wave propagation 
speed in a two dimensional plane of an ultrasonic 
image. In the present study, a method for 
simultaneous estimation of the wave numbers in 
two directions was examined, and the two 
dimensional distribution of shear wave propagation 
speed occurred by heartbeat in a liver was 
estimated. 
 
2. Materials and Methods 
     In validation experiments using agar 
phantoms, ultrasound B-mode image was 
constructed with high temporal resolution of 1302 
Hz by high frame rate ultrasound with plane wave 
transmission [1] and each B-mode image was 
constructed by 4 transmissions. The measurement 
was done using linear array at a center frequency of 
7 MHz. The interval of scan lines was 0.2 mm and 
sampling frequency of ultrasound RF signals was 
31.25 MHz. 

In the measurement of a liver, the imaging 
frame rate was 2500 Hz also with plane wave 

imaging. The measurement was done using linear 
array at a center frequency of 5 MHz, and each 
B-mode image was constructed by two 
transmissions. The interval of scan lines was 0.36 
mm and the sampling frequency of ultrasound RF 
signals was 31.25 MHz. The vibration velocity 
waveform v(x, z; t) of the liver tissue in the 
ultrasound beam direction at each scanning line 
position x and range distance z is measured by a 
method using the phase of the received ultrasound 
signal [5]. 

We have developed a method for estimation 
of a pulse wave propagation speed in the carotid 
artery by using the phase of the vibration velocity 
v(x, t) of the arterial wall measured at scan line 
position x [6]. In that method, time-frequency 
spectrum �̃�𝑣(𝑡𝑡0;𝑥𝑥,𝑓𝑓) of the velocity at time 𝑡𝑡0 is 
estimated by short-time Fourier transform. Two 
dimensional frequency spectrum  𝑉𝑉(𝑡𝑡0;𝑘𝑘,𝑓𝑓)  of 
the velocity is obtained by applying Fourier 
transform with respect to position x to the complex 
vibration velocity �̃�𝑣(𝑡𝑡0;𝑥𝑥,𝑓𝑓) as follows: 

𝑉𝑉(𝑡𝑡0;𝑘𝑘,𝑓𝑓) = ∫�̃�𝑣(𝑡𝑡0; 𝑥𝑥,𝑓𝑓) ∙ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑑𝑑𝑥𝑥 .          (1) 
Equation (1) corresponds to the two-dimensional 
Fourier transform of the vibration velocity v(x, t). In 
this report, we focus on the term �̃�𝑣(𝑡𝑡0; 𝑥𝑥, 𝑓𝑓) ∙ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 
of Eq. (1). When a shear wave propagates 
in direction x at a constant speed, the phase of the 
velocity waveform is proportional to x [6]. When 
the change rate of the phase coincides with 
wavenumber k in the term 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 , the phase 
∠{�̃�𝑣(𝑡𝑡0;𝑥𝑥,𝑓𝑓) ∙ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗}  of �̃�𝑣(𝑡𝑡0;𝑥𝑥,𝑓𝑓) ∙ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 
becomes constant regardless of x. 

In this report, in order to consider the shear 
wave propagation in the two-dimensional cross 
section of a liver, i.e., the transverse (x) and axial 
(z) directions, the mean squared error between the 
phase of the complex vibration velocity and its 
linear model (shear wave is locally approximated to 
a plane wave) is simultaneously calculated in two 
directions. The model of two-dimensional complex 
vibration velocity distribution at the time 𝑡𝑡0  is 
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expressed as follows: 
𝑣𝑣(𝑡𝑡0;  𝑥𝑥,  𝑧𝑧) = 𝑣𝑣0 ∙ 𝑒𝑒−𝑗𝑗(𝑘𝑘𝑥𝑥𝑥𝑥+𝑘𝑘𝑧𝑧𝑧𝑧),   (2) 

where 𝑣𝑣0 indicates complex velocity amplitude. 
The mean squared error  between the phase 

∠𝑣𝑣(𝑡𝑡0, ; 𝑥𝑥,  𝑧𝑧) of the measured complex vibration 
velocity and its model {−(𝑘𝑘𝑥𝑥𝑥𝑥 + 𝑘𝑘𝑧𝑧𝑧𝑧)}  is 
expressed as follows: 

𝛼𝛼 = ∑{∠𝑣𝑣(𝑡𝑡0;𝑥𝑥,  𝑧𝑧) + (𝑘𝑘𝑥𝑥𝑥𝑥 + 𝑘𝑘𝑧𝑧𝑧𝑧)}2
𝑅𝑅

,    (3) 

where R indicates a region of interest where  is 
calculated. 

In order to determine �̂�𝑘𝑥𝑥  and �̂�𝑘𝑧𝑧  which 
minimizes the error 𝛼𝛼, 𝛼𝛼 is partially differentiated 
by 𝑘𝑘𝑥𝑥 and 𝑘𝑘𝑧𝑧  and zeroed. Then, least square 
solutions �̂�𝑘𝑥𝑥 and �̂�𝑘𝑧𝑧  are obtained by solving the 
simultaneous equation given by 

𝜕𝜕𝛼𝛼
𝜕𝜕𝑘𝑘𝑥𝑥

= 0, 𝜕𝜕𝛼𝛼
𝜕𝜕𝑘𝑘𝑧𝑧

= 0.                 (4) 

As described above, in this report, shear wave 
propagation speed was estimated by estimating 
�̂�𝑘𝑥𝑥  and �̂�𝑘𝑧𝑧  simultaneously using the phases of 
vibration velocity waveforms. 

 
3. Experimental Results 

Figures 1(a) and (b) show propagation speed 
maps of soft and hard agar phantoms, respectively. 
The soft and hard agar phantoms were made from 
5% and 10% agar. Also, both phantoms contain 
graphite powder of 3 g as scatterers. As shown in 
Fig. 1, the shear wave propagation speed in the hard 
agar phantom is much higher than that in the soft 
agar phantom. These results show that the proposed 
method can distinguish the difference in the tissue 
elastic property. 

 
Fig. 1: Propagation speed maps of soft agar (a) and 
hard agar (b). 
 

Figures 2(a) and (b) show a B-mode image 
of the liver of a 42 years old healthy male and shear 
wave propagation speed map, respectively. There is 
a heart in the lower right side and it is difficult to 
estimate propagation speed there because that 
region is too close to the source of vibration. 

However, in the other regions, shear wave 
propagation speed was estimated to be about 1 m/s, 
and this result agreed well with those reported in 
literature [7]. 

 
Fig. 2: (a) Ultrasonic B-mode image of the liver of 
a 42-year-old healthy male. (b) Shear wave 
propagation speed. 
 
4. Conclusion 

In this report, the validation experimental 
results show that the difference in tissue elasticity 
can be detected by the proposed method. Two 
dimensional estimation of wave numbers of the 
shear wave occurred by heartbeat in the liver was 
conducted for estimation of propagation speed.   
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