
Electrocardiogram (ECG) and Phonocardiogram 
(PCG) of a 24-years old healthy male. The velocity 
waveforms of the small vibration have negative 
peaks just after aortic valve opening, and positive 
peaks just after aortic valve closing. It was assumed 
that pulse wave velocity was constant regardless of 
the measurement position and we focused on the 
time when the velocity waveforms of the small 
vibration have peaks on each beam. Then, we 
confirmed that some pulse wave propagations like 
green lines and discriminated the incident and 
reflected components of pulse wave from inclination 
of lines just after first heart sound in PCG.  
 In addition, Fig. 2 shows the pulse wave 
velocity (PWV) measured by the least squares 
method from R-wave of ECG to the second heart 
sound of PCG. If the PWV is positive, the 
component is incident and if it is negative, the 
component is reflection. The error bars show the 
phase variance of the least squares method. The 
phase variance was large from 0.1 to 0.13 s.  

It was considered that the interference 
between the incident wave component and the 
reflected wave component was large. The incident 
component of the pulse wave was calculated around 
0.1 s and the reflected component of the pulse wave 
was calculated around 0.14 s just after first heart 
sound in PCG. Additionally, a component of about 
10 m/s, which was a propagation component faster 
than the pulse wave, was confirmed around 0.08 s 
just before the arrival of the incident component of 
the pulse wave. This component would be the 
propagation of the mechanical vibration. The reason 
that the phase variances was large after about 0.4 s 

was caused by the phase unwrapping process, in 
which beams performed and unperformed in the 
phase unwrapping coexisted and phase values 
greatly differed depending on the beams because of 
the worse S/N of the phase waveforms and the 
drastic phase changes. 
 
4. Conclusion 
 In the present study, we measured the 
velocity of small vibrations on arterial wall in vivo 
by the phase-tracking method. Furthermore, we 
applied the phase unwrapping to the phase of the 
analytic signals to make it continuous waveforms 
and calculated the pulse wave velocity by the least 
squares method. In the conventional method, the 
pulse wave velocity can only be calculated at a 
characteristic time such as the rise time of the blood 
pressure waveforms. In the proposed method, in 
contrast, it became possible to calculate change with 
time of the local pulse wave velocity at every time 
for every phase by using the phase of the analytic 
signals. 
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Fig. 1 Velocity waveforms of the small vibration on 
arterial wall for beam0, 2, 4, 6, 8, 10 and 
Electrocardiogram (ECG) and Phonocardiogram (PCG) 
of a subject 

Fig. 2 (a) ECG and PCG of the subject. (b) Velocity 
waveforms of the small vibration on arterial wall of 
beam0 and beam10. (c) Pulse wave velocity by the least 
squares method.  
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1. Introduction 
    Measurement of arterial wall elasticity is 
useful for diagnosing between the elasticity of 
normal arterial walls and those affected by 
atherosclerosis1). In series of studies on noninvasive 
assessment of the regional elasticity of the arterial 
wall, the elasticity is measured from the small 
change in thickness due to the heartbeat and the 
blood pressure by the phased tracking method2). To 
track the movement of the carotid arterial wall, a 
high frame rate, at least over 100Hz, is necessary. 
These methods can evaluate the elasticity precisely 
if images are clear. Unfortunately, most images in a 
clinical situation contain various type of noise such 
as multiple reflection noise, making it difficult to 
evaluate the elasticity precisely. 
    To suppress the multiple reflection noise, 
tissue harmonic imaging is widely used in carotid 
artery exams. The pulse inversion (PI) method is 
one of the tissue harmonic imaging techniques and 
preferred to obtain more broadband images3). 
    In the present study, modified phased tracking 
method using PI method is examined with the aim 
of reducing the influence of multiple reflection 
noise on the estimation of elasticity. The 
improvement of accuracy by the proposed method 
is validated by the silicone rubber tube phantom.   

 
2. Method 
2.1 Phased-tracking method 
    For estimation of the displacement, using the 
quadrature demodulated signal, the phase shift 
ΔΨi(t; l) between echoes in two consecutive frames 
along the l-th ultrasonic beam is obtained from the 
complex cross-correlation function. The object 
position xi(t; l) is tracked by integration of the 
average velocity, vi(t + Tr/2; l), as follows: 
 
 

where ω0, c0 and Tr are the center angular frequency 
of the ultrasonic pulse, the speed of sound, and the 
pulse repetition interval respectively. The small 
change in thickness is calculated by the positions of 
inner and outer tube surface. The elasticity is 
estimated from the change in thickness and the 
internal pressure. 
 
2.2 PI method 
    The PI method transmits two pulses with 
opposite polarity and then sums their echoes. When 
summed, the fundamental components cancel while 
the harmonics double. However, because two pulses 
are needed to be transmitted to create a single 
harmonic echo, the frame rate of the PI methods is 
reduced. To avoid aliasing of phase shifts of 
harmonic signals, the fundamental components, 
subtracted of the two pulses, are used to correct the 
phase shifts of the harmonic signals. Figure 1 
shows an outline of the PI method in this study. 
 

 
 
 
 
 
 
 
 
 
 

 
    The phase shift of harmonic quadrature 
demodulated signal θharm is roughly equal to (fharm / 
ffund)× θfund, where fharm, ffund and θfund are the 
harmonic detection center frequency, the 
fundamental detection center frequency and the 
phase shift of fundamental quadrature demodulated 
signal, respectively. To correct aliasing of phase 
shifts of harmonic signals, firstly aliasing number 
candidate is evaluated by  
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Fig. 1.  Outline of the PI method. 
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Table 1. Scanning conditions. 

Fig. 3. Arterial wall mimicking phantom. (a) Multiple 
reflection noise on the posterior wall. (b) Multiple 
reflection noise inside the tube. 
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Fig. 4. (a) M-mode (Fundamental). (b) M-mode (PI). (c) 
Change in thickness (Fundamental). (d) Change in 
thickness (PI). 

Table 2. Comparison of maximum change in thickness. 
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Fig. 2. Phase shift. (a) Harmonic. (b) Fundamental. 
(c) Corrected Harmonic. 

where W is empirical constant which is sufficiently 
smaller than π/2. Secondly, aliasing number n is 
determined by minimizing the following e(n).  
 
 
 
Lastly, corrected θharm is expressed by θharm +2πn. 
The phase shifts of harmonic, fundamental and 
corrected harmonic are shown in Fig. 2. The 
corrected phase shift is applied to phased-tracking 
method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Experimental Setting and Results 
    We prepared a phantom mimicking the arterial 
wall made of silicone rubber tube pulsated by a 
stepping motor pump. The thickness of the silicone 
rubber tube is 1.1 mm and the inner diameter is 8 
mm, which are similar to those of the carotid artery. 
To evaluate the influence of multiple reflection 
noise on posterior wall between anterior wall and 
transducer, the distance from transducer to the tube 
is controlled, as shown in Fig. 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Experiments were conducted using ultrasonic 
equipment, FUJIFILM FC1 and linear transducer. 
Change in thickness is compared in Fundamental 
and PI mode experiments. Ultrasound scanning 
conditions are summarized in Table. 1. 
    Figures 4(a)-4(d) show M-mode images with 
tracking results with respect to the posterior wall 
overlaid and the change in thickness of posterior 

wall in the fundamental and PI mode experiments 
in the condition that multiple reflection noise is on 
posterior wall. 

 
Mode Transmitting 

Frequency 
Detection 
Frequency 

Frame 
Rate 

Fundamental 9 MHz 9 MHz 200 Hz
PI 4.5 MHz 9/4.5 MHz 100 Hz

 
 

 
 

 
 
 
 
    Multiple reflection noise was less in PI mode 
as shown in Fig. 4(b). The maximum change in 
thickness of fundamental mode was -104 µm and 
that of PI mode was -129 µm.  The maximum 
change of thickness differences between multiple 
reflection noise positions are summarized in Table. 
2. 

Noise position Fundamental PI 
On posterior wall -104 µm -129 µm 

Inside tube -124 µm -124 µm 
 
 
    It is confirmed that the influence from multiple 
reflection noise was less in PI mode. The elasticity 
was calculated from these results and elasticity 
differences from “without multiple reflection noise” 
were 20% for fundamental mode, -4% for PI mode, 
respectively. 
 
4. Conclusion     
    We proposed a new method to improve the 
measurement of elasticity by applying PI method to 
phased-tracking method. This method has a 
potential to be useful for precise elasticity imaging. 
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