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Abstruct- Based on the phased tracking method, it 
is newly found that there are wide frequency compo- 
nents from d. c. to  one hundred several tens Hz in the 
vibrations on the arterial wall non-invasively measured 
in in vivo experiments. These vibrations are mainly 
caused by the blood flow, and the wall vibration prop- 
agates from the intima to  the adventitia. Moreover, 
the characteristics of the arterial wall vibration highly 
depend on the viscoelasticity of tissue components. 

In this paper, therefore, the propagation of the vi- 
bration in the regional area of the arterial wall is ana- 
lyzed during one cardiac cycle in the frequency domain. 
From the measurement of the frequency characteristics 
in the vibration propagation, the tissue viscoelasticity 
is estimated. In the low frequency range, both the at- 
tenuation and the phase of the vibration are minute 
values, therefore, it is so difficult to  measurement of 
these precisely. For solving this problem, the viscoelas- 
ticity of the arterial wall is estimated by the frequency 
characteristics in the attenuation in the wide frequency 
range up to one hundred several tens Hz. The proposed 
method was applied to  human common carotid arteries 
of two patients with atherosclerotic plaques, a smoking 
subject and a healthy subject. From in vivo experi- 
mental results, clear differences are found in the the 
frequency characteristics in the attenuation and the 
estimated viscoelasticity of the arterial wall between 
atherosclerotic plaque of the patient and healthy sub- 
ject. These results has novel potential for the tissue 
characterization. 

I. INTRODUCTION 

It is well known that acute myocardial infarction 
and cerebral infarction are mainly caused by rupture 
of atherosclerotic plaques of the artery. It is, therefore, 
necessary for clinical treatment to  be able to discrimi- 
nate thrombus, fibrous, calcification and lipid compe 
nents of atherosclerotic plaques [l], [2]. 

the phased tracking method, for accurately tracking 
We have previously developed a novel method, namely, 

the movement of the heart wall based on both the 
phase and magnitude of the demodulated signals to  
determine the instantaneous position of an object [3]. 

Based on this method, it is newly found that there 
are wide frequency components from d. c. to one hun- 
dred several tens Hz in the vibrations on the arterial 
wall non-invasively measured in in vivo experiments 

These vibrations are mainly caused by the blood 
flow, and the wall vibration propagates from the in- 
tima to  the adventitia. Moreover, the characteristics 
of the arterial wall vibration highly depend on the vis- 
coelasticity of the tissue components. Therefore, from 
the viscoelasticity, it would offer a clue to  characterize 
the human tissue. 

At the human tissue, the characteristics of vibra- 
tion propagation have the frequency characteristics[5]. 
Based on Voigt model, the viscoelasticity can be es- 
timated from the vibration frequency, the attenuation 
and the phase. 

However, in the low frequency range, both the atten- 
uation and the phase are minute values, it is so difficult 
t o  measurement of these precisely. 

For solving this problem, the viscoelasticity of the 
arterial wall is estimated by the frequency characteris- 
tics in the attenuation in the wide frequency range up 
to  one hundred several Hz. 

The proposed method was applied to  human com- 
mon carotid arteries of two patients with atheroscle- 
rotic plaques, a smoking subject and a healthy subject. 

~41. 

11. FREQUENCY CHARACTERISTICS IN 
ATTENUATION OF SHEAR WAVE PROPAGATION 

IN HUMAN TISSUE 
Figure 1 shows illustration of vibration propagation 

from the intima to  the adventitia in the arterial wall. 
At the inner surface of artery, wide frequency range 
vibrations are occurred by change in the blood pressure 
and the blood flow, and the vibration propagate from 
the intima to  the adventitia with the shear wave. 

For modeling of the vibration propagation in the hu- 
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Fig. 1. Illustration of the shear wave propagating from 
intima to the adventitia in the arterial wall. 
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man tissue, Voigt model is applied to equation of plane 
transversal wave. In this model, the vibration velocity 
TI(.) given by 

V(x) = VOe-Yr, (1 )  

where x is distance from the vibration source and 210 is 
vibration velocity at the vibration source. 

In Eq. ( l ) ,  the relationship among the attenuation 
a,  phase ,B and the viscoelasticity G is obtained by 

-y = -(a + j p )  = - j  -w, (2 )  & 
where p is density of the tissue, and w is the vibration 
angular frequency. 

From Eq. (3), the viscoelasticity G is given by 

(3) 

From Eq. (3), the attenuation a and phase ,f3 are 
described by the elasticity ,u and the viscosity q as 
follows: 

(4 )  

From Eq. ( 4 )  and Eq. (5 ) ,  the attenuation a and 
the phase p are function of the angular frequency w. 

On the other hand, from Eq. (3), the elasticity ,!A 

and viscosity q are described by the attenuation a and 
the phase p as follows: 

pw2 (a2 - /q2 
(a2 + p2)2 ’ (6) ,!A= 

(7 )  

A case of human muscle tissue, p = 1.1 x l o3  kg/m3, 
,u = 2500 Pa, q = 15.0 Pa + s [5] ,  in the frequency at  
100 Hz, the attenuation and phase are a = 129 m-l,  
/? = 170 rad/m, and in the frequency at 20 Hz, these 
are a = 24 m-l,  ,B = 71 rad/m. 

At the human carotid arterial wall, in the thickness 
Ax at about 1 mm, in the frequency at  20 Hz, the 
attenuation and the phase are Ax . a = 0.02 m-l, 
Ax . ,L3 = 0.07 rad/m. 

In the low frequency range, therefore, it is difficult to 
measurement of the attenuation and phase precisely. 

For solving this problem, the viscoelasticity is esti- 
mated by the frequency characteristics in the attenua- 
tion of the vibration propagation in the wide frequency 
range up to one hundred several tens Hz. 

In Eq. (4 ) ,  the attenuation a is function of the an- 
gular frequency w ,  the elasticity p and the viscosity q. 
Moreover, in Eq. (4 ) ,  the elasticity p and the viscosity 
q are unknown quantities. 

Therefore, the elasticity p and the viscosity q are 
assumed to be constant with change in the frequency. 

From Eq. (4), the squared attenuation a(w)’ is given 
by 

P W 2  ( d m  - P )  
a(w)2 = 

2 (p2 + w2q2) 

1 1 
X -  

W 2 V 2  (1 + $) 

In the high frequency range to  w2q2 >> p 2 ,  Eq. (8) 
is approximated as follows: 



(9) 

From Eq. (9), in the high frequency range, the 
squared attenuation a ( ~ ) ~  is approximated to linear 
function of the angular frequency w as follows: 

From Eq. ( lo) ,  the elasticity fi and the viscosity ij 
can be estimated by 

I v .  MEASUREMENT O F  VISCOELASTICITY O F  
HUMAN CAROTID ARTERY 

Let us set measurement points at the intima and 
the adventitia in the arterial wall along an ultrasonic 
beam, and by applying the phased tracking method 
to  each point, the velocity signals of the each point is 
simultaneously measured. 

For this measurement, the frequency fo of ultrasonic 
pulse was set to  be 7.5 MHz and pulse repetition fre- 
quency was set to be 1.5 kHz for respective directions. 

By applying the Fourier transform to each vibration 
signal during one cardiac cycle, the spectra of the vi- 
bration signals are obtained. 

This measurements was applied to  the human com- 
mon carotid arteries of two patients with atheroscle- 
rotic plaques, a smoker and a healthy subject. 
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Fig. 2. B-mode image of a human carotid artery (healthy sub- 
ject, Byear-old male) 

Figures 2,  3, 4, 5 are B-mode images of the hu- 
man carotid artery. As shown in Figs. 3, 4, there 
are atherosclerotic plaques at the posterior wall. 

Figure 6 shows measurement results of the frequency 
characteristics in the squared attenuation of the vibra- 
tion propagation from the intima to the adventitia in 
the ejection period. 

In Fig. 6,  solid lines are measurement results and 
dotted lines are approximated lines by the least-squared 
approach in the high frequency range. 

For applying the least-squared approach, the high 
frequency range was set to  higher 50 Hz from referred 
human muscle tissue [5]. 

As shown in Fig. 6, in the frequency range higher 
than 50 Hz, measurement results of squared attenua- 
tion are linearly increased with frequency increment, 
and the approximated lines are closely fitted to  the 
measurements. 

From the approximated lines, the elasticity fi and 
the viscosity ij are estimated by Eq. (11). 

Table 1 shows estimated results of f i  and i j .  There 
are clear difference of the estimated viscoelasticity be- 
tween healthy subject and patients with plaque. For 
the healthy subject and smoking subject, estimated 
viscoelasticity are similar to  those of referred human 
muscle tissue [5]. However, for the patient with plaque, 
estimated viscoelasticity are smaller than those of healthy 
subject, smoking subject and referred data. 

Figure 7 shows the frequency characteristics in the 
attenuation are calculated by Eq. (4) using estimated 
viscoelasticity as shown in table 1. 

As shown in Fig. 7 ,  solid lines are measurement re- 
sults of the frequency characteristics in the attenuation 
and dotted lines are estimated results. These results 
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Fig. 3. B-mode image of a human carotid artery (patient A,  
40-year-old, female) 



are closely fitted to  measurement results. 
V. CONCLUSIONS 

Based on in vivo experiments, the propagation char- 
acteristics of the vibration from the intima to  the ad- 
ventitia of the arterial wall is measured in high fre- 
quency range up to 150 Hz. 

From frequency characteristics in attenuation of vi- 
bration propagation from the intima to  the adventitia 
in the wide frequency range, the viscoelasticity is ap- 
proximately estimated. 

From the results, the proposed method might be rea- 
sonable for estimation of the viscoelasticity of the ar- 

healthy subject 
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terial wall tissue. 

acteriz at ion. 
These results has novel potential for the 
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Fig. 4. B-mode image of a human carotid artery (patient B, - 
73-year-old, male) 
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Fig. 5. B-mode image of a human carotid artery (smoking 
subject, 30-yem-old, male) 
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Fig. 6. Frequency characteristics in the attenuation of the vi- 
bration propagation from the intima to the adventitia. 
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Fig. 7. Measurement results of the frequency characteristics in 
the squared attenuation and the approximated lines by the 
proposed method. 
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