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Abstract— We have proposed a new method for eval-
uating the local elasticity of the arterial wall in order to
diagnose the early stage atherosclerosis. In the case of
the early stage atherosclerosis, the macular lesion is sev-
eral millimeters in diameter. Therefore, it is necessary to
find the local change in the elasticity of the arterial wall.
In the proposed method, the small change in thickness of
the arterial wall during cardiac cycle is accurately mea-
sured using ultrasound, and the elasticity of the arterial
wall can be evaluated in every small region of about 1 mil-
limeter, which corresponds to the width of the ultrasonic
beam.

In this report, the proposed method is applied to hu-
man carotid arteries of 54 male patients and 30 healthy
male subjects, where the patients have high risk factor
of coronary heart diseases. From this results, the differ-
ence in the elasticity of the arterial walls between healthy
subjects and patients is investigated.

I. INTRODUCTION

In recent years, atherosclerosis has been a serious prob-
lem due to its high influence on diseases of circulatory
system such as myocardial infarction and cerebral infarc-
tion. Itis, therefore, important to diagnose the early stage
atherosclerosis. Atherosclerosis has been often diagnosed
by measuring the thickness of the arterial walls or the
area of the lumen, which change with the development of
atherosclerosis (Fig. 1), from the sectional image obtained
by computed tomography with contrast media, magnetic
resonance imaging, or echocardiography. However, in the
case of the early stage atherosclerosis, the thickness of the
arterial wall is not remarkably increased. Therefore, it is
difficult to diagnose the early stage atherosclerosis from
the sectional image of the artery. p

Then, the method for diagnosis of the early stage
atherosclerosis has been proposed to measure the change
in the elasticity of the arterial wall. The pulse wave ve-
locity (PWV) method has been previously proposed as a
noninvasive method for evaluating the elastic property of
the arterial wall and numerous studies on measurement
of the PWV have been reported [1]. In the standard
method, the PWYV is obtained from the transit delay time
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of the pressure wave propagating from the carotid artery
to femoral artery [2]. Therefore, the sufficient spatial res-
olution cannot be obtained by using this method.

To increase the spatial resolution in the noninvasive
evaluation of the elastic property of the arterial wall, we
proposed the method for measuring the small velocity sig-
nals on the arterial wall using ultrasound [3]. In the pro-
posed method, the small change in thickness of the arte-
rial wall in one cardiac cycle is obtained by measuring the
small velocity signals on intima and adventitia of the ar-
terial wall [4]. The amplitude of this change in thickness
of the arterial wall is several tenth micrometers, there-
fore, it cannot be measured from the B-mode image or
M-mode image obtained by the standard ultrasonic diag-
nostic equipment. From the small change in thickness,
the elastic property of the arterial wall is noninvasively
evaluated. Using the proposed method, the elastic prop-
erty of the arterial wall is evaluated in each local area of
a few millimeters, which corresponds to the width of the
ultrasonic beam in the focal area.

In this report, the change in the elasticity with age of
the arterial walls are investigated by applying the pro-
posed method to 54 human carotid arteries. Then, the
results of patients are compared with those for 30 healthy
subjects.

wall thickening
caused by atherosclerosis

serious

normal atherosclerosis

Fig. 1. Change in the wall thickness and the area of the lumen
caused by atherosclerosis.
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II. PRINCIPLE OF MEASUREMENT OF SMALL
VELOCITY SIGNALS ON ARTERIAL WALL

To obtain the change in thickness, Ah(t), of the arterial
wall, small velocity signals, vi,(t) and veq(t), on intima
and adventitia of the arterial wall are accurately measured
using ultrasound [3].

First, the phase difference, Af(z;t), between the re-
ceived signals, y(z;t) and y(z;t + AT), for the succes-
sively transmitted pulses during the interval AT is given
by

A8(z3t) = 8(ast + AT) — f(as ) = iﬂm(t), L)

where z, wp, co, 8(2;t), and Az(t) = a(t + AT) — z(t) are
the distance of the object from the ultrasonic transducer,
ultrasonic angular frequency, acoustic velocity, the phase
of the received signal, and movement of the object during
the period AT from a time ¢. By dividing the movement
Az by the period AT, the average velocity, denoted by
v(t+ 2L), of the object during the period AT is given by
the phase difference Af(x;t):

(14 ) = = )

AT 0 950 - AT (2)

From the resultant velocity signals, v;,,(t), and v,q(t),
the change in thickness, Ah(t), of the arterial wall with
amplitude of several tenth micrometers is accurately ob-
tained by integrating the difference between these two ve-
locity signals

ahit) = [ (i) = vt} 3)

In this measurement, the minimum value of the mea-
surable velocity is 0.5 mm/s and the time interval, Tp, of
integration is 222 pus. In this condition, the lowest value
of the change in thickness is found to be about 0.1 pm.
Such minute change in thickness cannot be measured by
the B-mode or M-mode images obtained by the standard
ultrasonic diagnostic equipment.

From the change in thickness, Ah(t), of the arterial
wall, the incremental strain, Ac,(¢), in radial direction is
obtained by

sty = -2M, (1
d
where hg is the thickness of the arterial wall.

Figure 2 illustrates the relationship between the incre-
mental strain Ae,.(#) and the arterial inner pressure p(t).
From the incremental strain Ae,(t), we define the instan-
taneous elastic modulus F(t) of the arterial wall by

__op(t)
E(t) - aA@r(t)* (5)
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Fig. 2. TIllustration of the relationship between the incremental
strain Aer(t) and the arterial inner pressure p(t).

where p(t) is the instantaneous arterial inner pressure.
However, it is difficult to noninvasively measure the in-
stantaneous arterial inner pressure p(t), the average elas-
tic modulus E during one cardiac cycle is evaluated by

Ps — Pd
F=2"_--
AET‘mam ’ (6)

where pg, pa, and Acppmq, are the systolic blood pressure,
diastolic blood pressure, and the maximum value of the
incremental strain Ae,(t) during the systole, respectively.

II1. EvarLuaTioN oF ELasTic MobpuLus EF oFr HUMAN
CAROTID ARTERY IN VIVO

By using the proposed method for measuring the small
velocity signals, the elastic modulus E of the human
carotid artery is noninvasively evaluated. The subject is a
36-year-old patient with hyperlipidemia and he has high
risk factor of coronary heart diseases. Figures 3(e) and
3(f) show the measured small velocity signals, v;,(t) and
vad(t), on intima and adventitia, respectively. These ve-
locity signals have high reproducibility. The small change
in thickness of the arterial wall is accurately obtained with
amplitude of about 30 pm by integrating the difference be-
tween these velocity signals v;,(t) and v,.q(t). From the
resultant change in thickness Ah(t), the systolic blood
pressure of 112 mmHg, and the diastolic blood pressure
of 75 mmHg, the elastic modulus of the arterial wall is
determined to be 0.18 MPa. Similarly, the elastic modu-
lus F are obtained with respect to other 53 patients with
high risk factors.
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Fig. 3. (a) B-mode. (b) M-mode. (c) ECG. (d) PCG. (e) Small
velocity signal v;,,(¢) on intima. (f) Small velocity signal vg4(t)
on adventitia. (g) Change in thickness Ah(t) of the arterial
wall.

IV. EVALUATION OF REPRODUCIBILITY IN MEASURING
Erastic MobpuLus E

Then, we evaluate the reproducibility in measuring the
elastic modulus E for successive 3 cardiac cycles.

The average F and the standard deviation o of the
elastic modulus {E;}{¢ = 1,2,3) measured in 3 cardiac
cycles are respectively defined by

F =

Figure 4 shows the relationship between the average E
and the standard deviation ¢ for 54 patients. The vari-
ance of the standard deviation ¢ becomes large with the
increase of the average F. This is caused by the follow-
ing reason. When the change in thickness Ah(t) becomes
small, the ratio of the standard deviation to the mean of
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Fig. 4. Relationship between average E and the standard deviation
o in measuring elastic modulus F for 3 cardiac cycles.
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Fig. 5. Normalized standard deviation ¢ of 54 patients.

the change in thickness becomes high if the standard de-
viation of the change in thickness Ah(t) is similar to the
case of the large change in thickness Ah(t). Therefore,
we use the normalized standard deviation £ to evaluate

the reproducibility in measuring the elastic modulus F,
which is defined by [5]

e =% x 100 [%]. (9)

Figure 5 shows the normalized standard deviation € of 54
patients. The elastic modulus E is found to be repro-
ducibly measured because the average of the normalized
standard deviation ¢ is 3.0 %.

V. In Vivo MEASUREMENT IN VARIOUS SUBJECTS

Figures 6(a) and 6(b) respectively show the average of
the maximum change in thickness Ah,, = max{|Ah(t)|}
and the average elastic modulus E' of 3 cardiac cycles of
54 patients. From Fig. 6, the average of the maximum
change in thickness Ah,, becomes small and the arterial
wall are found to become stiffer with age.

Moreover, Figure 7 shows the average elastic modulus
F of 3 cardiac cycles with respect to 54 patients and 30
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healthy subjects. The arterial walls of patients are found
to be relatively stiffer than that of healthy subjects.

On the other hand, Figure 8 shows the arterial wall
thickness of 54 patients and 30 healthy subjects. The ar-
terial wall thickness are not remarkably different between
patients and healthy subjects.

These results show that the change in the elasticity of
the arterial wall can be detected by using the proposed
method even for the patients with the arterial walls of
normal thickness.
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Fig. 6. In vivo experimental results for 54 patients. Values are mean
measured in 3 cardiac cycles. (a) The average of the maximum
change in thickness Ahy,. (b) The average elastic modulus E.

VI. CONCLUSIONS

In this paper, the small change in thickness of the ar-
terial wall with amplitude of several tenth micrometers
is noninvasively and accurately obtained by measuring
small velocity signals on the arterial wall using ultra-
sound. From this change in thickness, the elastic modulus
E of the arterial wall is noninvasively evaluated.

From in vivo measurement in 54 patients, the elastic
modulus E is found to increase with age. Moreover, these
results are compared with those of the measurement in
30 healthy subjects. As a result, the arterial walls of pa-
tients are found to be stiffer than that of healthy subjects.
However, there is no remarkable difference in their arte-
rial wall thickness. These results show that by using the
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Fig. 7. The average elastic modulus E of 54 patients and 30 healthy
subjects. Values are mean measured in 3 cardiac cycles.
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Fig. 8. The arterial wall thickness of 54 patients and 30 healthy

subjects.

proposed method, the change in the elasticity can be de-
tected in each local area of a few millimeters even for the
subjects who has the arterial wall of normal thickness.
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