Jpn. J. Appl. Phys. Vol. 40 (2001) pp. 3918-3921
Part 1, No. 5B, May 2001
(©2001 The Japan Society of Applied Physics

Optimization of Focal Position of Ultrasonic Beam
in Measurement of Small Changein Arterial Wall Thickness
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We have previously developed a method for measurement of a small change in thickness of the arterial wall during a single
cardiac cycle [H. Kanai, M. Sato, Y. Koiwa and N. Chubachi: IEEE Trans. UBB(CL996) 791]. The resultant change in
thickness is shown to be useful for threvivo assessment of the regional elasticity of the arterial wall. Although the accuracy

of the measurement of the change in thickness is found to be witlin, it is affected by the interference of ultrasonic pulses.

In this study, we simulate the propagation of ultrasonic pulses transmitted and received by a linear probe. In the simulation
experiments, the ultrasonic pulses generated by a computer are reflected by a tube, which has a small change in wall thickness
of 10um. The optimum focal position of the ultrasonic beam is determined by evaluating the root-mean-square (rms) error in
the measured change in thickness.
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1. Introduction

The increase in the number of individuals suffering from
myocardial or cerebral infarction, both of which are mainly
caused by atherosclerosis, has become a serious clinical prob-
lem. It is therefore important to diagnose atherosclerosis at
an early stage. However, to date, there is no method available
for the detection of minute changes in the elasticity of arterial
walls due to early-stage atherosclerosis.

We have developed a method for evaluating the elasticity
in each local region within about 4@0n from the arterial
wall*? to diagnose its vulnerability to atherosclerotic plaque.
The small change in thickness of the arterial wall due to the

30.40 mm

heartbeat is accurately measured in each local region around :
the focal area of the ultrasonic beam. From the resultant 065 mm _
change in thickness, the local strain and the elasticity of the time

arterial wall are noninvasively evaluated. By scanning the U|='ig. 1. The measured waveform reflected from a rubber plate in a water
trasonic beam, the spatial distribution of the elasticity is also tank. (a) The thickness of the rubber plate is 0.40 mm. (b) The thickness
obtained. of the rubber plate is 0.65 mm.
In this measurement, however, the accuracy is affected by
the interference of ultrasonic pulses. Figure 1 shows the mea-
sured waveform reflected from a rubber plate in a water tanRUlses is chosen.
The employed transmitted ultrasonic pulse is 7.5MHz and
1.0us long. In Fig. 1, the thicknesses of the rubber plated Principle of Computer Simulation for Measurement
are 0.40mm and 0.65mm. The anterior surface and poste- Of Small Changein Thickness

rior surface can be separated only as shown in Fig. 1(b). In, the simulation, an arbitrarily shaped reflector in the
Fig. 1(a), the two surfaces cannot be separated due 10 the Npiane of Fig. 2, which corresponds to a tube, is divided
terference of reflective waves. If the optimum focal position iy« small scatterers. An electrical scanning linear probe with

employed, the effe_cts of the in_terfgrence yviII be_ reduced. CUfN 1) elements in Fig. 2(a) is employed. The distance from
rently, in commercial ultrasonic diagnostic equipment, multiz o 1tk element{N <i < N) to the focal point at a depth of

ple focal locations are employed for multiple transmissions, L > P
but the pulse repetition frequency (PRF) is reduced. Our ré-= dy is given by\/ df + (n- Ah)%, whereAh denotes the

search objective is to determine the spatial distribution of tfeément pitch. Thus, in order to focus the ultrasonic pulses
elasticy for a wider region and in more detail. For this puriransmitted from2N + 1) elements on the focal point, the
pose, the PRF cannot be reduced. In this study, therefore, {plowing delay timet, is added to the delay line connected
simulate arin vivo measurement of the small change in thick{0 thenth element:

ness.in the. arterial vyall during a single ca}r.diac cycle'. From \/dfz + (N - Ah)2 \/dfz +(n- Ah)2

the simulation experiments, the focal position which is opti- t, = _ .
mized to reduce the effects of the interference of ultrasonic Co Co

wherecy is the sound speed. The incidence angjge, from
thenth element of the probe to théh small scatterer on the
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surface of the reflector is determined by the regional shagerer to themth element in Fig. 2(c) is determined in the same
of the reflector and the geometrical relationship between tiganner. Thus, the RF ultrasonic wayg(t) received at the
nth element and the reflector shown in Fig. 2(b). The ultramth elementis given by the summation of the reflective waves
sonic pulse is reflected with the same angje as shown in at all scatterersi} for the transmitted signal with an angular
Fig. 2(b). The receiving anglgim from theith small scat- frequencywo = 2r fo radiated from all elements as follows:

Ym®) = > W(t—tn)-sinwo(t—tn)*<Za(t—t,gi)cosem*a(t—t(;n)-coseim>, )

—N<n<N i

wheret/; andt/7, denote the traveling time from thath el-  outer surfacey,(t), are given by

ement to thath small scatterer and that from thtn small :

scatterer to thenth element, respectivelyV(t) is the Han- v (1) = (@ + D Amaxfrot SN2 frort) ()
ning window which is four times the wavelengih §(t) is V(1) = amr Admax frot SIN(27 froit), (5)
the Dirac delta function, and denotes the convolution oper-
ation. The terms ca%, and co%,,, denote the widths of the
ith small scatterer and tmath element, respectively, observed
from the propagating ultrasonic beam. The output sigii®!

of the probe, with the delayed summation{gf,(t)}, is given

by

wherea determines the ratio af (t) to vo(t).

In the following experimentsy = 0.5, fitis 1.5Hz, fo =
75MHz, ¢ = 1,480m/s, and PR~ 1kHz. The change
in thickness,Ad(t), is obtained from the integration of the
difference between the estimategoft) andv,(t) as follows:

t
_ _ Ad(t) = [ (1) — vo(t))clt. 6
yh = > ymt)#8(t —tm). (3) ® /O(v() vo(t)) (6)

—N<m<N

The instantaneous position of the object is changed accordidg Results of Simulation Experiment on the Measure-
to the assumed change in thickness. By applying the phase ment of a Tube

tracking methodl to the quadrature-demodulated signal of Figure 4 shows a B-mode image reconstructed from the

y(, th?‘ ch_ange i_n thickneng(t) of the object is estimated. simulated RF signaj(t) for each positiork of the employed
In this simulation experiment, the number of elements,

2N + 1, is 17 with the element pitch afh = 150m. The
spacing of small scatterers on the reflector igih®between
points. The reflector is a tube with an inner radius of 3.4 mm
and an outer radius of 4 mm. Its cross-sectional view on the
x—z plane is shown in Fig. 3.

The maximum valueAdnax of the change in arterial wall
thickness during a single cardiac cycle with the periotj,l/
is assumed to be 10m. Under this condition, the velocity
of the inner surfacey; (t), of the tube and the velocity of the

[
N
=}

PP
> w
o o

[

o

=]
T

depth [mm] (z axis)
- =
~ o
o o
—

18.0

190

200

1 1 1 1 1 1 1 1 1 1 1

Drobe surface -5.0-40-3.0-20-1.0 0 1.0 2.0 3.0 40 50
- kin surf ) )
elementpitch=_ Ah — (skini surface) e lateral distance [mm] (x axis)
— 4DI—UN_1 Fi ) . .
F | ig. 3. The shape of a tube employed in the computer simulation.
electrical K 1 9 p ploy! P
scanned . | —t:l—ﬂ X
probe : q .o T z=d, [mm]
(linear-type) - E .
. q Ty 0 z - .
N delay line ‘ focal point position K of the employed elements
4 employed :
lf delements . l‘ \15 T T ?0
. o -N+1
: — :
1 N 11.5F
\: ultrasonic sound speed = ¢
(@) transducer water or body 13.0F
i 145

[
o
o

depth from the probe in z-axis [mm]

from 17.5F
glemenl i th scatterer que[rhnem fim
19.0F
from
i th scatterer
20.5F
(b) (c)
. _ _ _ _ 6 4 2 o 2 4 &
Fig. 2. The electric scanned linear probe is employed by the computer sim- lateral distance from the center of the probe
ulation. (a) The simulation system, (b) the reflection onithescatterer, in x-axis [mm]

and (c) the reception on thmth element.
Fig. 4. The B-mode image reconstructed from the simulated RF signals

y(t) in the simulation experiment.
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elements in Fig. 2(a). The distance between the adjacent pb- Optimum Focal Position Determined by Simulation
sitions is 0.5 mm. The received signalt) reflected at both Experiments
sides & anda’ in Fig. 4) of the tube is small in amplitude be-

) . For the comparison between the change in thickness,
cause the values of cég in eq. (2) are small at these points. , . : .
) :Ah(t), estimated from the RF signalt) generated in the
These phenomena are also shown in the actual B-mode im- . . :
T . . C simulation experiment described above and the actual change
age in Fig. 5 in detected by commercial ultrasonic d|agnost%% thickness Ah(t), which is assumed in the simulation ex
equipment (Toshiba SSH-1404¢ = 7.5 MHz). ’ '

Figure 6 shows the actual values and their estimated resﬁ%rlmem’ the fgllowmg fMS errogms, is defined during one
: . ) : : cardiac cycle T:
in the simulation experiments, where the distadg¢eof the

focal point from the probe is assumed to be 15 mm. The esti- 1 /7 .

mates of the change in thicknegsd (t), of the anterior wall €ms = \/? / {Ah(t) — Ah(t)}2dt. @)
in Fig. 6(e) and the posterior wall in Fig. 6(f) are similar to 0

the assumed waveforms. For various values of the focal positiah, the rms erroems

is obtained for each of the anterior and posterior walls, as
shown in Fig. 7, where the distance from the probe to the outer
surface of the anterior wall is fixed at 11 mm. It is found that
for both walls the optimum focal positiaaty is about 12 mm
from the probe, which corresponds to the position between
the anterior wall and the center depth of the tube.

Moreover, the characteristics of the rms error for the ante-
rior wall differ from those of the posterior wall. The reason
for these differences is considered to be as follows. There are
three main types of walls, as shown in Fig. 8, that is, convex
(anterior), concave (posterior), and flat walls. For various val-
ues of the focal positiods, the rms errogs is obtained for
the three kinds of walls shown in Fig. 9.

In the measurement of the anterior wall, high accuracy is
obtained by setting the focal positiah just on the reflector
surface. In the measurement of the posterior wall, on the other
hand, higher accuracy is obtained by setting the focal position
. . o d; nearer than the depth of the reflector surface, which is sim-
Fig. 5. The actual B-mode image of a silicone rubber tube detected by th L

ultrasonic diagnostic equipment. The actual cross-sectional shape is sho  to the phenomenon where the focal point is situated at the
by broken lines. The silicone tube is almost the same size as that employ@nt of the wall if the wall has parabolic curvature.
in the simulation experiment. Thus, the optimum focal positioth; in the posterior wall

is set to be slightly nearer than the reflector surface. The dis-
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Fig. 6. The result of the measurement with a tube by computer simulation.
(a) M-mode image, (b) timing pulse train showing one cardiac cycle, (c)
velocity estimatesy; (t) (dashed line) andy(t) (solid line), of the anterior
wall, (d) velocity estimatesy; (t) (dashed line) andy(t) (solid line), of
the posterior wall, (e) the actual valded(t) of the change in thickness of
the anterior wall, and its estimated(t), (f) the actual valued(t) of the
change in thickness of the posterior wall, and its estimhaiet).
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Fig. 8. Three reflector types: the convex (anterior), flat, and concave (pos-
terior) walls.
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wall thickness for various focal positions. Based on the re-
sults, we have determined the optimum focal position for each
measurement.
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tance from the reflector position to the optimum focal point
depends on the curvature of the tube.

5. Conclusions

From the simulation experiments, we have evaluated the
accuracy of the measurement of the small change in arterial



