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1. Introduction

Diagnosis of atherosclerosis in an early stage
is important to prevent from causing a stroke and
heart attack. In early stage of atherosclerosis, the
luminal surface of an arterial wall becomes rough
as a result of endothelial damage". It would be
useful to measure minute surface roughness of the
carotid arterial wall for early diagnosis of
atherosclerosis. For this purpose, sub-micron
resolution is rec%uired because endothelial cells are
10-20 pm thick®.

Cinthio at el. suggested validation of minute
roughness measurement using phase tracking®.
They estimated surface profiles of siricone
phantoms, which had ten saw shapes on its surface,
during its lateral motion without scanning
ultrasounic beams. During a cardiac cycle, the
carotid arterial wall moves not only in the radial (=
axial) direction but also in the longitudinal (=
lateral) direction”. This langitudinal movement
induces the axial displacement (change in height
during longitudinal movement) of the surface at an
ultrasonic beam when the surface is rough. This
axial displacement could be measured with a
sub-micron resolution during the movement of the
phantoms of 6 millimeters in the lateral direction.
However, the longtudinal displacement of the
carotid artery is less than 1 millimeter, and this
would limit the length If the region of measurement.

In this study, we proposed amethod to
increase the measured region using several
ultrasonic beams.

2. Principle

As shown in Figs. 1(a) and 1(b), we define
the k-axis and r-axis in the directions parallel and
perpendicular to the arterial wall, respectively. Also,
k-axis and r-axis in the directions parallel to x-axis
(lateral) and z-axis (axial), respectively. In addition,
the lateral position of the m-th ultrasonic beam is
denoted by x,,.

E-mail address: kitamura@us.ecei.tohoku.ac.jp
(kanai, hasegawa)@ecei.tohoku.ac.jp

2 CARERRBE R HAEREE T

During cardiac systole, the vascular
diameter is dilated and vascular wall is moved in
the longitudinal direction due to an increase of
internal pressure at the arrival of the pulse wave
(Fig. 1). We can measure the axial displacement
Ad(k(x,,, n), n) at the position x, of the m-th
ultrasonic beam (including displacement Ad,(n)
caused by global wall motion) and the longitudinal
displacement Ax(#n) of the arterial wall using block
matching” for estimation of minute surface profile
r(k(x,,, n), n) using the m-th ultrasonic beam.
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Fig. 1. Illustration of principle of measurement. (a) n-th frame
(at ¢ [s]). (b) (n+1)-th frame (at (++AT) [s]).

Using phase shift A8(n) of RF signals
between n-th frame and (n+1)-th frame, the axial
displacement Ad(k(x,,, n), n) at the position x,, of an
ultrasonic beam is estimated as:

Ad(k(x, ,n) n) = Ab(k(x,,n) n) (1)

2w,

where ¢ is sound speed of the medium (1540 m/s),
oy (= 27fy) is the center angular frequency (center
frequency fo = 10 MHz).

In a region of a few millimeters (x-axis), axial
displacements {Ady(k(x,.+;, 1), n)} caused by global
wall motion between #-th frame and (#+1)-th frame
at some positions {X,.} (- o0,+1,....+ ar) are
the same because the wavelength of pulse wave is a
few meter, when pulse repetition frequency is 13
kHz. The global displacements Adg(k(x,.;, n), n)
could be described as:

Ad,(k(x, . n).n)=Ad (n), (i=0,+1 xM)(2)

7+

where Ady(n) is constant, M means the number of
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ultrasonic beams. By assuming that the mean of the
axial displacements Ad,(k(x,.;, n), n) caused by
surface roughness is zero, the global displacement
A a ¢(n) is calculated from the spatial (along x-axis)
mean of the measured axial displacements Ad(k(x,,+;,
n), n) as:

m+ M

— 1
Ad (n) = —— > Ad(k(x,,n), n), 3)
2M +1i*/nfM

where (2M+1) is the number of ultrasonic beams in
a region of a few millimeters. By removing this
mean displacement A 4 ¢ (n) from the original
measured axial displacement Ad(k(x,,, n), n), minute
surface profile #(k(x,, n), n) is expressed as:

Fk(x,,n), n)

= Tuo T Z Ad’\“_(k(xm,n)’ n)

n=0

= re + S Ad(k(x,.n)n)— Ad (n), (4)
n=0

where 7, is initial height 7(k(x,, 0), 0), which is
defined manually.

Figure 2 illutrates displacements estimated
by the proposed method, where Ax(n) and Az(n) are
estimated by block matching”.
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Fig. 2. Illustration of some displacements between 0-th frame
and n-th frame.

Using the estimated lateral displacement
A3 (n), the position of a point on the arterial wall,
where the m-th ultrasonic beam crosses at the n-th
frame is defined as k(x,, n). The position of the
point in the 0-th frame A(x,+A # (n), 0) needs to be
identified. In this way, as shown in Fig. 3, we can
express surface profile r(k(x,, n), n) of the arterial
wall as surface profile r(k(x,+A # (n), 0)) depending
on longitudinal (x-axis) position x,+Az (n) of the
arterial wall at the O-th frame, where lateral
displacement A % (n) is estimated by block
matching”.
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Fig. 3. Illustration of principle to detect the lateral position
(e, +A £ (1), 0).

Thus far, we considered the estimation of
surface roughness using one ultrasonic beam.
Moreover, we connect estimated profiles estimated

using adjacent ultrasonic beams by adjusting 7.

In a basic experiment, we used two silicone
phantoms, which had ten saw teeth shapes on its
surface. Also, two phantoms were moved in the
axial and lateral (back and forth 1 mm) direction
using an automatic stage to simulate arterial wall
motion.

3. Results

As shown in Fig. 4, the average heights of the
estimated surface profiles were estimated by
proposed method to be 4.4 pum and 15.0 um,
respectively. In contrast, those were measured by a
laser profilometer to be 8 pum and 23 um,
respectively. Also, estimated periodicity pitches of
saw teeth agreed well with those of obtained by
laser profilometer. These results showed that the
surface roughness of phantoms could be estimated
by the proposed method.
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Fig. 4. Estimated surface profiles. Two above figures are
heights of shapes obtained by a laser profilometer (average: 8
pm and 23 pm). Two below figures are those obtained by the
proposed method (average: 4.4 um and 15 um).

4. Conclusion

In this study, the minute surface roughness of
6 millimeters in length in the lateral direction of the
phantoms, which were moving in the axial and
lateral (back and forth 1 millimeter) directions,
could be measured in the basic experiment. Further
investigation will be conducted to measure the
surface roughness of the arterial wall in vivo.
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