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The thickness of the carotid arterial wall obtained from B-mode imaging using ultrasonic diagnostic devices is widely used for the diagnosis of
atherosclerosis. However, the measurement interval in the lateral direction of the B-mode image depended on the beam interval (>100 pm).
Therefore, the B-mode image is discrete in the lateral direction and cannot reflect changes in local and minute thicknesses. A method for
measuring the roughness of the luminal surface of the wall was proposed using the displacement of the carotid arterial wall in the lateral direction
during one heartbeat. In this method, the lateral measurement interval is much shorter than the beam interval, enabling a smooth measurement of
the luminal surface. By simultaneously applying the method to the lumen-intima and medial-adventitia boundaries of the wall, we propose a novel
method to measure the local and minute thicknesses of the carotid arterial wall. © 2023 The Japan Society of Applied Physics

1. Introduction

Circulatory diseases, such as stroke and myocardial infarc-
tion, are cited as major causes of death worldwide," and the
incidence of such diseases is increasing in Japan.”
Atherosclerosis is considered the main cause of circulatory
diseases; therefore, the early diagnosis and prevention of
atherosclerosis are important. Atherosclerosis is known to
progress gradually with age;” therefore, long-term observa-
tion is required. There are several methods for diagnosing
atherosclerosis, including computed tomography (CT), mag-
netic resonance imaging (MRI), arteriography, angioscopy,
intravascular ultrasound, and the measurement of arterial
walls using ultrasound. Ultrasound is effective because it is
non-invasive for the diagnosis of lifestyle diseases.*™® Many
studies have assessed ultrasound application to various
organs such as the blood vessels,” heart,>” liver,'”
blood,”) skin,lz) and bones.'® Many research have been
conducted on high-intensity focused ultrasound therapy'®
and its safety.'”

Many ultrasonic studies involving measuring the proper-
ties of the intima-media complex (IMC) have been con-
ducted to evaluate the degree and state of progression of
atherosclerosis.'®2" At present, the IMC thickness (IMT)
of the carotid arterial wall measured using B-mode imaging
is regarded as an indicator for diagnosis with a high level
of evidence,””** demonstrating its importance in the
diagnosis of atherosclerosis.”>*® Regarding IMT mea-
surement on a B-mode image,zg’w) an echo from the
carotid artery in the longitudinal cross-sectional view was
acquired using a linear probe and the boundary was
detected for each beam position, as illustrated in Fig. 1.
Therefore, the measurement interval in the lateral (long-
itudinal) direction depended on the beam interval (greater
than or equal to 100 pm in conventional ultrasonic diag-
nostic devices). Because the beam interval is generally
larger than the sampling interval (approximately 20 pm) in
the axial (beam or depth) direction at a sampling frequency
of 40 MHz, the results in the lateral direction are more
discrete than those in the axial direction, and a change in
thickness smaller than the beam interval cannot be mea-
sured with high accuracy.
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As a simple method for measuring luminal surface rough-
ness of the posterior wall of the artery using ultrasound, a
long-axis image of the blood vessel was visualized, as shown
in Fig. 1. The depth profile was obtained by mechanically
moving the ultrasound probe along the artery or scanning the
ultrasonic beam.”” The sound wave speed in soft tissues
between the skin directly under the probe and the anterior
wall of the artery is heterogeneous by approximately 10%.
Consequently, measurement errors up to several hundred
microns could occur when measuring the distance from the
probe to the lumen surface. Thus, measuring surface rough-
ness of several microns on the luminal surface is not possible.

It has been reported that the carotid arterial wall could be
displaced not only in the axial direction but also in the lateral
direction toward the heart during the cardiac cycle.’'=%
Using the natural lateral displacement of the carotid arterial
wall, our group proposed a method***> to measure the
minute roughness of the wall that occurs in the early stages of
atherosclerosis as follows. The blood vessels are pulled in the
direction of the heart by cardiac contraction as shown in
Fig. 1. However, at this time, soft tissues between the skin
and the anterior wall of the blood vessel remain in place: only
the blood vessels slide. Using this motion, we aimed to
improve the accuracy of surface roughness measurement
while keeping each beam of the ultrasonic probe fixed.
Figure 2 shows the schematic diagram of the measurement
method used. When the blood vessel moves by Ax in the
lateral direction during time AT, measurement position at the
luminal surface also moves by Ax, where the lateral
displacement Ax can be estimated by block matching of
ultrasonic radiofrequency (RF) signals.36’37)

Simultaneously, a change of Ad in the distance to the
blood vessel wall occurring during time (AT) for one
ultrasonic beam can also be measured with high accuracy
using the phased tracking method.*****’ Combining temporal
changes in these quantities (Ax, Ad), surface roughness can
be measured, as shown in Fig. 2. Using this method, the
heterogeneity of the sound wave velocity in soft tissues
between the skin and anterior wall of the artery is not
affected. Therefore, the luminal surface roughness of the
posterior wall of the artery can be measured from the skin
surface on a range of several microns. This method was

© 2023 The Japan Society of Applied Physics
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the heart pulls the carotid artery toward the heart: only the arterial wall slides toward the heart side. The present study employs the phenomena to measure the
minute luminal surface and thickness of the intima-media complex (IMC), which is essential for the diagnosis of early stage atherosclerosis.
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(Color online) A schematic diagram of the measurement method proposed by our group to measure the luminal surface roughness using ultrasound.

The blood vessels are pulled in the direction of the heart by cardiac contraction. However, at this time soft tissues between the skin and the anterior wall of the
blood vessel remain in place: only the blood vessel slides. Using this motion, we improve the accuracy of surface roughness measurement while keeping each

beam of the ultrasonic probe fixed.

experimentally validated by measuring the surface profile of
a silicone tissue-mimicking phantom with a roughness of 13—
33 pm height.**™*?

However, in human individuals, the longitudinal displace-
ment of the arterial wall caused by pulling toward the heart as
the heart contracts is small (Iess than 1 mm), which limits the
length of the region that can be measured with a single beam.
Kitamura et al. expanded the measurement region by
combining multiple surface roughness values measured using
multiple beams as shown at the bottom of Fig. 2.*" In this
method, echoes from the arterial wall can be acquired at
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intervals shorter than the beam interval using the natural
displacement of the carotid arterial wall in the lateral
direction. Thus, the boundary can be measured smoothly in
the lateral direction compared to the method based on B-
mode imaging.

In a recent study,” ™ we simultaneously applied this method
to the lumen-intima boundary (LIB) and media-adventitial
boundary (MAB), and the thickness was estimated from the
RF signal of all frames of a cardiac cycle. In conventional B-
mode images, the measurement interval of the thickness in
the lateral direction depends on the ultrasonic beam interval

42)
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(approximately 100 pm), resulting in discrete and discontin-
uous results. In contrast, in the proposed method, the carotid
arterial wall is effectively scanned using the natural lateral
displacement of the carotid artery by fixing the probe
position. As the lateral displacements between the frames
are much smaller than the beam interval, echoes can be
acquired from the wall at short intervals in the lateral
direction. Therefore, the estimated thickness becomes
smoother in the lateral direction. In the present study, after
verification using a tissue-mimicking phantom, the proposed
method was applied to in vivo measurements of the carotid
artery. Moreover, the thickness estimated using the proposed
method was compared with that estimated using conventional
B-mode imaging.

2. Principles

2.1. Measurement of surface roughness using natural
displacement of arterial wall

Figure 3 illustrates the displacement of the carotid arterial
wall (posterior wall) during measurement. As shown on the
left-hand side of the figure, the coordinates of the probe are
the 7/ and x’ axes in the axial and lateral directions,
respectively. At a fixed position of the mth beam on the
coordinate system x’ on the probe, the wall was longitudin-
ally displaced toward the heart during the systole of the
cardiac cycle.

As shown in the figure on the right-hand side, the
coordinates of the arterial wall are z and x in the axial and
lateral directions, respectively. In coordinate system x on the
wall, the lateral position of the mth beam moves from x,,(n) at
the nth frame to x,,(n +1) at (n +1)th frame along the arterial
wall. In the proposed method, echoes are acquired over time,
and the probe position is fixed using this natural displace-
ment.

Figure 4 shows the actual in vivo data of a healthy
subject. Figure 4(a) shows the lateral (longitudinal) dis-
placement x,,(n) of the carotid arterial wall toward the
heart during systole. Figure 4(b) depicts the lateral
instantaneous displacement Ax,,(n) between frames, from

f—/ m-th

—

which there is a minute displacement of several tens of
micrometers. Figure 4(c) shows the global axial displace-
ment dy(n) of the wall during the cardiac cycle, which
corresponds to the expansion of the arterial wall due to the
increase in the inner pressure.

As shown on the right-hand side of Fig. 3, considering
the coordinates at the wall, the lateral position of the mth
(m=1,2,...,M = 62) beam is displaced by Ax,,(n) from
the nth frame to the (n + 1)th frame. The depth of the wall
at lateral position x,(n) is denoted by z(x,,(n);m). The
lateral instantaneous displacement Ax,(n) of the wall
from the nth frame to the (n + 1)th frame is given as
follows:

Axy(n) = xpm(n + 1) — x(n). ey

At the position of the mth beam, the axial instantaneous
displacement Ad(n; m) from the nth frame to the (n + 1)th
frame is denoted as follows:

Ad(nsm) = z(xm(n + 1);m) — 20 (n);m). 2

The estimated @(n;m) of Ad(n;m) was measured
using the phased tracking method.?®’ The axial displace-
ment d(n; m) from the Oth frame to the nth frame is given
by the accumulation of displacements {Ad(n;m)} as
follows:

n—1

Z Ad(n';m). (3)

n'=0

ci(n;m) =

Let us divide d(n;m) into the global axial displacement
owing to the expansion of the wall, dy(n;m), and the axial
displacement due to the surface roughness of the wall, dy(n;
m), as follows:

d(nym) = dy(n;m) + dg(n;m). )

To obtain dy(n;m), it was necessary to estimate dq(n;m).
Because the measurement region in the lateral direction is as
small as approximately 9 mm, compared with the wavelength
(approximately 10> mm) of the pulse wave, we can assume

y’. x’ beam  beam position
’ f
- Z i -
n-th = I =
frame _g + @“ z(xm(n); ’n)
L 5 Ad(n; m)
2(em(M)im)—— i posterior Vo= z(xpm(n+1); m)
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z z
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frame b Xm (n) at n-th frame
z(xpm(n+1);m) y<>:>f L il gl t(l:lbfam position
e i I m
z at (n + 1) -th frame

x,,,(n +1)

Fig. 3.

(Color online) Displacement Ax,,(n) of the carotid arterial wall for mth beam during the measurement. Left-hand side: along the coordinate system (x

', ¥', ') on the ultrasonic probe. Right-hand side: along the coordinate system (x, y, z) on the arterial wall.
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Fig. 4. (Color online) Upper: Electrocardiogram (ECG). (a) Lateral displacement x,,(n) of the carotid arterial wall (LIB) during a cardiac cycle. (b)
Instantaneous lateral displacement Ax,,(1) between frames of the carotid arterial wall (LIB) during a cardiac cycle. (c) Global axial displacement dy(n) of the

carotid arterial wall (LIB) during a cardiac cycle.

that dy(n; m) is constant regardless of the beam position, and
can be expressed by d,(n), which is obtained by the
accumulation of the spatial average of the axial instantaneous
displacements Ad (n; m) as
n—1
dg(n) = ), Ady(n"), 4)
0

n'=

depth z(x; m) of wall at x

measured by m-th beam
\

Z(xm n); 7n) ”

where

— 1M
Ady(n) = ” Z Ad(n; m), (6)
m=0

where M is the number of ultrasonic beams used for
measurement. The estimated Zl;(n) value in Eq. (5) is
removed from d (n; m) in Eq. (4) to obtain the surface
roughness c/l: (n; m) of the wall as follows:

surface roughness Z(x; m)
measured by m-th beam

Z (X (= )5 Femem e )
SO S———— ¢
Ady(1;m) g
ZQtm (1)) Jofrmmmmmmemmeees 2] i :
Ad.(0;m) § | ; g
2(Xn (0);m) {-heemmeemeee o § ! |
E Axm (0) ;;Axm(l);é Ai\xm (71 - 1;)

Xm I(o) xm‘(l) Xm(Z) Xm (nl - 1) Xm '(n) -

lateral position x on arterial wall

Fig. 5. (Color online) Surface roughness Z(x; m) along the coordinate system (x, y, z) on the arterial wall measured by a single beam (mth beam).
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Fig. 7. (Color online) RF echo acquired from the carotid artery and its
envelope signal around the posterior wall, by which the LIB and the MAB
were determined.

dy(n; m) = d(n; m) — dg(n). 7

To obtain ZI:(n;m) from Eq. (7), c?(n;m) of Eq. (4) and axial
instantaneous displacement Ad(n; m) of Eq. (2) is required.
To obtain z(x,(n);m) of Eq. (2), the lateral direction
displacement x,,(n) at the nth frame is determined from the
accumulation of the instantaneous displacements {Ax,,(n)}
of Eq. (1) as follows:

n—1

Xn(n) = D Axy(n), ®)
n'=0
where Ax,,(n) can be estimated by block matching.*®>”

To estimate the surface roughness z(x; m) at the mth beam, the
relationship between the instantaneous lateral displacement
m (n) and instantaneous axial displacement AAdS (n;m) for
each frame n was considered as a parameter, as shown in Fig. 5.
The lateral position of the mth beam at the Oth frame and its

SJ1039-5

xm—l(n) X"I (")
lateral position x on arterial wall

(Color online) Overlapped measurement region R,, between the surface roughnesses Z (x; m — 1) and Z (x; m) measured by (m—1)th beam and mth

lateral position x"on the probe [mm]
0 3 6 9

boundary Z(x,,(0); m)
of LIB detected
on B-mode image

depth position z' [mm]

boundary Z(x,,(0); m)
of MAB detected
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Fig. 8. (Color online) B-mode image of the carotid artery and detected
boundaries of LIB and MAB based on the amplitude of echoes.

depth are denoted as x,,(0) and Z (x,,(0); m), respectively. Using
the axial displacement d(n; m) and the lateral displacement x,,,(7)
obtained from Egs. (3) and (8), the surface roughness Z (x; m)
for the mth beam at x along the wall can be determined using:

2(x; m) = 2(x, (n);m)

n—1
—z((xmm) + > Kﬂ(n/));m)

n'=0
n—1
=2(xn(0);m) + > Ady(n';m). 9
n'=0

As shown in Eq. (9), the measurement interval in the lateral
direction is Ka (n) for Z(x;m), which is much smaller than
the beam interval 6, = 0.15 mm of the conventional
ultrasonic probe, as shown in Fig. 4(b). Therefore, the

© 2023 The Japan Society of Applied Physics
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Fig. 9. (Color online) (a) B-mode image of the tissue-mimicking phantom. (b) Axial displacements d(n; m) for the two boundaries of the two-layer phantom.
(c) Lateral displacements Xx,, (n) for the two boundaries of the phantom.
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(Color online) (a) Estimated surface roughnesses z(x) for the two boundaries of the two-layer tissue-mimicking phantom estimated by the proposed

method. (b) Thickness tAh(x) obtained by the proposed method. (c) For the same phantom, the reproducibility in the three measurements of the thickness tAh(x)
was confirmed. The deviation among the three thickness values measured at each lateral position was obtained and their maximum was 0.8 pm.

measurement results obtained using the proposed method
were smoother in the lateral direction.

2.2. Combining surface roughness measured by
multiple ultrasound beams
The principle for measuring the surface roughness Z (x;m)
using a single beam is described above. Multiple ultrasonic

SJ1039-6

beams were used in the proposed measurement, and the
surface roughness was obtained for a wider lateral region, as

described below.
Because we assume

that the longitudinal displacement

of the carotid arterial wall is larger than the beam interval
0y, the measured roughnesses Z(x;m — 1) and Z(x;m)

© 2023 The Japan Society of Applied Physics
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Fig. 12. (Color online) (a) Thickness thB;ode (x) obtained by the B-mode image for sampling intervals 6, in the axial direction of 3.2—-12.9 pm. (b) Thickness

thB,Am,de (x) for varying 6, of 0.4-1.6 pm.

overlap for region R,, along the lateral x-axis, as shown in
Fig. 6. As the depths of Z(x; m — 1) and Z(x; m) do not
always coincide because the depth Z(x,_1(0); m — 1) of
the arterial surface along the (m—1)th beam set at the Oth
frame does not match the depth Z(x,(0); m) along mth
beam set at the Oth frame, the measured roughness
Z(x; m — 1) and Z(x; m) should be adjusted in the axial
direction for the overlapped region R,, as follows:

By rearranging the principle described in the previous
studyf”) let us minimize the difference of Z(x; m) from
Z(x; m — 1) in the axial direction for the overlapped region
R,, to adjust the depth «,, of Z(x;m). To decide the
adjustment depth «,,, the following root mean squared error
em(y,y,) 1s minimized in the region R,, with respect to «,, as
follows:

Em (CM,,,)

LS G m +am) = Gam— 1)+ G,
Nm—l,mxeRm

form=1,2,....M
(10)

SJ1039-7

where @y £ 0, ~a,,_; for (m—1)th beam has already been
determined, and N,,_;, denotes the number of the same
lateral positions of Z (x; m) and Z(x; m — 1) included in R,,.

After the depth adjustment, the surface roughness Z (x; m)
of Eq. (9) can be corrected using 7 (x; m) = Z(x; m) + @,.
Because multiple results {Z(x; m)'} at position of x are
measured by multiple beams, the final surface roughness
estimate Z (x) along the wall surface is obtained by averaging
the corrected results {Z (x; m)'} at x as follows:

2(x) = Ey, [2(x; m)']
=Eu, [20x; m) + dyl, (11

where Ey, [] represents the averaging operation of the
corrected surface roughnesses {Z(x;m)’} measured for the
ultrasonic beams at the lateral position x.

2.3. Application of surface roughness measurement
to thickness measurement of IMT

From the B-mode image, it is known that there is a
longitudinal displacement x,,(n) of the carotid arterial wall
not only at the depth of the LIB, but also at the depth of the
MAB.>® However, as in previous studies,*>* although the

© 2023 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 62, SJ1039 (2023)

Y. Nagai et al.

100} — T -
= ' : toward lumen
B — I N :
g = 0L < | .
T i \ Y - —— displacement
< ! i k Pl
23 _100:r \ — J d.(n, m) of LIB
H o ; - : — displacement

= .200! : i d(n:

ey =W ; (n; m) of MAB
£ -300/@ : ;

1.0} §
= 0.61 ; Ttoward heart
Y O /e H
= ? ) E / N\ i
§ g 6 [~ il - ; —— displacement
a i A = m(n) of LIB
B 02 \ o Xm N
=S -0.6} I % N — displacement
S ($ ib) i i i i i} Xm(n) of MAB
o -1.0¢
= 0 0.2 0.4 0.6 0.8

time 7 [s]

Fig. 13. (Color online) Upper: Electrocardiogram (ECG). (a) Axial displacements {c?(n; m)} for LIB and MAB of the carotid arterial wall. (b) Lateral

displacements {x,,(n)} for LIB and MAB.

method described in Sects. 2.1 and 2.2 was applied to
measure the surface roughness zyg(x) of the LIB of the
carotid arterial wall, the surface roughness zg(x) of MAB
was not measured. In the methods described in Sects. 2.1 and
2.2, the lateral displacement x,,(n) of the object must be
larger than the ultrasonic beam interval 6,. MAB is also
applicable because this condition is satisfied.

To estimate the thickness #(x) of the posterior wall of the
carotid artery, we simultaneously applied the method de-
scribed above to measure the surface roughness zyg(x) of
LIB and that zyiap(x) of MAB.

For the axial displacement, it is necessary to detect the
initial depth zy 15(x,,(0); m) for the LIB and depth zyap(X,,,(0);
m) for the MAB from the amplitude of the echoes. Figure 7
shows the RF signal (blue) and its envelope signal (dashed
line), acquired near the posterior wall of the carotid artery.
The amplitude of the echo increased near the LIB and a local
maximum was observed between the media and adventitia. In
the present study, the initial depth zj 15(x,,(0); m) of the LIB
was determined by detecting the first local maximum by
scanning the envelope signal from the lumen to a deeper
region. Since the amplitude of the echoes increased again in
deeper MAB regions, the initial depth zyag(x,,,(0); m) of the
MAB could be determined by detecting this increase in the
envelope signal as follows. When increase in the envelope
amplitude is determined by the depth at which the differential
waveform reaches the maximum, a deeper portion with a
large gradient of the envelope amplitude would be adopted.
However, the point, where the amplitude first becomes the
lowest at a point deeper than that determined LIB, is
susceptible to noise. Therefore, the MAB was determined
as a depth deeper than that determined LIB (maximum point
of the envelope curve), where the amplitude decreased once,
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then increased again, and reached the same amplitude as the
determined LIB, as shown in Figs. 7 and 8.

Furthermore, the magnitude and speed of the lateral
displacements x,,(n) of the LIB and MAB differed.®"
Therefore, it is necessary to independently measure these
lateral displacements. In this study, the lateral displacements
of the LIB and MAB are estimated by block matching at the
depths of the LIB and MAB for each beam position using a
window of the same size (lateral direction: 16
points = 2.4 mm, axial direction: 20 points = 372.5 pm).

From the measurements of the surface roughness of LIB
sup() and MAB Zyap(x), the IMT 7h(x) of the carotid
arterial wall is given by

th(x) = 2mas(X) — LB (). (12)

2.4. Experimental method
Regarding the basic experiment described in Sect. 3, a two-
layer tissue-mimicking phantom comprising silicone rubber
and a silicone rubber sheet was used to simulate the structure
of the carotid arterial wall. A thin sheet (0.5 mm) was used to
simulate the IMC, and the surface was roughened using
sandpaper (roughness #60) to simulate surface properties at
an early stage of atherosclerosis.

Considering the method of making the two-layer phantom,
a silicone rubber sheet IMC simulated phantom) with a
thickness of 0.5 mm was spread in a container. Thereafter,
liquid silicone (base part) mixed with a hardening agent was
poured over the 0.5-mm thick rubber sheet and hardened.
Thus, the two layers did not peel in water during the
experiment. The surface of the phantom at the base was
sticky, which was used to adhere to the metal plate fixed to
the motorized stage. Furthermore, the not-measured parts of
the phantom and the metal plate were fixed with a rubber

© 2023 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 62, SJ1039 (2023)

Y. Nagai et al.

depth position

depth position
z [mm)]

LIB
MAB

|—— estimated roughness 2 g (x)
of LIB by proposed method

~— estimated roughness Zyug (x)
of MAB by proposed method

{—— detected boundary Z(x,,(0);m)
1 of LIB from B-mode image

~ {— detected boundary Z(x,,(0);m)
of MAB from B-mode image

Fig. 14.

|—— estimated thickness th(x)
by proposed method

]— detected thickness thpmode (X)
from B-mode image

-16.2} $—r-
-16.8!
g 156/
22 162/
=Y :
)
ke -16.8
T 500
RE (d)
S 400 :
= 300
g 2 200]
g8 :
é'c 1000 1 2 3 4 5 6 7 8 9
5 lateral position x [mm]

(Color online) (a) B-mode images of carotid arteries with the detected boundaries of LIB and MAB based on the amplitude of echoes. (b) Estimated

surface roughness z(x) by the proposed method. (c) Detected boundary Z (x,,(0); m) from the conventional B-mode image. (d) Thicknesses tAh(x) and thB:mde x)

obtained by the proposed method and from the B-mode image, respectively.

band. The sound velocity of the silicone rubber sheet was
assumed to be 1030 m s~ '. The overall size of the phantom
was 65 mm long, 45 mm wide, and 10 mm thick. The water
in the tank was degassed by allowing it to stand for one day.

The displacements of the carotid arterial wall in the lateral
and axial directions during one cardiac cycle were simulated
using a two-axis automatic stage. The two-layer phantom was
displaced +1.0 mm in the lateral direction and +0.5 mm in the
axial direction in a water tank (lateral velocity: 1.4 mm s~
and axial velocity: 0.7mm s~ '). These lateral and axial
motions were provided by motorized stages (ALD-906-E1P
and ALZ-906-E1P, Chuo-Precision-Industrial Corp. Ltd.,
Japan). Although x,,(n) on the LIB side is larger than that
on the MAB side for in vivo data, as described above, both
boundaries were displaced by the same amount in the
phantom experiment.

The RF data during this period were acquired with an
ultrasonic diagnostic device (Prosound F75, Aloka, Japan)
using a linear array probe at 10 MHz (UST-5415, Hitachi
Aloka, Japan). The number of beams M was set to 62, beam
interval 4, was 150pum, frame rate f, was 187 Hz, and
sampling frequency f; was 40 MHz. For the in vivo measure-
ments described in Sect. 4, the measurement conditions were
the same.

3. Phantom experiment

3.1. Results of phantom experiment
Figure 9(a) presents a B-mode image of the two-layer tissue-
mimicking phantom. A two-layer structure simulating the
LIB and MAB was visually confirmed. Figures 9(b) and 9(c)
show the axial displacements d(n; m) and lateral displace-
ments X,, (n) at the depths of the LIB and MAB, respectively,
measured using the method described in Sect. 2.1.

The surface roughnesses Zpjg(x) and Zyap(x) at both
boundaries were then estimated, as shown in Fig. 10(a).
The thickness 74 (x) obtained from these results using Eq. (12)
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is presented in Fig. 10(b), which is approximately 0.5 mm,
which is almost the same as the set thickness of the silicone
sheet of the tissue-mimicking phantom.

To assess reproducibility of the measurement of the
thickness t/ﬁ(x) for the same phantom, the same lateral and
axial motions were applied three times by motorized stages,
and the results are shown in Fig. 10(c). The experiments in
Fig. 10(c) were on a different day from those in Figs. 10(a)
and 10(b). The deviation among the three thickness values
measured at each lateral position was obtained and their
maximum was 0.8 pm, which was sufficiently less than the
size (several micrometers) of the disabled cell around the
luminal surface of the arterial wall.

3.2. Discussion regarding phantom experiment
Figure 11 shows the thickness lhg;ode (x) of the tissue-
mimicking phantom detected from the conventional B-
mode image. Figure 11(a) shows the boundary depths
ZBmode (X (0); m) of the LIB and MAB, which were deter-
mined using the same procedure based on the amplitude of
the envelope signal, as described in Sect. 2.3 using Fig. 7.

Figure 11(b) shows the thickness thB:n(,de (x) obtained from
the difference between the results Zgmode (X (0); m) in
Fig. 11(a). By comparing the thickness estimate in
Fig. 10(b) obtained using the proposed method with that
obtained using the conventional B-mode image in Fig. 11(b),
the estimate in Fig. 10(b) was smoother because its measure-
ment interval in the lateral direction was shorter, as described
above.

Meanwhile, for the axial direction shown in Fig. 11(b), the
sampling interval in the axial direction of the acquired RF
signal was set to 6, = 13 um when the sampling frequency f;
was 40 MHz. The spatial resolution of the RF signal envelope
was increased in the axial direction to consider the effect of
the sampling interval on the estimated thickness, as follows:
By interpolating the envelope signal using the reconstruction
interpolation method,*> the sampling interval §. was
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equivalently reduced, and then the thickness m (x) was
updated, as shown in Fig. 12. Although m (x) became
smoother when 6, was interpolated up to 1/4 times [green in
Fig. 12(a)], the results did not improve when the sampling
interval 6, was further reduced, as shown in Fig. 12(b).

Compared with the conventional B-mode images in
Figs. 11(b) and 12, better results were achieved, as shown in
Fig. 10(b), that is, close to the true value (500 pm) of the
thickness, using the method proposed in Sect. 2.3, for the
following reasons:

From the conventional B-mode image, the thickness
estimates m (x) in Figs. 11(b) and 12 are independently
determined for each beam position based on the envelope
signal, and the continuity of the measurement results with
adjacent beams was not considered. In contrast, in the
proposed method, the depth of Z(x; m) estimated for each
beam was adjusted by calculating ¢,,(c,) using Eq. (10). By
adjusting the axial direction, the continuity of the measure-
ment results between the beams is maintained at the
estimated roughness Z (x).

In regard to the 0.5-mm thick rubber sheet used in the
phantom experiment, it was difficult to measure the minute
change in thickness with the laser displacement sensor. The
surface roughness on one side was measured using a laser
displacement sensor (LT9010; Keyence Corp. Ltd., Japan) at
different five positions, and the standard deviation oy was
3.3 + 0.7 um (average * standard deviation at five different
positions). Thus, the standard deviation of the thickness can
be given by V201 = 4.7 + 0.9 pm. On the other hand, for
each of the three estimated thickness {t/}\l(x)} obtained by the
proposed method in Fig. 10(c), the standard deviation along
the lateral direction was 4.3 pm. Thus, the estimate obtained
by the proposed method was close to the actual target value.

Because the ultrasonic beam has a spatial width of several
hundred micrometers in the lateral direction, the measure-
ment accuracy in the lateral direction may be degraded. To
address this problem, our previous study*® attempted to
suppress the point spread function using a Wiener filter to
increase the spatial resolution of the measured surface
roughness Z(x). However, the spatial frequency range in
which the improvement was observed was limited to
0-5 mmfl, and further consideration is necessary.

The results of the phantom experiments confirm that the
results obtained using the proposed method are closer to the
true thickness than those obtained using the conventional
method. To further improve the accuracy of the thickness
measurement, a method that increases the spatial resolution,
which is restricted by the beam width, is required.

4. Results and discussion for in vivo measurement

Ultrasonic RF data were obtained from the carotid artery of a
healthy 33 year-old male. The measurement was approved by
the Ethics Committee of the Graduate School of Engineering
at Tohoku University (No. 19A-5). The participant agreed to
participate in this study. The B-mode image is shown in
Fig. 8. Figures 13(a) and 13(b) show the axial displacements
d (n; m) and lateral displacements X,, (n) of the LIB and
MAB, respectively, during a cardiac cycle. From Fig. 13(b),
it can be confirmed that the lateral displacement Xx,, (n) of the
MAB is larger than the beam interval §, = 150 pm.
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Figure 14(a) shows a B-mode image near the posterior
wall of the carotid artery. Figure 14(b) shows the surface
roughness of LIB Z;g(x) and MAB Zyag(x). For compar-
ison, Fig. 14(c) shows the result Z (x,,(0); m) of the boundary
detection of the LIB and MAB from the conventional B-
mode image. The arterial wall thicknesses tAh(x) and
m(x) obtained from these results [Figs. 14(b) and
14(c)] are shown in Fig. 14(d).

From the thickness estimates of the proposed method,
shown in Fig. 14(d), the thickness was smoother than that
obtained using the conventional method.

5. Conclusions

In this study, a method for estimating the thickness of the
carotid arterial wall was proposed. Using the longitudinal
displacement of the carotid arterial wall, the surface rough-
ness of the LIB and MAB was simultaneously estimated
using the phased tracking method and block matching.
Subsequently, the thickness of the carotid arterial wall was
estimated using estimated surface roughness values. Based
on the measurement results of the two-layer tissue-mimicking
phantom that simulated the structure of the IMC of the
carotid arterial wall, the thickness obtained by the proposed
method was confirmed to be smoother in the lateral direction
and closer to the true thickness compared with the result
obtained from the conventional B-mode image. Moreover,
the proposed method was applied to in vivo data obtained
from the carotid artery of a healthy subject. From the results,
we confirmed that the local arterial wall thickness can be
measured smoothly using the proposed method compared to
the conventional method.
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