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The diagnosis of early-stage atherosclerosis is important for preventing cardiovascular diseases such as a stroke or a heart attack. The main
cause of such diseases is atherosclerosis. In early-stage atherosclerosis, the luminal surface of the arterial wall becomes rough because of the
detachment of endothelial cells and the degeneration of the internal elastic layer. Therefore, it would be useful if the minute luminal surface
roughness of the carotid arterial wall observed in the early stage of atherosclerosis can be measured noninvasively by ultrasonography. In
conventional ultrasonography, the axial resolution of a B-mode image depends on the ultrasonic pulse length of 150 um (at 10 MHz) because a
B-mode image is constructed using the amplitude of the RF echo. However, the thickness of an endothelial cell covering the luminal surface is
10—20 um. Therefore, a minute surface roughness cannot be measured from a conventional B-mode image. We have realized the transcutaneous
measurement of such a minute surface roughness of about 10 um using the phased-tracking method. However, the lateral spatial resolution
degrades owing to the point spread function (PSF) because the diameter of an ultrasonic beam is finite. In the present study, we proposed a
method of improving the lateral spatial resolution in the estimation of surface roughness using a Wiener filter to suppress the effect of the PSF of
the ultrasound system employed. The proposed method was validated using a phantom and then applied to the in vivo measurement of carotid

arteries. © 2014 The Japan Society of Applied Physics

1. Introduction

Circulatory diseases are considered to be mainly caused
by atherosclerosis. Therefore, the early diagnosis and
prevention of atherosclerosis are important. Medical ultra-
sonography is widely used for diagnosis and treatment in
clinical situations. Diagnostic ultrasound is noninvasive
and, thus, can be repeatedly employed. Such properties of
diagnostic ultrasound is suitable for the diagnosis of athero-
sclerosis because the progress of atherosclerosis requires
long-term monitoring.'®

In the early stage of atherosclerosis, the internal elastic
layer and endothelial cells are damaged, leading to the
detachment of endothelial cells and the degeneration of
the internal elastic layer.>'? As a result, the luminal surface
of the arterial wall becomes rough.!''3 Therefore, it is
important for the diagnosis of atherosclerosis in its early
stage to measure such a minute luminal surface roughness
of the arterial wall. The luminal surface is covered with
endothelial cells, and an endothelial cell is 10-20 um thick.'¥
Therefore, a high spatial resolution on the micron order is
required, since such a minute roughness cannot be measured
by conventional ultrasonography whose spatial resolution is
about 0.1mm at 10 MHz of ultrasonic center frequency.
Arihara et al. measured the micron-order surface profile of
an object made of silicone rubber using the phase shift of
RF echoes during a sweep of an ultrasonic beam.'> However,
in their method, the luminal surface cannot be measured
accurately in vivo because of the movement of the arterial
wall in the axial (arterial radial) direction due to pulsation.

In recent years, owing to significant improvements in the
performance of ultrasonic diagnostic equipment, the move-
ment of the arterial wall not only in the arterial radial
direction but also in the longitudinal direction have been
observed in a B-mode image.'® This longitudinal movement
is considered to be caused by the contraction of the heart.
Cinthio et al. suggested the measurement of a minute
roughness using this arterial wall movement in the arterial
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longitudinal direction without sweeping an ultrasonic
beam.!”!® In this method, the phased-tracking and block
matching methods are used to measure the displacements of
the luminal surface caused by surface roughness and the
increase in arterial diameter during a cardiac cycle. In Cinthio
et al.’s validation experiments, the surface profile of silicone
phantoms, which had a roughness of 13-33 um height, was
measured. It was shown that a minute surface roughness
could be measured by ultrasound. However, the movement
of the arterial wall in the longitudinal direction is small (less
than 1 mm) and, thus, the length of a region measured using
an ultrasonic beam is limited. Therefore, Kitamura et al.
expanded the measured region by combining multiple surface
profiles measured by multiple ultrasonic beams.'”)

In Kitamura et al.’s measurement, the micron-order spatial
resolution was realized in the axial (arterial radial) direction
using the phases of ultrasonic echoes. However, the
ultrasonic field does not oscillate in the lateral (arterial
longitudinal) direction and, thus, the spatial resolution is
degraded compared with that in the axial direction. Such
degradation of the lateral spatial resolution depends on the
lateral point spread function (PSF) of the employed ultra-
sound system. In the present study, a method using a Wiener
filter was proposed for the suppression of the effect of PSF,
and the effectiveness of the proposed method was validated
using a phantom. Then, the proposed method was applied to
the in vivo measurement of carotid arteries.

2. Principles

2.1 Measurement of surface roughness of arterial wall

Figure 1 shows the displacement of the arterial wall during a
cardiac cycle. In a fixed ultrasonic beam, the axial (z-axis)
displacement is detected when the luminal surface is rough
and the arterial wall moves in the arterial longitudinal
(lateral) direction.'” In addition, the arterial wall also moves
in the arterial radial (axial) direction owing to expansion of
the artery caused by an increase in blood pressure during a
cardiac cycle. As described above, the axial displacement
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Fig. 1. (Color online) Illustration of displacement of arterial wall between 0-th and n-th frames.

estimated by the ultrasonic phased-tracking method?*2? in
a fixed ultrasonic beam includes displacements caused by
surface roughness and arterial expansion.

In Fig. 1, the lateral position of the m-th ultrasonic beam
is denoted by x, (x,, =m-dx, where Sx is the spacing
between ultrasonic beams). The axial (z-axis) displacement
of the posterior wall surface Ad(x,,,n) = Ad(m,n) between
the n-th frame [¢ (s)] and the (n + 1)-th frame [(z + AT) (s)]
(AT: frame interval) obtained by the phased-tracking method
is expressed by the difference between the axial positions
2(xXp,n) = z(m,n) and z(x,,n + 1) = z(x,n + 1) in the n-th
and (n + 1)-th frames as

Ad(m,n) = z(m,n + 1) — z(m, n). )

The total displacement E(m,n) measured by the phased
tracking method contains both the global displacement of the
arterial wall dg(n) due to the expansion of the artery and the
displacement dy(m,n) due to the surface roughness as
follows:

d(m, n) = dg(n) + dy(m, n). 2)

The width of the measured region is much smaller than the
length of the pulse wave. Therefore, the global wall motion
between the n-th and (n + 1)-th frames at positions {x,,}
(m=0,1,2,...,M — 1) are assumegi\ to be the same. The
instantaneous axial displacement A dg(n) caused by global
wall motion can be estimated by averaging the axial
instantaneous displacements {Ad(m, n)} as follows:

do(n) =Y Ady(0), 3)
=0
~ 1 M=l
Ady(n) = > Ad(m,n), 4)
m=0

where M is the number of ultrasonic beams.
Finally, the surface profile z,,(x; z,,0) measured at the m-th
ultrasonic beam is expressed as follows:

/Z\m(x; ZmO) = /Z\m(xm +/l\(m: ”)a ZmO)
Ady(m,n), (5)
=0

=Zpo +
n

Ady(m,n) = Ad(m,n) — Ady(n), (6)

where z,, is the initial height.

The arterial longitudinal displacement /(m,n) should be
estimated by the block matching technique®2> with
reconstructive interpolation?®?® to obtain the surface profile
Zm(x;zm0) as a function of the lateral position x = x,, +
I(m,n). Furthermore, several surface profiles {z,(x;zu0)}
were measured in multiple ultrasonic beams {m} and com-
bined to obtain a surface profile in a wider region. The
proposed method using a Wiener filter, which will be
described in the subsequent section, was applied to the
combined surface profile for the improvement in the lateral
spatial resolution.

2.2 Improvement in lateral spatial resolution using Wiener
filter

A measured surface profile can be expressed by the
convolution of the true surface profile and the lateral point
spread function of an ultrasound system. In diagnostic
ultrasound imaging, the Wiener filter is used for the
improvement in the spatial resolution of a B-mode ultrasonic
image.?”% In the present study, the Wiener filter was used
for the improvement in the spatial resolution in the
measurement of a minute surface roughness. Figure 2 shows
a block diagram illustrating how to estimate the true surface
profile f(x) from the surface profile g(x) measured by
ultrasound using the Wiener filter M(wy), where F(w,) and
G(wy) are the spatial frequency spectra of f(x) and g(x),
respectively, where w, is the spatial angular frequency in the
lateral direction. In Fig. 2, H(w,), N(wy), and F(w,) are the
spatial frequency spectra of the lateral PSF, noise, and true
surface profile, respectively.

The Wiener filter M(w,) is determined so as to minimize
the mean squared difference between the spectrum of the true
surface profile F(w,) and its model F(w,). The estimate
F(w,) is given by

ﬁ(wx) = G(wy) - M(wy)
[H(w:)|* + Py(y)/Pr(wx)’
where Py(w,) and Pr(w,) are the average power spectra of
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Fig. 2. Block diagram of the procedure for obtaining estimate F(w,) using
Wiener filter M(w,).

the noise N(w,) and the true surface profile F(wy),
respectively.339

In the present study, the point spread function A(x) was
identified by measuring the surface profile of a phantom, in
which a fine wire was placed on a flat surface of a silicone
rubber plate as described in next section. Regarding Py(wy),
the phantom was measured A4 times, and the measured
profiles {g;(x)} (i=0,1,2,...,4 — 1) were averaged. The
difference between the measured surface profile {g;(x)} and
the average surface profile g(x) were defined as the noise
{n;(x)}, and Py(w,) was calculated by averaging the
magnitudes of the spatial frequency spectra {N;(w,)} of the
noise {n;(x)} as follows:

. 1< .
Gy = ) Gilwx) = A(wy) ®)
i=1
Ni(@,) = Gi(wy) = G(ey) ©)

4
Pyt = 73 NG (10)

Regarding Pr(w), the same phantom was also measured 4
times using laser. The power spectrum of the true surface
profile Pr(w) was estimated by averaging the magnitudes of
the spatial frequency spectra {F;(wy)} of the surface profile
{fi(x)} measured using laser as follows:

A

Pr(@) =+ Y 1Fwo) (a1
i=1

In the present study, the weighting function Py(w)/Pg(w)
determined in the basic experiment was also applied to
in vivo measurement.

2.3 Determination of Wiener filter
To estimate the PSF in the lateral direction H(w,) and the
weighting function Py(wy)/Pr(wy;) in the Wiener filter
M(w,), a phantom consisting of a fine wire (diameter:
15 um), which can be considered as a point scatterer, placed
on a flat surface of a silicone rubber plate was measured.
Ultrasonic diagnostic equipment (Hitachi-Aloka SSD-6500)
with a 10 MHz linear array probe was used for the acquisition
of beamformed RF signals. Figure 3 shows the experimental
setup.

The surface profile g(x) of the phantom was measured 10
times by the method presented in Ref. 19 by moving the
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Fig. 3. (Color online) Illustration of experimental setup for measurement
of PSF.
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Fig. 4. (Color online) Experimental results of measurement of fine wire

for determination of PSF. (a) Surface profiles measured using ultrasound and
laser. (b) Spatial power spectra of measured surface profiles.

ultrasonic probe in the lateral direction using an automatic
stage. The frequency spectra H(w,) and Py(w,) were
estimated by applying the Fourier transform to the mean
and standard deviation of the surface profiles {g(x)} for the 10
measurements. Also, Pr(wy) was obtained by applying the
Fourier transform to the surface profile of the phantom
measured by a laser displacement meter (Keyence LT-9010
and LT-9000). In the laser measurement, the surface profile
of the phantom was also scanned using an automatic stage.
Measurements were also conducted 10 times for the laser
measurements. Figures 4(a) and 4(b) show the surface
profiles measured using ultrasound and laser and the power
spectra of the measured surface profiles, respectively. Using
the results shown in Fig. 4, the Wiener filter M(w,) was
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determined using the average power spectra of the surface
profiles measured using ultrasound as the estimated point
spread function H(w,).

2.4 Control parameter 8 used for weighting function

The relative magnitude of the weighting function
Py(wy)/Pr(wy) to the PSF H(w,) should be determined to
appropriately control the effect of the proposed Wiener filter
M(wy). The Wiener filter M(w,) behaves as an inverse filter
1/H(w,) when the signal-to-noise ratio (SNR) is high. On
the other hand, if SNR is low, the effect of the Wiener
filter M(w,) is suppressed. Conventionally, a real constant is
used to control the contribution of the weighting function
Py(wy)/Pr(wy). This can be carried out by multiplying
Py(wy)/Pr(w,) by a real constant B.4°4? A smaller control
parameter, B (> 0), is preferred in order to improve the spatial
resolution at the expense of a noise increment. In the
conventional Wiener filter, 8= 1.0. On the other hand, the
filter works as an inverse filter at every spatial frequency
when g is low, corresponding to the assumption of a high
SNR at all spatial frequencies. In such a case, noise contained
at a high spatial frequency tends to be amplified, although a
higher spatial resolution is realized. To determine the
optimum value of the control parameter, the RMSE between
the surface profile f(x) measured by ultrasound and the true
surface profile f(x) measured using laser was calculated for
{B} values of 0—1. The magnitude of the PSF |H(w,)| was
normalized to limit the range of the control parameter 8 from
0 to 1 as follows:

1

H(“’x)'normalized = w,,i
> H(@o)l
w,=0

where w, is a Nyquist angular frequency. Using this optimal
control parameter Sy, the proposed Wiener filter is defined
as follows:

- H(w,), (12)

H* (wx) | normalized

2
|H(wX)|normalized| + :B()pt :

M(wx) =

Pr(@)’ ()

Pp(a)x)

2.5 Determination of control parameter 8
To determine the optimum control parameter B, another
phantom made of silicone rubber, which has a minute
sawtooth shape (the height of each teeth is 12 um), was
measured using both ultrasound and laser. Figure 5 shows the
experimental setup for ultrasonic measurements. To simulate
the motion of the carotid arterial wall, the phantom was
moved in both axial and lateral directions by an automatic
stage, and the probe was fixed by a fixed stand. RF echoes
were sampled at 40 MHz for 1.4 s during the movement of the
phantom by +1.0 and £0.5mm in the lateral and axial
directions, respectively. The frame rate and lateral intervals
between beams were 169 Hz and 100 um, respectively.
Figure 6 shows a B-mode image of the phantom, and the
surface profile measured by ultrasound before the application
of the proposed Wiener filtering is shown in Fig. 7 (green
line). The surface profile was also measured using laser (red
line in Fig. 7) by moving the laser displacement meter in the
lateral direction using an automatic stage. In Fig. 7, the
surface profile obtained by applying the proposed Wiener
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Fig. 5. (Color online) Illustration of experimental setup for ultrasonic

measurement of surface roughness using a phantom.
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Fig. 6. B-mode image of a silicone phantom with sawtooth shape.
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Fig. 7. (Color online) Results of measured surface profile of a phantom

(red line: true surface profile measured by laser; green line: surface profile
before application of the filtering; and blue line: estimated surface profile
after application of the filtering).

filter with the optimum control parameter B, is also shown
by the blue line.

To determine the optimal control parameter Bop, the root
mean square errors (RMSEs) between true surface profile
measured by laser f(x) and the estimated surface profiles
{f(x)} were evaluated at {8} values of 0—1. In Fig. 8, RMSE
is plotted as a function of the control parameter S, and the
optimum control parameter Bq, was determined to be 0.036.

The power spectra of the measured surface profile g(x) and
the estimate f (x) are shown in Fig. 9(a). The Wiener filter
M(wy) and the weighting function Py(wy)/Pr(w,) are also
shown in Figs. 9(b) and 9(c), respectively. The signal-to-
noise ratio (SNR) was higher in the spatial frequency range
of 0-5mm™~!, and the proposed Wiener filter worked as an
inverse filter mainly in this spatial frequency range.

© 2014 The Japan Society of Applied Physics
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true surface profiles plotted as a function of control parameter f.
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Fig. 10. B-mode image of phantom in the presence of a porcine cutlet
between ultrasonic probe and phantom.
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3. Experimental results

3.1 Basic experiments

Under the condition for in vivo measurements, there is a
medium with a nonuniform sound velocity distribution
between the skin and the carotid anterior wall. Therefore,
the phantom was measured under the condition that a porcine
cutlet, which simulated soft tissue, was placed between the
ultrasonic probe and the phantom. The system for this
experiment was the same as that shown in Fig. 5 except for
the porcine cutlet (the thickness of the cutlet was about
10mm). A B-mode image of the phantom is shown in
Fig. 10. Figure 11 shows the measured surface profiles. As
shown in Fig. 11, the surface profile became sharper and the
height of each sawtooth became closer to that obtained using
laser by our method with the proposed Wiener filter. Even in
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(Color online) (a) Power spectra of surface profiles pre- and post-filtering (B,p = 0.036). (b) Power spectrum of designed Wiener filter. (c) Power

the presence of an inhomogeneous propagating medium
between the ultrasonic probe and the target, the minute
surface profile can be measured accurately. In this measure-
ment, the weighting function Py(w,)/Pr(w,) and the control
parameter B, which were determined in basic experiments
described in Sects. 2.3 and 2.5, respectively, were used.

In the present study, the control parameter B and the
weighting function Py(wy)/Pr(w,) were determined by basic
experiments and, thus, RF echoes acquired in those experi-
ments contain a smaller noise than that obtained in the
in vivo measurement. Therefore, the proposed filter may not
work appropriately under a low-SNR condition and may lead
to the appearance of false peaks in the estimated surface
profile f (x). To investigate the effect of SNR on the proposed
filter, the SNR of the acquired ultrasonic echo signal was
varied by adding white noise to the ultrasonic echo signal in
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Fig. 11. (Color online) Measurement of surface profile of phantom with

porcine cutlet (red line: true surface profile measured by laser; green line:
surface profile before application of the filtering; and blue line: estimated
surface profile after application of the filtering).

the data analysis. White noise was generated using MATLAB
(MathWorks, U.S.A.), and its amplitude was controlled by
multiplying it by a variable constant. The SNR was evaluated
using the envelope s,,,(¢) of the ultrasonic RF signal in the
m-th beam and n-th frame as follows:

1 L1
32 Z . Z[Em(t +ITy)]

SNR_l Ml L s

MZLZ[ Z[Smn(l+lT)—sm(t+lT)] :|

1 =1

(14)
where {5,,(¢)} is the average of {s,,,(¢)} for N frames, L is
the number of RF echo signals in the depth direction,
corresponding to the length of the correlation window used in
the phased-tracking method, and T; is the sampling interval.
Figure 12 shows the estimated surface profiles, while
changing the SNR.

Figures 13(a) shows the RMS difference between the
surface profile obtained at each SNR and that measured using
laser. Figure 13(b) shows the RMS difference between the
surface profile obtained at each SNR and that obtained from
the ultrasound echo signal without additional white noise
(corresponding to an SNR of 27.1 dB). As shown in Fig. 12,
the RMS difference between the results obtained using
ultrasound and laser includes the differences in both the
sawtooth shape and global shape of the surface profile, and it
is difficult to consider the effect of the SNR using the RMS
difference between the results obtained using ultrasound and
laser. Therefore, in the present study, the effect of the SNR
was discussed using the difference of the results obtained
with and without the additional white noise shown in
Fig. 13(b).

As shown in Fig. 12, the height of the sawtooth decreases
significantly when the SNR was lower than 20 dB. Therefore,
an SNR of more than 20dB is required for the proposed
filtering method. However, note that a peak in the lateral
position of 1-2mm was separated at an SNR of 20dB, as
shown in Fig. 12(c), even though the height of each sawtooth
does not change significantly. Such deformation of the
surface profile possibly occurs under an SNR of 20 dB.

3.2 Results of in vivo experiments
Ultrasonic RF data were obtained from carotid arteries of
three healthy subjects [subject A (23-year-old healthy male),
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Fig. 12. (Color online) Surface profiles of a phantom estimated under
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luminal surface profile after the application of the proposed filtering obtained
from (a) subject A (23-year-old healthy male), (b) subject B (23-year-old
healthy male), and (c) subject C (24-year-old healthy male).

subject B (23-year-old healthy male), and subject C (24-
year-old healthy male)] for three cardiac cycles.
Figures 14(a)-14(c) show B-mode images of the carotid
arterial walls of the respective subjects. The frame rate was
set at 165Hz. In the measurements, RF data were also
acquired using a 10 MHz linear probe, which was the same as
that used in the basic experiment. Using our method with the
proposed Wiener filtering method, the profiles of luminal
surfaces were estimated for three cardiac cycles, as shown in
Fig. 14. The optimum control parameter PBo, of 0.036
was used. From Fig. 14, we confirmed that minute luminal
surface profiles of carotid arteries could be estimated
reproducibly for each subject. The SNRs of the ultrasonic
echo signals in in vivo measurements shown in Fig. 14 were
22.2dB (subject A), 20.2dB (subject B), and 24.8dB
(subject C), which were over 20.0 dB. Figure 15 shows the
luminal surface profiles before and after the application of
the proposed Wiener filtering method obtained from the first
measurement for all the subjects (a: subject A, b: subject B,
c: subject C).
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4. Discussion

In the present study, the PSF of the employed ultrasound
system was identified by measuring a fine wire placed on a
flat surface of a silicone rubber plate. Figure 16 shows the
power spectra of the surface profiles of the fine wire
measured using laser (red line) and ultrasound (blue line),
the PSF estimated by averaging the power spectra obtained
from the ultrasound measurements (green line), and the
product of the power spectrum of the surface profile of the
fine wire measured using laser and the power spectrum of
PSF (pink line). By assuming the power spectrum measured
using laser as the true value, the product of the spectra of the
true profile and PSF corresponds to the power spectrum
obtained by the ultrasonic measurement. The power spectrum
of the product of the spectra of the true profile and PSF was
suppressed in the spatial frequency range over about 4 mm~".
The PSF was measured in water, and the noise could be
neglected. Therefore, the effect of the proposed Wiener filter
was suppressed in the spatial frequency range of over 4 mm™!
because the difference between the power spectrum obtained
by the ultrasonic measurement and the product of spectra
of the true profile and PSF, which corresponds to noise
components, was significant in that spatial frequency range.

In addition, the optimal control parameter was determined
by evaluating the RMSEs of the estimated surface profile
from the true surface profile shown in Fig. 7. However, the
RMSEs contained not only the error in each estimated
sawtooth shape but also that in the global shape of the
phantom. Therefore, there is a possibility that the determined
optimum control parameter is not the best value to realize a
high spatial resolution, which should minimize the error in
each estimated sawtooth shape. To determine the optimal
control parameter, it would be better to use a simple phantom,
which, for example, has a single minute rectangular shape on
its surface, to reduce the error caused by the global surface
shape of a phantom. In addition, in Figs. 7 and 11, false
peaks appeared around a lateral position of 1.3 mm in the
estimated surface profile f (x) obtained using the proposed
filter. Although no significant false peak was found in the
in vivo experimental results, the suppression of these false
peaks should be investigated in the future task. Also, it
should be confirmed that the proposed filter works appropri-
ately when other phantoms with different surface profiles
are used.

In in vivo measurements, the surface profiles of the three
healthy subjects were measured reproducibly. The standard
deviations (SDs) of the surface profiles measured three times
each for subjects A, B, and C were calculated as 1.1, 3.8, and
1.0 um, respectively. The SD in subject B was larger than
those in subjects A and C. The reason for this could be
considered that the amplitude of RF echoes from the luminal
surface of the carotid arterial wall of subject B was low and
the echoes could not be obtained stably during a cardiac
cycle. For example, in the regions of 0—1 and 6.5-8 mm in
Fig. 12(a) (subject A), the dispersion of the estimated surface
profiles became larger and the accuracy of the measurement
was degraded.

Furthermore, for the quantitative evaluation of the luminal
surface roughness, the root mean square roughness (R,)
would be useful. The calculated root mean square rough-

© 2014 The Japan Society of Applied Physics
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(Color online) Surface profiles before and after application of the proposed Wiener filtering obtained from the first measurement (blue line: surface

profile after application of the filtering; red line: surface profile before application of the filtering). (a) Subject A. (b) Subject B. (c) Subject C.
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nesses {R,} were 8.1, 10.6, and 8.1 um for subjects A, B, and
C, respectively. The R, values were about 10 um. However, it
is expected that, in the measurement of subjects suffering
from atherosclerosis, R, is expected to become larger than
those of the healthy subjects shown in the present study.

5. Conclusions

In the present study, a method using a Wiener filter was
proposed to improve the spatial resolution in the measure-

07KF19-8

ment of the minute luminal surface profile of the carotid
arterial wall. The point spread function of the employed
ultrasound system was determined by measuring a fine
wire for designing the Wiener filter. Also, to determine the
optimum parameter, which controls the effect of the Wiener
filter, the root mean square error between the surface profile
of a phantom measured by ultrasound and the true surface
profile measured using laser was evaluated. By applying the
identified Wiener filter to the measured surface profile of the
phantom, we confirmed that the spatial resolution of the
measurement of the surface profile was improved. Further-
more, the proposed method was applied to in vivo ultrasound
data obtained from the carotid arteries of three healthy
subjects. We confirmed that minute luminal surface profiles
could be estimated reproducibly. These results show that a
micron-order minute roughness can be estimated more
accurately using the proposed filtering method.
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