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Modification of the Phased-Tracking Method
for Reduction of Artifacts in Estimated Artery
Wall Deformation

Hideyuki Hasegawa, Member, IEEFE, and Hiroshi Kanai, Member, IEEE

Abstract—Noninvasive measurement of mechanical prop-
erties, such as elasticity, of the arterial wall, is useful for
diagnosis of atherosclerosis. For assessment of mechanical
properties, it is necessary to measure the deformation of
the arterial wall. In this study, a modification of the previ-
ously proposed phased-tracking method was conducted to
improve measurement of the small change in thickness (de-
formation) of the arterial wall due to the heartbeat. In our
previous method, a set of two points along an ultrasonic
beam was initially assigned, and the change in thickness of
the layer between these two points during an entire cardiac
cycle was estimated. In motion estimation with ultrasound,
the motion of an interface or a scatterer, which generates
an echo, can be obtained by estimating the change in time
delay of the echo. For example, in the case of a carotid
artery of a healthy subject, there are only two dominant
echoes from the lumen-intima and media-adventitia inter-
faces. Thus, only the displacements of the lumen-intima and
media-adventitia interfaces can be estimated, which means
that ultrasound can estimate only the change in distance
(thickness) between these two interfaces. However, even in
this case, our previous method gives different estimates of
the change in thickness, depending on the depths (positions
in the arterial radial direction) of the two initially assigned
points. In this study, modifications of the previous method
in terms of the strategy for assignment of layers and the re-
quired thickness of an assigned layer were made to reduce
such an artificial spatial variation in the estimated changes
in thickness. Using the proposed method, errors in esti-
mated changes in thickness were reduced from 21.2 + 24.1%
to 0.19 + 0.04% (mean =+ standard deviation) in simulation
experiments. As in the case of the simulation experiments,
the spatial variation in estimated changes in thickness also
was reduced in in vivo experiments in a carotid artery of a
healthy subject and in vitro experiments using two excised,
diseased arteries.

I. INTRODUCTION

ONINVASIVE measurement of mechanical properties of
the arterial wall, such as elasticity, is useful for diag-
nosing atherosclerosis because there are significant differ-
ences between the elastic moduli of normal arterial walls
and those affected by atherosclerosis [1], [2].
For assessment of mechanical properties, various meth-
ods have been proposed to measure the displacement of the
arterial wall. Elasticity based on estimation of the pulse
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wave velocity (PWV) [3]-[6] and the homogeneity of dis-
tensibility 7], which is evaluated by the change in diame-
ter obtained from displacements of near and far walls, can
be noninvasively evaluated by measuring displacements at
multiple points in the axial direction of the artery. Of
course, measurement of the change in diameter at one
point is widely used for assessment of mechanical prop-
erties of the arterial wall [8]-[10]. In such case, however,
the arterial wall must be assumed to be an isotropic, cylin-
drical shell with a uniform wall thickness.

In addition to the displacement distribution in the ax-
ial direction of the artery, the distribution in the radial
direction of the arterial wall has been measured with in-
travascular ultrasonography (IVUS) [11], [12]. The elas-
ticity distribution of coronary atherosclerotic plaque has
been obtained [12] based on the measurement of the ra-
dial strain [11]. Furthermore, model-based methods have
been proposed for improving the strain estimation [13].
In those studies, such a measured elasticity distribution
was compared with the pathological image and suggested
the potential for tissue characterization of atherosclerotic
plaque by measurement of its elasticity.

As a transcutaneous approach, the displacement and
strain around carotid atherosclerotic plaque have been
measured using tissue Doppler imaging [14]. The inhomo-
geneity of displacements measured upstream and down-
stream of atherosclerotic plaque suggested that motion of
the arterial wall has potential for use in the evaluation of
plaque vulnerability. Furthermore, in recent years, some
research studies on noninvasive vascular elastography have
been conducted [15], [16].

We previously developed a method, namely, the phased-
tracking method, for measuring small vibrations on the
heart or arterial wall with transcutaneous ultrasound [17],
[18]. For some years now, we have been measuring the
displacement and change in thickness of the arterial wall
caused by the heartbeat using this method [19]-[21]. Elas-
ticity images of the human carotid artery have been ob-
tained by the measured displacement distribution, and the
potential for transcutaneous tissue characterization has
been shown by classifying the elasticity images using the
elasticity reference data obtained by in wvitro experiments
[22]-[24].

Although the noninvasive methods for measuring the
intima-media thickness [25] and lumen diameter [26] based
on the automated image segmentation are useful for diag-
nosis of the morphology of the arterial wall and atheroscle-
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Fig. 1. Schematic of measurement.

rotic plaque, the measurements of mechanical properties—
including our method—also are important because my-
ocardial infarction and stroke are mainly caused by the
rupture of atherosclerotic plaque [27], [28].

In the phased-tracking method, the small deformation
of the arterial wall can be detected based on precise esti-
mation of the velocity of the arterial wall. The velocity is
estimated by the phase shift of echoes that corresponds to
the change in the time delay for two-way propagation of
ultrasound between an ultrasonic probe and the arterial
wall. The phase shift can be estimated at each frequency
within the frequency bandwidth of an echo. However, we
recently revealed that the estimated velocity is biased un-
less the phase shift is estimated at the center frequency of
an echo [29]. Although this error is not so large during a
frame interval, the estimated velocity must be integrated
with respect to time for tracking the position of the arte-
rial wall. Therefore, this error becomes significant due to
accumulation resulting from temporal integration.

In this study, a source of error in estimation of the de-
formation of the arterial wall was investigated. In our pre-
vious phased-tracking method [20], [21], [23], a set of two
points was assigned along an ultrasonic beam as shown in
Fig. 1, and the change in thickness of the layer between
these two points was estimated. Furthermore, by sliding
the position of the layer along an ultrasonic beam by in-
tervals of the sampled points, the spatial distribution of
changes in thickness along the ultrasonic beam was ob-
tained.

In such a motion estimation with ultrasound, the mo-
tion of an interface or a scatterer, which generates an
echo, can be obtained by estimating the change in time
delay of the echo. For example, in the case of a carotid
artery of a healthy subject, there are only two dominant
echoes from the lumen-intima and media-adventitia in-
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terfaces [30]. Thus, only the displacements of the lumen-
intima and media-adventitia interfaces can be estimated,
which means that ultrasound can estimate only the change
in distance (thickness) between these two interfaces. How-
ever, even in such a case, the previous phased-tracking
method gives different estimates of the change in thick-
ness, depending on the depths (positions in the arterial
radial direction) of the two initially assigned points. In
this study, modifications of the previous method in terms
of the strategy for assignment of layers and the required
thickness of a layer were made to reduce such an artificial
spatial variation in the estimated changes in thickness.

In the estimation of the change in thickness using the
correlation estimator, the thickness of an assigned layer is
larger than the interval of sampled points, and the layer
is slid by the interval of sampled points. Therefore, sev-
eral layers with respective correlation estimators overlap
at each depth. In this study, correlation estimators of lay-
ers, which overlap at a certain depth, were compounded to
obtain the change in thickness at that depth. Although the
angle of the ultrasonic beam was not changed in this study,
the concept of spatial compounding already has been ap-
plied to magnitudes of echoes, which are obtained by scan-
ning each point in the region of interest with ultrasonic
beams having different beam angles, to improve B-mode
images [31].

II. METHODS

A. Previously Proposed Phased-Tracking Method for
Imaging Radial Deformation of Arterial Wall

Radio frequency (RF) pulses with a center frequency
of fy are transmitted with a time interval T from an ul-
trasonic transducer, and the echo reflected by an inter-
face or a scatterer is received by the same transducer as
shown in Fig. 2. The propagation delay, 71 (n), between the
transducer and the reflector (interface or scatterer) at n-
th transmission (frame) depends on the sound speed, ¢y,
and the distance d;(n) between the transducer and the
reflector:

Co (1)
(n=1,2,---,N; N: number of frames).

’7'1(71)

Phase 61(n) of a received echo is expressed by 61(n) =
27 for1(n) at the center frequency, fo. Therefore, distances
dy(n) and dy (n+1) between the ultrasonic transducer and
the reflector in n-th and (n + 1)-th frames are given by:

) = D — (o), 2
di(n+1) = Cm(; +1 _ 4;‘}0 Oin+1).  (3)

The average velocity of the reflector during a frame in-
terval, T, is defined by vi(n) = {di(n + 1) — d1(n)}/T.
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Fig. 2. Estimation of the change in thickness of the arterial wall by
the previously proposed phased-tracking method. (Mr: total number
of assigned combinations, My, : number of sampled points between
two points of an assigned combination, T": frame interval, Az: spacing
of sampled points, d1(n) and d} (n): depths of the lumen-intima and
media-adventitia interfaces in n-th frame, zy,(n) and z/,(n): m-th
combination of two points in n-th frame, vy, (n) and v}, (n): velocities
at om(n) and z),(n), respectively, Ah(n,z): change in thickness at
depth z in n-th frame).

Thus, v1(n) can be estimated from phase shift Ay (n) =
01(n+ 1) — 61(n) of echoes as follows:

dl(n + 1) —d; (’I’L)

T
_ co(m(n+1) —n(n)) (4)
2T

vi(n) =

— €0 .
_47TfQT Af)l(n)

To obtain phase 6;(n) of an RF echo, the quadrature
demodulation at the center frequency, fy, is applied to
sampled RF echoes, and the sampled complex demodu-
lated signal, z(n; ), is obtained along an ultrasonic beam
(x-axis).

As shown in Fig. 2, by referring to an M-mode im-
age, initial depth z1(1) =~ di(1) is manually assigned
as the position of the reflector at the first frame. Ini-
tial depth z1(1) usually does not exactly correspond to
d1(1) due to the manual assignment. However, phase shift
Af1(n) can be estimated at x1(n) because the ultrasonic
pulse used has a finite-pulse duration as shown in Fig. 2.
When (1) is within the duration of the echo from d; (1),
phase Zz(n;x1(n)) of the complex demodulated signal,
z(n;x1(n)), at depth z1(n) corresponds to 61(n):

01(n) = Zz(n; z1(n)). (5)

Thus, phase shift Af;(n) = 61(n + 1) — 61(n) between
two consecutive frames is estimated by the well-known au-
tocorrelation function calculated as follows [17]:
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AN (n) _

K/2

Z 2" (nyxr(n) + k- Az) - z(n+ Lzi(n) + k- Ax)
k=—K/2

K/2

Z Z'(nyzi(n) + k- Azx) - z(n+ 1;21(n) + k - Ax)
k=—K/2

=71(n), (6)

where Ax is the interval of the sampled demodulated sig-
nal in the depth direction; * and ™ represent the complex
conjugate and the estimate. In this study, the number of
sampled points, K, used for calculation of the correlation
function is determined by the width at —20 dB of the max-
imum magnitude of the quadrature demodulated signal of
the ultrasonic pulse. From the estimated correlation func-
tion 71(n) obtained by (6), average velocity v1(n) during
the frame interval, T, is obtained as follows:

Co =

—~ C
6i(n) = 4ﬂfOT~A01(n) = ﬁ

Zri(n), (1)

where Zr1(n) represents the phase of the complex correla-
tion function 71 (n).

In the estimation of the phase shift by (6), instanta-
neous position x1(n) of the assigned point is tracked by
accumulation of displacement 03 (n) - T during a frame in-
terval, T', as follows:

ri(n+1)=21(n) +01(n) - T. (8)

When there are two reflectors (interface or scatterer) at
different depths of dy(n) and d}(n), the change in thick-
ness of the layer between these two reflectors is obtained as
follows: By referring to an M-mode image, initial position
x1(1) & dy(1) is manually assigned at the first frame as the
position of the lumen-intima interface. Then, as shown in
Fig. 2, another point, 2} (1) = z1(1) + My, - Az, is auto-
matically assigned at certain distance, My, - Az, from x1(1)
along the same ultrasonic beam. When (1) corresponds
to the position of the echo from another reflector at d} (1),
the motion of the reflector can be estimated.

Then, velocities v1 (n) and v} (n) of these assigned points
are obtained by tracking their instantaneous positions
xz1(n) and z{(n) as described above. In the previously
proposed phaseé—tracking method, from estimated veloci-
ties 01(n) and v} (n), change in thickness Ah(n;x) of the
layer between the two assigned points z; (1) and z}(1) =
x1(1) + My, - Az is obtained as the deformation at a depth
of 1(1) + My, - Ax/2 as follows [23]:

El(n—l- Liz1(1) + My, - Az/2) =
Ah(n; (1) + Mg - Az/2) + {0} (n) = vi(n) } - T,

Ah(l;iﬁ(l) + My, - A{E/Q) =0. (9)

By sliding the combination of two points along the ul-
trasonic beam while keeping the distance between two
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Fig. 3. Modified method for estimation of the change in thickness of
the arterial wall (My: total number of assigned combinations, M, :
number of sampled points between two points of an assigned combi-
nation, T frame interval, Az: spacing of sampled points, di(n) and
d (n): depths of the lumen-intima and media-adventitia interfaces
in n-th frame, z,(n) and z/,(n): m-th combination of two points
in n-th frame, h(n): distance between the lumen-intima and media-
adventitia interfaces in n-th frame).

points constant (= My - Az), the change in thickness
Ah(n; xm(1) + My, - Az/2) at each depth is obtained as
follows:

Ah(n+ 1;2m(1) + Mg - Az/2) = Ah(n; 2m(1)
+ My - Awf2) + { () = Taln) } - T,

Ah(1;2m(1) + My, - Az/2) =0, (10)

Tm(1) =z1(1) +m- Az, (m=0,1,2,..., M),
(11)

where Myp is the manually determined number of times
that sliding occurs.

B. Modification of the Phased-Tracking Method and
Correlation Estimator Compounding

In this section, the previously proposed phased-tracking
method is modified [21] with correlation estimator com-
pounding.

As in Section II-A, by referring to an M-mode im-
age, initial positions x1(1) and (1) of two points are
manually assigned at the first frame as shown in Fig. 3
(4 (1) — 21(1) = My, - Az). Then, instantaneous positions
x1(n) and z} (n) of these assigned points at the n-th frame
are tracked by the method described in Section II-A.
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The change in thickness between two reflectors at d;(n)
and dj(n) then is obtained as follows. As shown by (2),
phases 61 (n) and 6] (n) of echoes from these two reflectors
depend on dj(n) and dj(n). Thus, the phase difference
Or(n) = 01(n) — 61(n) depends on the distance h(n) =
dy(n)—di(n) (thickness of the layer) between two reflectors
as follows:

h(n) = dy(n) — di(n)
Co

= {61(n) — 61(n)}

4 fo
. 9h (n)

(12)
— CO
B 4 fo

Thus, as in the case of (4), the rate vp,(n) of the change
in thickness of the layer between two reflectors is expressed
as follows:

on(n) = h(n+ 1%— h(n)

O {Oh(n+1) — O ()}

T AnfoT
Ab,(n).

(13)
— o
N 47Tf0T '

As in the case of (5), when x1(1) and (1) as-
signed as shown in Fig. 3 are within the durations of
the echoes from d;(1) and dj(1), phase difference 6,(n)
can be expressed by phase Z8(n;z1(1),27(1)) of prod-
uct B(n;x1(1),24(1)) of complex demodulated signals,
z(n;z1(n))* and z(n; 2} (n)), as follows:

On(n) = 01(n) = 61(n) = £B(n; 21(n), ¢ (n)),
(14)

Bn;z1(n), 24 (n)) = z(n; 24 (n)) - 2" (n; 21 (n)-
(15)

In this paper, correlation estimator ,(n; x) at depth x,
whose phase Zrp,(n; x) corresponds to 0p(n+1) — 0y (n) =
ABp(n), is obtained by simply calculating the correlation
around the duration of echo as follows:

K/2
rh(n;z (1) +i- Az) = Z B(n+ 1;z1(n)
k=—K/2
+ k- Az, 2y (n) + k- Az) - % (n;z1(n)
+ k- Az, 2y (n) + k- Az),
(1=0,1,2,..., M), (16)
where the estimate in the right-hand side of (16) is used for
correlation estimators 7, (n; ) at all points between x4 (1)
and z}(1) in the modified method, whereas the change
in thickness between points x1(1) and (1) is used only
for the point that is midway between these two points, as
shown by (9) in the previous method.
As with (10), by sliding the combination of two points
along the ultrasonic beam while keeping the distance be-
tween the two points constant (= M, - Ax), the correlation
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;x), for each combination of two points,

estimator, rp,_m,(n
1), is obtained as follows:

ZTm (1) and 2/, (

K/2
Thom(n;xm (1) +1i- Ax) = Z ﬁ(n + 1,2, (n)
k=—K/2

+ k- Az, ), (n) + k- Az) - 5 (n; zm(n)

+k-Az,z),(n)+k-Az), (17)
Tm(l) =21(1) + m - Az,
(m=0,1,2,...,Mp; i=0,1,2,..., M), (18)

where My is the manually assigned number of times that
sliding occurs.

As shown in Fig. 3, My assigned layers overlap each
other. Therefore, there are multiple estimates of rj(n; z)
at a depth x. The compounded correlation estimator,
7n(n;x), at depth x then is obtained by simply averaging
overlapping correlation estimators as follows:

m+Mo (zm (1))
Thk (1 2m (1)),
k=m (19)

1

T (n; xm (1)) = m

where Mo(xz) is the number of overlapping layers at
depth z.

The compounded rate, vy (n; ), of the change in thick-
ness at depth z is obtained based on (13) as follows:

Co

= W < LTp(n; (1)),

o (: (1)) (20)

The compounded change in thickness, Ah(n;x), is ob-
tained as follows:

Ah(n+ 1;2, (1)) = Ah(n; 2m (1)) + Uh(n; 2, (1)) x T.
(21)

The estimation of the velocity or rate of the change in
thickness depends on the phase shift of received echoes,
and the velocity is larger than the rate of the change in
thickness. Therefore, the required frame rate is determined
by the velocity of the arterial wall. The maximum velocity
of the carotid arterial wall is typically about 10 mm/s.
Thus, when the ultrasound center frequency and speed of
sound are 7.5 MHz and 1540 m/s, respectively, the required
frame rate, F'Ryin, is determined by substituting vi(n) =
10 mm/s and Af;(n) = 7 into (4) as follows:

47 x 7.5 x 10% x 10 x 103

F Bonin = 1540 x 7

=195 Hz.
(22)

In addition, the deformation estimate by the proposed
method depends on the time delay of an echo during two-
way propagation between an ultrasonic probe and a reflec-
tor along an ultrasonic beam. Therefore, only the beam-
axis component of the deformation can be measured by
the proposed method.
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III. DRAWBACKS OF PREVIOUSLY PROPOSED
PHASED-TRACKING METHOD

Fig. 4(a) shows a B-mode image of a carotid artery of
a 30-year-old, healthy male. The B-mode image was ac-
quired using a 10 MHz linear-type ultrasonic probe of ul-
trasonic diagnostic equipment (SSD-6500, Aloka Co., Ltd.,
Tokyo, Japan). Figs. 4(b) and (¢) show RF echoes from
the posterior wall along the white arrow in Fig. 4(a).
The region shown in Figs. 4(b) and (c) is indicated by
a white dashed line in Fig. 4(a). In healthy subjects, there
are only two dominant echoes from the lumen-intima and
media-adventitia interfaces [30]. In this study, as shown
in Figs. 4(b) and (c), the intima-media thickness (IMT)
is defined by the region between the rises of echoes from
the lumen-intima and media-adventitia interfaces. In this
study, these rises were manually assigned by inspecting
a B-mode or M-mode image. In motion estimation with
ultrasound, we can estimate the motion of a reflector (in-
terface or scatterer) by analyzing its echo. Therefore, in
the case of a healthy subject, we can estimate only dis-
placements of the lumen-intima and media-adventitia in-
terfaces. Thus, only the change in thickness between these
interfaces, which corresponds to the change in the en-
tire intima-media thickness, can be obtained. As described
n [11], the deformation at a point in a cylindrical shell
changes in relation to its radial position, and such a change
depending on the radial position could be measured in [11]
because there were many scatterers generating dominant
echoes within the wall of the cylindrical phantom used.

As shown in Fig. 4(b), however, in cases of arteries of
healthy subjects, there are only two dominant echoes from
two corresponding reflectors (lumen-intima and media-
adventitia interfaces). Under such a condition, although
multiple points can be assigned as shown in Fig. 2, each
assigned point gives the displacement of the lumen-intima
or media-adventitia interface. Therefore, only the defor-
mation between two reflectors, which corresponds to the
change in thickness of the entire intima-media complex,
can be obtained; but the deformation at a point in the
wall cannot be measured in such a situation.

However, changes in thickness obtained by the previ-
ously proposed phased-tracking method change depending
on depth (radial position in the wall), even when there are
only two reflectors. The reason for this is considered to be
as follows. At the first frame, the lumen-intima and media-
adventitia interfaces are manually assigned as shown in
Fig. 4(b) by inspecting an M-mode image (or B-mode im-
age). As shown in Fig. 4(b), there usually are discrepan-
cies between the manually assigned interfaces and actual
interfaces due to the manual assignment based on an M-
mode image. Then, the first combination of the two points
z1(1) and x7(1) is assigned as shown in Fig. 4(b) to ob-
tain the change in thickness at a certain depth, which
corresponds to the manually assigned lumen-intima inter-
face. The thickness of a layer, My, - Ax, is assigned to be
the width at —6 dB of the maximum magnitude of the
quadrature demodulated signal of the ultrasonic pulse in
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Fig. 4. (a) B-mode image of a carotid artery of a 30-year-old, healthy
male. White dashed line in the B-mode image shows the region shown
in (b) and (c). (b) Assignment of the first layer (between two points
x1(1) and 2/ (1)) in the previous phased-tracking method. LI and
MA are acronyms for the lumen-intima and media-adventitia inter-
faces, respectively. (c) Assignment of 21 (1) and 2’ (1) in the proposed
method.
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Fig. 5. Magnitude of the quadrature demodulated signal of the ul-
trasonic pulse used measured with a hydrophone placed in a water
tank.

the previous phased-tracking method [23]. In a situation
such as that shown in Fig. 4(b), z1(1) and z{(1) are as-
signed within the same echo from the lumen-intima in-
terface. Therefore, both displacements, estimated at (1)
and 2/ (1), correspond to that of the lumen-intima inter-
face (high similarity of these two displacements). Thus, the
change in thickness (difference between these two displace-
ments) is hardly detected. This is just an artifact due to
the finite duration of the ultrasonic pulse.

In the modified method in this study, x1(1) and /(1)
are assigned as shown in Fig. 4(c). To prevent «f (1) from
being assigned within the duration of the same echo from
the lumen-intima interface, a larger thickness of a layer,
My, - Az, is necessary in comparison with the previous
method. Therefore, the required thickness of a layer, M, -
Az, is investigated in Section IV-C.

In the simulation experiments in this study, the required
thickness of a layer, My, - Ax, was investigated in relation
to the width of the magnitude of the quadrature demod-
ulated signal of the ultrasonic pulse used. Fig. 5 shows
the magnitude of the demodulated signal of the ultrasonic
pulse used measured with a hydrophone placed in a water
tank. The hydrophone was placed at a distance of 20 mm
from the surface of a linear-type probe, which corresponds
to the electric focal depth. The RF signal received by the
hydrophone was acquired at a sampling frequency of 1 GHz
with a digital oscilloscope. Quadrature demodulation was
applied to the sampled RF signal.

IV. SIMULATION EXPERIMENTS

A. Principle for Simulating RF Echoes from Normal
Arterial Walls

An RF echo signal, rf(n; ), in the n-th frame at depth
x, which is reflected from the arterial wall of a healthy sub-
ject, can be modeled by the sum of echoes, rfy(n;x) and
rfyva (n; ), from the lumen-intima and media-adventitia
interfaces, respectively, located at depths dpi(n) and
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dya (n). In such a situation, rf(n; x) is expressed using a si-
nusoidal wave at the center frequency fy and the envelope
env(z) as follows:

rf(n; ) = rfLi(n; x) + riva (n; ), (23)
rfui(n; ) = env(z — dpi(n))
sin { drfolz — du(n)) } (24)

rfva (n; @) = env(x — dya(n))

{Inhle b)) g

Co

x
0.5—0.5-008{27rAXp} (0>2>AX,),
0 (AX, <z), (26)

env(z) =

where AX), is the pulse duration. In this study, a Hann
window was used for the envelope of an ultrasonic pulse,
and the center frequency, pulse duration, frame rate, and
sampling frequency of simulated echoes were 7.5 MHz, 3
wavelengths, 286 Hz, and 40 MHz, respectively.

Displacements of the posterior carotid artery wall of a
healthy, 30-year-old male [same as Fig. 4(a)], which were
measured by the phased-tracking method described in Sec-
tion II-A, were used as displacements of the lumen-intima
and media-adventitia interfaces, Adpi(n) = dri(n)—dpi(1)
and AdMA(n) = dMA(n) - dMA(l).

As described in Section III, in the case of a healthy
subject, there are only two dominant echoes from the
lumen-intima and media-adventitia interfaces, and only
the change in the entire intima-media thickness can be es-
timated by analyzing echoes from these interfaces. There-
fore, the change in intima-media thickness, AhivT(n) =
Adya(n) — Adpi(n), was defined as the true deformation.
Errors, ey, in changes in thickness, ﬁz(n, x) and Ah(n; ),
estimated by the previous and proposed methods were ob-
tained as follows:

_ |Ah(nmax) - AhIMT(nmax”
|ARIMT (Mmax) |

en x 100,  (27)

where Ah(n) is A\h(n7 x) or Ah(n; ), and tmax = Nmax - T
is the time when Ahvr(n) is maximum.

B. Improvement of Deformation Estimates Using the
Proposed Method

Fig. 6(a) shows RF echo lines simulating those reflected
from the lumen-intima and media-adventitia interfaces
during one heart cycle. Fig. 6(b) shows the M-mode im-
age obtained from the simulated RF echo lines shown in
Fig. 6(a). In this section, the initial intima-media thick-
ness, dya (1) — dri(1), at the first frame in (24) and (25)
was set at 0.45 mm, which was obtained from Fig. 4. By
referring to the M-mode image shown in Fig. 6(b), the
initial positions of the lumen-intima and media-adventitia
boundaries were assigned manually at the first frame (time
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t = 0). With respect to multiple points between the as-
signed lumen-intima and media-adventitia boundaries, ve-
locities, vy, (n), at each frame were estimated as shown in
Fig. 6(c), and the instantaneous position of each point,
Tm(n), was tracked using the phased-tracking method.
The estimated instantaneous positions of the lumen-intima
and media-adventitia boundaries are shown by white lines
in Fig. 6. Based on the instantaneous positions of the
points assigned at t = 0 between the lumen-intima and
media-adventitia boundaries, the rate of change in thick-
ness at each depth, z,,(n), was obtained by the previous
and proposed methods as shown in Figs. 6(d) and (e), re-
spectively. In Fig. 6(e), the thickness of a layer, M, - Az,
was set to be the width at —20 dB of the maximum magni-
tude of the quadrature demodulated signal shown in Fig. 5.
The width at —20 dB was determined to be 0.48 us, which
corresponds to a distance of 370 ym at a sound speed of
1540 m/s. Along the instantaneous positions of each point
at respective frames, the rate of change in thickness was in-
tegrated with respect to time, and the change in thickness
at each depth, z,,(n), was obtained by the previous and
proposed methods as shown in Figs. 6(f) and (g). Fig. 6(h)
shows the actual change in thickness.

As shown in Fig. 6(f), the magnitudes of changes in
thickness near the luminal surface estimated by the pre-
vious method became smaller than the actual change in
thickness as described in Section II. However, as shown
in Fig. 6(g), compounded changes in thickness, Ah(n;z),
obtained by the proposed method were in good agreement
with the actual changes in thickness shown in Fig. 6(h).
Figs. 7(a) and 8(a) show the same actual change in thick-
ness. Figs. 7(b) and 8(b) show waveforms of changes in
thickness at points estimated by the previous and pro-
posed methods, respectively, and Figs. 7(c) and 8(c) show
the distributions of changes in thickness at ¢t = tyx Over-
laid on the echo magnitude in the first frame (¢t = 0). Er-
rors in the estimated changes in thickness obtained by the
proposed method were only 0.19 + 0.04% (mean =+ stan-
dard deviation) as compared with 21.2 + 24.1% obtained
by the previous method.

As shown in Fig. 8(c), changes in thickness estimated
by the previous method around the lumen-intima interface
were reduced as described in Section III. Such an artificial
spatial variation of the changes in thickness estimated by
the previous method was suppressed as shown in Fig. 7(c),
and the change in thickness estimated at each depth is in
good agreement with the change in intima-media thick-
ness, which is defined as the true deformation using the
proposed method.

C. Required Thickness of an Assigned Layer

In this section, errors in changes in thickness estimated
with different thicknesses, My, - Ax, of an assigned layer
were investigated to determine the required layer thick-
ness. As shown in Fig. 4, the typical thickness of the
intima-media complex of a carotid artery of a healthy sub-
ject without intimal thickening is about 0.5 mm. There-
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Fig. 6. Results of simulation experiments. (a) Simulated RF echo. (b) Magnitude of demodulated signal. (c¢) Velocity, vm(n). (d) and
(e) Rates, Ahl,(n), of change in thickness obtained by the previous and proposed methods, respectively. (f) and (g) Changes in thickness,
Ahm(n), obtained by the previous and proposed methods, respectively. (h) Actual change in thickness.
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Fig. 7. Results of simulation experiments obtained by the previous
phased-tracking method. (a) Waveform of the actual change in thick-
ness. (b) Waveforms of changes in thickness estimated at various
depths. (c) Magnitude of echo, actual change in thickness and esti-
mated changes in thickness at tmax when the actual change in thick-
ness is maximum.

fore, RF echoes were simulated for different cases of
intima-media thicknesses of 0.4, 0.5, and 0.6 mm based
on the principle described in Section IV-A.

In Fig. 9, errors in changes in thickness estimated by the
proposed method are plotted as a function of the thickness,
My, - Az, of an assigned layer. As shown in Fig. 9, errors
were reduced by increasing the layer thickness, My, - Ax.
However, a larger layer thickness worsens the spatial reso-
lution in the estimation of the change in thickness. Thus,
it is desirable for the layer thickness, My, - Ax, to be as
small as possible. As described in Section III, the dura-
tion of the ultrasonic pulse determines the lower limit of
the layer thickness, M - Az, and this lower limit is found
to be the width at —20 dB of the maximum magnitude
of the quadrature demodulated signal. From these results,
the layer thickness, My, - Az, was determined to be 385 pym
(M}, = 20).

V. IN Vivo EXPERIMENTS IN A HUMAN
CAROTID ARTERY

Figs. 10(a) and (e) show the same electrocardiograms of
a 30-year-old, healthy male. Fig. 10(b) shows the RF echo
lines obtained in the region shown by the white, dashed
line in Fig. 4(a). The frame rate and sampling frequency
of simulated echoes were 286 Hz and 40 MHz, respectively.

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 53, NO. 11, NOVEMBER 2006

change in thickness

time [s]
time [s]

0.5
05

one heart cycle

— -0.1
5 B
£ 2
¢ -0.08 08%E
[0} (o]
k= £
.2 -0.06 0.6 o
£ S
£ o
g—0.04 0.4
C
2 :
G -0.02 ; 0.2

01 i 0

i i i i i

i i
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
depth [mm]

Fig. 8. Results of simulation experiments obtained by the proposed
method. (a) Waveform of the actual change in thickness. (b) Wave-
forms of changes in thickness estimated at various depths. (c) Mag-
nitude of echo, actual change in thickness and estimated changes in
thickness at tmax when the actual change in thickness is maximum.
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Fig. 10. Results of in vivo experiments in a carotid artery of a 30-year-old, healthy male. (a) and (e) Electrocardiograms. (b) Measured
RF echo. (c) Magnitude of demodulated signal. (d) Velocity, vm(n). (f) and (g) Rates, Ahl,(n), of change in thickness obtained by the
previous and proposed methods, respectively. (h) and (i) Changes in thickness, Ahn,(n), estimated by the previous and proposed methods,
respectively.
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Fig. 11. Results of in vivo experiments obtained by the previous
phased-tracking method. (a) Waveforms of changes in thickness es-
timated at various depths. (b) Magnitude of echo and estimated
changes in thickness at t = tg.

Fig. 10(c) shows the M-mode image obtained from the
measured RF echo lines shown in Fig. 10(b). By referring
to the M-mode image shown in Fig. 10(c), the initial po-
sitions of the lumen-intima and media-adventitia bound-
aries were assigned manually at the first frame (time ¢ = 0)
by inspecting the M-mode image. With respect to multi-
ple points between the assigned lumen-intima and media-
adventitia boundaries, velocities, v,,(n), at each point of
time were estimated as shown in Fig. 10(d), and the in-
stantaneous position of each point was tracked using the
phased-tracking method. The estimated instantaneous po-
sitions of the lumen-intima and media-adventitia bound-
aries are shown by white lines in Fig. 10. Based on the
instantaneous positions of the points assigned at ¢t = 0 be-
tween the lumen-intima and media-adventitia boundaries,
the rate of change in thickness at each depth, x,,(n), was
obtained by the previous and proposed methods as shown
in Figs. 10(f) and (g), respectively. Along the instanta-
neous positions of each point at respective frames, the rate
of change in thickness was integrated with respect to time,
and the change in thickness, Ah(n;z), at each depth was
obtained by the previous and proposed methods as shown
in Figs. 10(h) and (i), respectively.

Figs. 11(a) and 12(a) show waveforms of estimated
changes in thickness at respective points, and Figs. 11(b)
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Fig. 12. Results of in wvivo experiments obtained by the proposed
method. (a) Waveforms of changes in thickness estimated at various
depths. (b) Magnitude of echo and estimated changes in thickness at
t = to.

and 12(b) show the distributions of changes in thickness at
t = tg overlaid on the echo magnitude at the first frame. As
shown in Fig. 11(b), the magnitude of changes in thickness
near the luminal surface estimated by the previous method
became smaller, as did those of the simulation experiments
shown in Section IV. Changes in thickness between the
lumen-intima and media-adventitia boundaries should be
shown to be homogeneous because there are only two dom-
inant echoes from these boundaries, and echoes from other
scatterers in the wall hardly contribute to estimation of
changes in thickness. As shown in Fig. 12(b), changes in
thickness estimated by the proposed method have an al-
most homogeneous distribution, as also was the case in the
simulation experiments.

As shown in Fig. 11(b), changes in thickness estimated
by the previous method around the lumen-intima interface
were reduced as described in Section ITI. As in the case of
the simulation experiments, such an artificial spatial vari-
ation of the changes in thickness estimated by the previ-
ous method was suppressed using the proposed method
as shown in Fig. 12(b). From these results, the proposed
method was proved to properly show the deformation of
the arterial wall, at least in the case in which there are
two dominant echoes from the lumen-intima and media-
adventitia interfaces.
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—

78-year—old male 72-year—old male

Fig. 13. B-mode images of femoral arteries excised from two patients
with arteriosclerosis obliterans. (a) 78-year-old male. (b) 72-year-old
male.

VI. IN VITRO EXPERIMENTS USING EXCISED
DISEASED ARTERIES

Figs. 13(a) and (b) show B-mode images of femoral ar-
teries excised from two patients, 78-year-old and 72-year-
old males, with arteriosclerosis obliterans, respectively. Af-
ter surgical extraction, arteries were immediately kept in
cold storage and were measured within 5 days. These two
arteries were placed in a water tank filled with 0.9% saline
solution at the room temperature, and the change in inter-
nal pressure was applied by a flow pump. During the ap-
plication of the change in internal pressure, RF lines were
acquired along the ultrasonic beams as shown by white ver-
tical arrows in Figs. 13(a) and (b). Then, as in the in vivo
experiments, changes in thickness of the arterial walls were
estimated by the previous and proposed methods as shown
in Figs. 14-17. Figs. 14(a), 15(a), 16(a), and 17(a) show
waveforms of internal pressure measured with a catheter
(model 110-4, Camino Co., Ltd., San Diego, CA) located
at the edge of the distal side of the artery. Figs. 14(b) and
16(b) show waveforms of changes in thickness of the 78-
year-old and 72-year-old males, respectively, obtained by
the previous method, and Figs. 15(b) and 17(b) show those
obtained by the proposed method. Figs. 14(c), 15(c), 16(c),
and 17(c) show the magnitudes of quadrature demodu-
lated signals at time ¢ = 0 and the changes in thickness
at time t = tpax when the internal pressure was maxi-
mum. As in cases of the simulation and in vivo experi-
ments, magnitudes of changes in thickness near the lumen-
intima interfaces estimated by the previous method were
small in comparison with those estimated by the proposed
method. Such decreases in magnitudes of changes in thick-
ness shown in Figs. 14(c) and 16(c) are considered to be
artifacts as described in Section I1I, and such artifacts were
reduced by the proposed method as shown in Figs. 15(c)
and 17(c).
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Fig. 14. Results of in vitro experiments obtained by the previous
phased-tracking method (78-year-old male). (a) Internal pressure.
(b) Waveforms of changes in thickness estimated at various depths.
(c) Magnitude of echo and estimated changes in thickness at ¢ =
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VII. DISCUSSION

In cases of diseased arteries shown in Fig. 13, there
are spatial variations in estimated changes in thickness
within arterial walls in comparison with an artery of a
healthy subject. As shown in Figs. 15(c) and 17(c), the
number of inflection points of spatial distribution of es-
timated changes in thickness were reduced in comparison
with those of the previous method shown in Figs. 14(c)
and 16(c) due to the deterioration of the spatial resolution
caused by the enlargement of the thickness of an assigned
layer. However, as described in Section IV-C, a layer thick-
ness of at least the width at —20 dB of the maximum mag-
nitude of the quadrature demodulated signal is required for
reducing the artifact described in Section III. The elastic
property of a diseased artery is heterogeneous, and the spa-
tial variation in estimated changes in thickness within the
arterial wall shown in Figs. 15(c) and 17(c) will be caused
by such a heterogeneous distribution of elasticity. However,
the effects of attenuation, diffraction, interference between
echoes, and noise—which also influence the estimation of
changes in thickness—were not considered in this study.
The spatial variation in changes in thickness caused by a
heterogeneous distribution of elasticity cannot be differ-
entiated from that due to such effects. Therefore, further
studies using phantoms with known mechanical properties
such as those used in [11] are necessary for the validation
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Fig. 17. Results of in wvitro experiments obtained by the proposed
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of the estimated changes in thickness within the wall like
those shown in Figs. 15(c) and 17(c).

In addition, in this study, correlation estimators instead
of rates of changes in thickness were compounded because
the rate of the change in thickness contains no informa-
tion on the signal-to-noise ratio of the echo signal used for
estimating the change in thickness. By compounding the
correlation estimators in (17), the contribution of a corre-
lation estimator, which was obtained from the hypoechoic
region (low signal-to-noise ratio), is suppressed. However,
the effects of such compounding were not sufficiently inves-
tigated in this study, as it concentrated on the reduction of
an artifact using the proposed method in cases of healthy
subjects as described in Section III. Further investigations
of the effects of compounding also are necessary.

In this study, measurements of changes in thickness
were conducted for the posterior walls. As shown in
Fig. 4(a), echoes from the lumen-intima interface of the
anterior wall are often faint in comparison with those from
the posterior wall. Such a phenomenon may be due to in-
fluences of echoes due to sidelobes of an ultrasonic beam,
which are scattered by the soft tissue between the skin
surface and the anterior wall.

VIII. CONCLUSIONS

In the present study, our previous method for measur-
ing the change in thickness of the arterial wall caused by
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the heartbeat was modified to reduce an artifact in a de-
formation image of the arterial wall.

In the case of a carotid artery of a healthy subject,
there are only two dominant echoes from the lumen-intima
and media-adventitia interfaces. In such a situation, only
the change in the entire intima-media thickness can be es-
timated using ultrasound. However, changes in thickness
estimated by the previous phased-tracking method show
the artificial spatial variation. In this study, the phased-
tracking method was modified to reduce this artifact. In
simulation experiments, it was found that such artificial
spatial variation was reduced by the proposed method, and
changes in thickness estimated by the proposed method
corresponded to that in the entire intima-media thick-
ness. In addition, in in vivo experiments, a similar dis-
tribution of changes in thickness was obtained. A simple
model corresponding to the measurement in carotid arter-
ies of healthy subjects, in which there are only two dom-
inant echoes from the lumen-intima and media-adventitia
interfaces, was used in this study to elucidate the effect
of modification. Therefore, more complex cases, in which
there are more dominant echoes from the arterial wall, as
in cases of atherosclerotic plaque, should be investigated
in the future.
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