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Measurement of Elastic Moduli of the Arterial Wall at Multiple Frequencies
by Remote Actuation for Assessment of Viscoelasticity
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To characterize tissues in atherosclerotic plaques, we have developed a method, the phased tracking method, for measuring
the strain (change in wall thickness) and elasticity of the arterial wall. However, some types of tissue, such as lipids and blood
clots, cannot be discriminated from each other based only on elasticity due to the small difference in their elasticity. For more
precise tissue characterization, we have measured the regional viscoelasticity. To obtain the viscoelasticity, in this study,
elastic moduli at multiple frequencies were measured with ultrasound by generating the change in internal pressure due to
remote cyclic actuation. Furthermore, the viscoelasticity of the arterial wall was estimated from the measured elastic moduli at

multiple actuation frequencies. [DOI: 10.1143/JJAP.43.3197]
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1. Introduction

The steady increase in the number of patients with
myocardial infarction or cerebral infarction, both of which
are considered to be caused primarily by atherosclerosis, is
becoming a serious problem. Therefore, it is important to
diagnose atherosclerosis in the early stage. Computed
tomography (CT) and magnetic resonance imaging (MRI)
are employed for the diagnosis of atherosclerosis. They
subject patients to physical and mental hardships, and they
provide information only on the shape of the artery, such as
the diameter of the lumen. However, the diameter of the
lumen is not changed by early-stage atherosclerosis."

Because significant differences exist between the elastic
moduli of normal arterial walls and those affected by
atherosclerosis,>> the evaluation of the elasticity of the
arterial wall is useful for the diagnosis of early-stage
atherosclerosis.” In addition, it is also important to assess
the vulnerability of the atherosclerotic plaque, because the
rupture of the plaque may cause acute myocardial infarction
and cerebral infarction.””” The evaluation of mechanical
properties, such as the elasticity of the atherosclerotic
plaque, is useful for these purposes.

To obtain the circumferential distensibility of the arterial
wall in the plane perpendicular to the axial direction of the
artery, methods for the measurement of the change in artery
diameter have been proposed.®~!? By assuming the artery to
be a cylindrical shell, the average elasticity of the entire
circumference in the plane has been evaluated.'*'> How-
ever, the regional elasticity of the atherosclerotic plaque
cannot be obtained by these methods because an artery with
atherosclerotic plaques cannot be assumed to be a cylindrical
shell with uniform wall thickness.

To characterize the tissue in the atherosclerotic plaque, a
method for the measurement of the regional elastic modulus
of the arterial wall in patients with or without atherosclerotic
plaques is needed. Such a technique for the measurement of
the spatial distribution of the regional elasticity would be
useful for the assessment of the vulnerability of the
atherosclerotic plaque as well as for the diagnosis of early-
stage atherosclerosis. For this purpose, we have developed a
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method, the phased tracking method, for the measurement of
small changes in the thickness of the arterial wall (less than
100 um) due to the heartbeat.'®?* From basic experiments,
the accuracy in the measurement of the change in thickness
has been less than 1um using the phased tracking
method."”**?) From the change in thickness measured by
our method, the regional strain and the elasticity of the
arterial wall can be evaluated noninvasively.?>2>

From the measured elastic property, it should be possible
to discriminate tissues in the atherosclerotic plaque, such as
fibrous tissue, lipids, and calcified tissue, due to large
differences in their respective elasticities. However, it is
difficult to discriminate some tissues such as lipids and blood
clots because of small differences in their elasticities. An
additional mechanical property of tissue with the potential to
provide useful information for the discrimination of tissues
is viscosity.

In the methods mentioned, including our method, the
elastic modulus at about 1 Hz due to heartbeat is obtained.
However, it is difficult to determine the viscoelasticity from
the measurement of the elastic modulus at only one
frequency. To obtain the viscoelasticity, we measured the
elastic moduli from changes in wall thickness at multiple
frequencies generated by the change in internal pressure due

pulse repetition
interval T'

trigger M M
L 5

skin arterial wall
surface

recei\fed

signa -
ultrasonic|
transduce!

original
sinusoidal

S {1 time (depth)

T e
)

. i
U

received signal for eac
time transmitted RF pulse

[J¢7]

Fig. 1. Schematic diagram of the phased tracking method.
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26) The elastic modulus increased

to remote cyclic actuation.
with actuation frequency.

In this study, by assuming the Voigt model as a
viscoelastic model of the wall, the static elastic modulus
and the viscosity constant of a silicone rubber tube are
estimated from the elastic moduli measured at multiple
actuation frequencies. The estimated static elastic modulus
and viscosity constant are validated by comparison with
those measured by a laser line gauge. Furthermore, the
viscoelasticity of a human carotid artery is measured by
applying remote actuation at the brachial artery.

2. Principles

2.1 Measurement of the change in wall thickness by the
phased tracking method
As illustrated in Fig. 1, for the measurement of the small

M/2
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change in wall thickness, the phase shift of the echo caused
by displacement of an object is estimated from two
consecutive echoes.'® For this purpose, quadrature demod-
ulation is applied to the received ultrasonic waves reflected
by the object and the analog-to-digital (A/D) conversion is
applied to the in-phase and the quadrature signals. From the
demodulated signal, z(t; d + x()), reflected at a depth d +
x(t) at a time ¢, where d and x(¢) are the initial depth set at
t = 0 and the displacement of the object in the direction of
the depth, the phase shift, A¢(r), between two consecutive
echoes is obtained from the complex cross-correlation
function calculated for M + 1 samples in the direction of
the depth as follows:

Y 2t +Tid+x(t) + mD) - Z*(t:d + x(t) + mD)

equg(t) _ m=—M/2
1 M2

, Q2.1

> 2+ Tid+x(t) + mD) - £(t:d + x(1) + mD)

m=—M/2

where D and T are the spacing of sample points in the depth
direction and the pulse repetition interval, respectively, and
* represents the complex conjugate. In the measurement of
the change in thickness, M + 1 in eq. (2.1) is set at 5
(= 0.4 us) in consideration of the pulse length of 0.46 us.

From the estimated phase shift, A;i)\(t), the velocity, v(?),
of the object is obtained as follows:

co Ag(1)

1) =——
/'U\() 2(1)() T

, 2.2

where wy and ¢y are the center angular frequency of the
ultrasonic pulse and the speed of sound, respectively.

In the estimation of the phase shift from eq. (2.1), the
position of the object is tracked by the integration of the
average velocity, v(f), during the pulse repetition interval, T,
as follows:

Xt+T)=%xt)+v(t) x T

— 1) — —— AG(). (2.3)
20)0
From the displacements, x4(#) and xz(7), of two points set
in the arterial wall along an ultrasonic beam, the small
change in thickness, Ah(t), between these two points is
obtained as follows:

A(t) = Tu(t) — Rp(t)

- /0 (Ba(0) — D0}, 2.4)

2.2 Elastic modulus obtained by measuring the change in
wall thickness
From the measured change in wall thickness, the circum-
ferential elastic modulus is obtained as follows:>® Under in
vivo conditions, the artery is strongly restricted in the axial
direction. Therefore, a two-dimensional stress-strain rela-
tionship can be assumed.

Under such conditions, the radial incremental strain,
Aeg(t), which is defined by dividing the change in thickness,
Ah(t), by the thickness of wall, hg, at the end of diastole, is
expressed by the radial and circumferential incremental
stresses, Ao(t) and Aoy(?), as follows:

Ah(t)
0
Ao(r)  Aoy(r)
= — .
Er EO

where E., Ey, and v are the radial and circumferential elastic
moduli and Poisson’s ratio, respectively.

From the change in internal pressure, Ap(¢), the circum-
ferential and radial incremental stresses, Ao, () and Aoy(t),
are expressed as follows:

Ag () =

2.5)

Acy(t) = ;—2 Ap(), (2.6)

1
Ao(t) = — 7 Ap(t), 2.7

where ry is the inner radius at the end of diastole.
By substituting eqs. (2.6) and (2.7) into eq. (2.5), eq. (2.5)

is rewritten as follows:

1ap@) 1o Ap()

2 E ho Eg

Ag(t) = — (2.8)
By assuming that the arterial wall is incompressible
(v = 0.5), eq. (2.8) can be rewritten as follows:

Bl (B S

. (2.9
2 \ hy Ey) —Ae(t)

Furthermore, by assuming isotropy (E; ~ Ej), the elastic
modulus, EZ, obtained from the change in wall thickness is
defined as follows:
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()2
2 \ ho Ah(t)
ho

In the literature,’” the E,/E; of the arterial wall is
reported to be 0.8. By substituting ry/hp =4.7 and
Ap(t)/Ae () = 200kPa as typical values into eqs. (2.9)
and (2.10), the error in EZ from Ey at E;/Es = 0.8 is about
3%.%3 This error is negligible.

When we describe the change in wall thickness, Ah(t),
and the change in internal pressure, Ap(f), as complex
sinusoidal functions, Ahg - e/@¥<'=¥) and Ap, - ei¥=! at an
actuation frequency, f,., eq. (2.10) can be rewritten as the
complex elastic modulus as follows:

I (r Apo v
2<h0+1> Ahy C
ho

where Ahy and Ap, are the amplitude of the change in wall
thickness and that of the change in internal pressure,
respectively, and v is the phase difference between changes
in internal pressure, Ap(z), and wall thickness, Ah(?).

In this paper, the absolute value, |E§'( fac)|, of the complex
elastic modulus defined by eq. (2.11) is obtained from Ahy
and Apy, which are measured at each actuation frequency,

Jac-

(2.10)

Ep(fue) = @2.11)

2.3 Estimation of viscoelasticity using the Voigt model

In our previous study,”® it was found that the elastic
modulus, |E§’(fac)|, increased with actuation frequency, f.
The reason for this can be thought of as follows: When we
assume the Voigt model, which is illustrated in Fig. 2, as a
viscoelastic model of the wall, the relationship between the
stress, Ao(t), and the strain, Ae(t), is expressed as follows:

Ao(t) = Eg- Ae(t)+1n - % Ae(t), 2.12)
where E; and 7 are the static elastic modulus and the
viscosity constant, respectively, and Eg and n are assumed to
be unchanged by the actuation frequency, f,.. In eq. (2.12),
Ae(t) and Ao(t) correspond to —Aeg(t) = —Ah(t)/hy and
(ro/ho + 1)Ap(#)/2 in eq. (2.10), respectively.

By defining Ao(t) = Aop - P! and  Ae(t) = Asy-
elCt=V) eq. (2.12) can be rewritten as follows:

l AG(1)

Ag(1)
= b

1: coefficient of
viscosity
Es: elastic modulus

Fig. 2. Voigt model.
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Ao(t) = E, - Ae(t) + 2fucy - Ae(®),  (2.13)

where Aoy and Aegg are the amplitude of the stress and that
of the strain, respectively.

From eq. (2.13), the complex elastic modulus,
EVoigt(fac) = |EV0igt(fac)|er = AO‘(t)/AE(l‘), is given by

| Evoigi(fac)| = \/ E2 + (271fac)’, (2.14)
_1( 27facn
Y = tan ( i ) (2.15)

In eq. (2.14), the absolute value of the complex elastic
modulus of the Voigt model increases with the frequency of
the applied stress, and such frequency characteristics can be
observed in the elastic modulus measured by ultrasound.?®
In this study, the static elastic modulus, E, and the viscosity
constant, 7, are estimated by fitting |Evoig(fac)| to |Eg(fac)|
measured at multiple actuation frequencies, f;.

3. Experimental Setup

3.1 Experimental system for basic experiments

The experimental system for basic experiments using a
silicone rubber tube is illustrated in Fig. 3. In this system, the
change in pressure inside the silicone rubber tube is
generated by compressing a rubber balloon, which is placed
at a position 40 cm away from an ultrasonic probe, with an
actuator. This system simulates the measurement of the
change in the wall thickness of the carotid artery due to
remote actuation applied at the brachial artery. The change
in wall thickness due to the resulting change in internal
pressure is measured using ultrasound, and the internal
pressure is also measured by a pressure transducer (NEC
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Fig. 3. Experimental system for basic experiments.
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9E02-P16) placed inside the tube. From the measured
changes in wall thickness and internal pressure, the elastic
modulus can be obtained by eq. (2.11).

3.2 Measurement system

An ultrasonic pulse (center frequency: 7.5 MHz) was
transmitted and received by an ultrasonic probe in standard
ultrasonic diagnostic equipment (TOSHIBA SSH-140A).
The signal received was amplified and demodulated. The
resultant in-phase and quadrature signals were simultane-
ously A/D converted with a 12-bit A/D converter at a
sampling frequency of 10 MHz. The measured digital signals
were transfered to a computer, and the change in wall
thickness was obtained by applying the phased tracking
method to these digital signals.

3.3 Experimental system for pressure diameter test

To validate the elastic modulus, |E3(fac)|, measured by the
phased tracking method, the elastic modulus of the tube was
also evaluated by testing the relationship between internal
pressure and external diameter. The measurement system is
illustrated in Fig. 4. In this experiment, the relationship
between internal pressure and external diameter was tested
by generating the change in internal pressure by compress-
ing a rubber balloon using an actuator. Internal pressure and
external diameter were measured by a pressure transducer
(NEC 9E02-P16) and a laser line gauge (KEYENCE VG-
035), respectively. From the relationship obtained, the
elastic modulus in the circumferential direction was eval-
vated by the incremental elastic modulus, Ej,., defined as
follows:?®

3 Ap(t)
Einc == e

2r2—13 Are(t)

3.1

where r, and ry are the external radius and the inner radius at
the end of diastole, respectively, and Ar.(¢) is the change in
external radius from r..

As with eq. (2.11), eq. (3.1) is rewritten by describing

Are(t) = Areg - =) and Ap(f) = Apg - e¥ as fol-
lows:
air
pump
air
pressure
transducer
specimen (9E02—P16)
laser line rubber
gauge (VG—035) bailoon
measurement system i
actuator

Fig. 4. Experimental system employed for testing the relationship
between the internal pressure, Ap(f), and the external diameter, 2Ar.().
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2
ole Apg

2 r2 — 13 Areo

Einc(fuc) = e, 3.2)
where Are is the amplitude of the change in external
diameter.

4. Basic Experiments Using a Silicone Rubber Tube

4.1 Estimation of viscoelasticity with ultrasound

Figure 5 shows the B-mode image of a silicone rubber
tube. By setting the ultrasonic beam at the position shown in
Fig. 5, the M-mode image was obtained as shown in Fig.
6(a). Figure 6(b) shows the measured internal pressure. From
Fig. 6(b), it was found that the change in internal pressure at
the measurement position can be generated by remotely
applied actuation. By setting two points, A and B, along the
ultrasonic beam at a time ¢ = 0 in the M-mode image, the
velocities, v4(7) and vp(¢), of these points were obtained by
the phased tracking method as shown in Figs. 6(c) and 6(d).
The change in the thickness, AA(f), of the anterior wall was
obtained by integrating the difference between these two
velocities. In Fig. 6(e), a minute change in the thickness of

beam position
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point B
((QEIL))
lumen

Fig. 5. B-mode image of a silicone rubber tube.
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Fig. 7. (a) Mean internal pressure. (b) Elastic moduli, \E{,’(fac)l, measured
at each actuation frequency, f;., using ultrasound (plot), and the estimated
Voigt model (solid curve).

less than 10 um was measured at an actuation frequency of
7.5 Hz. Furthermore, the change in internal pressure, Ap(?),
at other frequencies can be generated by changing the
actuation frequency, fi.. In this study, changes in wall
thickness, Ah(f), and internal pressure, Ap(f), were meas-
ured at multiple frequencies from 7.5 Hz to 20 Hz. To obtain
the amplitude of the change in wall thickness, Ahg, and that
of the change in internal pressure, Apy, at the actuation
frequency, f,., the Fourier transform was applied to those
waveforms. The elastic modulus, |Eg(fac)|, at each actuation
frequency, which is shown by diamonds in Fig. 7, was
obtained from the estimated Ahy and Apy. The static elastic
modulus, E;, and the viscosity constant, 1, were estimated as
E; = 1.3 MPa and n = 25 kPa-s, respectively, by minimizing
the mean squared difference between eq. (2.14) and |Eg(fac)|
measured by ultrasound. In Fig. 7, the estimated Voigt
model is shown by a solid curve.

4.2 Comparison with results obtained using a laser line
gauge

The static elastic modulus and the viscosity constant
measured by ultrasound as shown in Fig. 7 were validated by
measurements using the laser line gauge.

In Fig. 8, the elastic modulus, |Ej(fic)l, which was
obtained by measuring the change in internal pressure,
Ap(t), and the change in external diameter, 2Ar.(¢), using a
pressure transducer and a laser line gauge, respectively, is
shown by diamonds. The static elastic modulus, E, and the
viscosity constant, 1, were estimated to be E; = 1.5 MPa and
n = 25kPa-s, respectively, by minimizing the mean squared
difference between eq. (2.14) and |Ej,.(fic)| measured using
a laser line gauge.
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Fig. 8. (a) Mean internal pressure. (b) Elastic moduli, |Einc(fac)ls

measured at each actuation frequency, f,., using the laser line gauge
(plot), and the estimated Voigt model (solid curve).

The static elastic modulus, E;, and the viscosity constant,
n, measured by ultrasound (Eg; = 1.3MPa, n = 25kPa-s)
were in good agreement with those obtained by the laser line
gauge (Es = 1.5MPa, n = 25 kPa-s). From these results, it is
found that the viscoelasticity of the silicone rubber tube can
be estimated using the ultrasonic phased tracking method
combined with remote actuation.

4.3  Comparison with the static elastic modulus measured
by the static experiment

The measured static elastic modulus, Eg, by ultrasound
was also validated by comparing it with E§ obtained by the
different static experiment.

In this experiment, the change in internal pressure was
increased using an air pump. Figure 9 shows the relationship
between the change in wall thickness measured by ultra-

100 f * T f f

internal pressure [nmHg]

25

15 20
change in thickness [um]

Fig. 9. Relationship between the change in wall thickness, Ah(t), and the
change in internal pressure, Ap(?).
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Fig. 10. B-mode image of a human carotid artery (29-year-old male).

sound and the change in internal pressure measured by the
pressure transducer. Because of the nonlinearity in the
stress-strain relationship shown in Fig. 9, the static elastic
modulus, Es, changes with the pressure level (1.2 MPa at
30mmHg, 1.5MPa at 50 mmHg, 1.6 MPa at 70 mmHg). In
§4.1 and §4.2, |Eg(fuc)| and |Ejn(fac)| were measured at a
mean internal pressure of 50 mmHg. At a pressure of
50 mmHg, the static elastic modulus, E;, was determined to
be 1.5 MPa by this static experiment, and the value agreed
well with that obtained by ultrasound (1.3 MPa).

5. In vivo Measurement at a Human Carotid Artery

In in vivo experiments, remote actuation was applied from
the skin surface at the brachial artery using an actuator, and
the change in wall thickness due to the remote actuation was
measured at the carotid artery.

Figure 10 shows the B-mode image of the carotid artery of
a 29-year-old male. By setting the ultrasonic beam at the
position shown in Fig. 10, the M-mode image was obtained
as shown in Fig. 11(a). Figure 11(c) shows the blood
pressure measured at the radial artery with an applanation
tonometer (COLIN JENTOW7700). By setting two points,
A (intimal side) and B (adventitial side), along the ultrasonic
beam at the R-wave of the electrocardiogram shown in Fig.
11(b), the velocities, v4(f) and vp(¢), of these points were
obtained by the phased tracking method as shown in Figs.
11(d) and 11(e), respectively. In Figs. 11(d) and 11(e), there
are velocity components caused by remote actuation (10 Hz).
Furthermore, changes in internal pressure, Ap(f), at other
frequencies were generated by changing the actuation
frequency, fic. In this in vivo measurement, changes in wall
thickness, Ah(f), and internal pressure, Ap(f), were meas-
ured at frequencies of 7.5 Hz, 10 Hz, and 12.5 Hz.

In cardiac systole, there are velocity components caused
by the heartbeat, and it is difficult to discriminate those from
the velocity component caused by remote actuation. There-
fore, in this study, the amplitude of velocity components
caused by remote actuation was measured in cardiac
diastole. Figures 12(1), 12(2), and 12(3) show internal
pressures and velocities at the intimal and adventitial sides
approximately 0.6s after the R-wave of the electrocardio-
gram at actuation frequencies of 7.5Hz, 10 Hz and 12.5 Hz,
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Fig. 11. (a) M-mode image of a human carotid artery. (b) Electrocardio-

gram. (c¢) Blood pressure measured at the radial artery using an
applanation tonometer. (d) Velocity of the intimal side. (e) Velocity of
the adventitial side.
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Fig. 12. Blood pressure and velocity after 0.6s from the R-wave of
electrocardiogram. (1) 7.5Hz. (2) 10 Hz. (3) 12.5 Hz. (a) Blood pressure.
(b) Velocities at the intimal side and the adventitial side.

respectively. In Fig. 12, it is shown that the amplitude of
velocity at the intimal side is larger than that at the
adventitial side. The changes in wall thickness were
calculated from the differences between the amplitudes of
velocities at the intimal side and the adventitial side, which
can be measured from Figs. 12(1-b), 12(2-b), and 12(3-b).
From the amplitudes, Apy and Ahy, of the change in internal
pressure and the change in wall thickness measured from
Fig. 12, the elastic modulus, |Eg(fac)|, at each actuation
frequency is obtained and plotted as a function of actuation
frequency, f,c, as shown in Fig. 13. In Fig. 13, it is shown
that the elastic modulus, |E§( fac)|, increases with actuation
frequency, f,.. From the measured IEQ( fac)|, the static elastic
modulus, E, and the viscosity constant, i, were estimated to
be 100 kPa and 3.0kPa-s, respectively.

The relationship between the mean internal pressure and
the elastic modulus of the human carotid artery is reported in
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Fig. 13. Elastic moduli, |Eg(fac)|, of a carotid artery measured at multiple
frequencies (plot), and the estimated Voigt model (solid curve).

the literature.”® At a pressure of about 120 mmHg, which
corresponds to the systolic pressure, the elastic modulus is
about 1.4 MPa. In diastole (blood pressure: about 60 mmHg),
it is reported that the elastic modulus has a similar value
(about 200kPa) in comparison with that measured in this
paper during diastole. Furthermore, the viscosity constant is
reported to be about S5kPa-s. The viscosity constant
measured by the proposed method is in good agreement
with that reported in literature.

From these results, it is found that the viscoelasticity of
the arterial wall can be measured with transcutaneous
ultrasound using remote actuation.

6. Conclusions

In this study, basic experiments were performed for the
assessment of viscoelastic properties of the arterial wall. If
the wall is viscoelastic, the elastic modulus is changed by the
frequency of the applied stress. To investigate the frequency
characteristic of the elastic modulus, it is necessary to
generate changes in internal pressure at multiple frequencies.
By measuring the resultant minute change in wall thickness
by our phased tracking method, the frequency characteristic
of the elastic modulus was obtained. We then assume the
Voigt model as a viscoelastic model of the wall, and the
static elastic modulus and the viscosity constant were
obtained from the elastic moduli measured at multiple
actuation frequencies. Such a method for the noninvasive
measurement of the viscoelasticity has potential for the
characterization of tissues in the arterial wall.
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