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Abstract

The endothelial dysfunction is considered to be an
initial step in atherosclerosis. Additionally, it was
reported that the smooth muscle, which constructs the
media of the artery, changes its characteristics owing to
atherosclerosis. Therefore, it is essential to develop a
method of assessing the regional endothelial function
and mechanical properties of the arterial wall. To
evaluate the endothelial function, a conventional
technique of measuring the transient change in the
diameter of the brachial artery caused by flow-
mediated dilation (FMD) after the release of
avascularization is used. However, this method cannot
evaluate the mechanical properties of the wall. We
previously developed a method for the simultaneous
measurements of waveforms of radial strain and blood
pressure in the radial artery. In this study, the
viscoelasticity of the arterial wall was estimated from
the measured stress—strain relationship using the least-
squares method and the transient changes in the

mechanical properties of the arterial wall were revealed.

From in vivo experimental results, the stress-strain
relationship showed a  hysteresis loop and
viscoelasticity was estimated by the proposed method.
The slope of the loop decreased owing to FMD, which
resulted in the decrease in estimated elastic modulus.
The increase in the area of the loop occurred after
recirculation, which corresponds to the increase in the
ratio of the loss modulus (depends on viscosity) to the
elastic modulus when the Voigt model is assumed. In
this study, the variance in estimates was evaluated by
in vivo measurement for 10 min. The temporal decrease
in static elasticity after recirculation due to FMD was
much larger than the evaluated variance. These results
show a potential of the proposed method for the
thorough analysis of the transient change in
viscoelasticity due to FMD.

In addition to the mechanical property and function
of the arterial wall, the condition of blood, such as red
blood cell (RBC) aggregation, a determinant of blood
viscosity, plays an important role in blood flow
rheology. RBC aggregation is induced by the adhesion
of RBCs when the electrostatic repulsion between
RBCs weakens owing to increases in protein and
saturated fatty acid levels in blood, and excessive RBC
aggregation may lead to various circulatory diseases.
This study was conducted to establish a noninvasive

quantitative method for the assessment of RBC
aggregation. The spectrum of nonaggregating RBCs
presents Rayleigh behavior, indicating that the power
of a scattered wave is proportional to the fourth power
of frequency. By dividing the measured power
spectrum of echoes from scatterers by that from a
silicone plate reflector, the frequency responses of
transmitting and receiving transducers are removed
from the former spectrum. This normalized power
spectrum changes linearly with respect to logarithmic
frequency. In non-Rayleigh scattering, on the other
hand, the spectral slope decreases because a larger
scatterer behaves as a reflector and echoes from a
reflector do not show frequency dependence. Therefore,
it is possible to assess RBC aggregation using the
spectral slope value. In this study, spherical scatterers
with diameters of 5, 11, 15, and 30 um were measured
in basic experiments. The spectral slope of the
normalized power spectrum of echoes from the lumen
of the vein in the dorsum manus of a 24-year-old
healthy male was close to that from microspheres with
a diameter of 15 um, and the typical RBC diameter was
smaller than this value. The frequency-dependent
attenuation of ultrasound during propagation in a
biomedical tissue was considered to be one reason for
this. Furthermore, during avascularization, the slope
gradually decreased owing to the aggregation of RBCs.
These results show the possibility of using the
proposed method for the noninvasive assessment of
RBC aggregation.

1. Introduction
1.1. Measurements of flow mediated dilation

The main cause of circulatory diseases is considered
to be atherosclerosis. Therefore, the quantitative
assessment of atherosclerosis is essential for making an
early diagnosis of these diseases.

The endothelial dysfunction is considered to be an
initial step in atherosclerosis [1]. Additionally, it was
reported that the smooth muscle, which constructs the
media of the artery, changes its characteristics owing to
atherosclerosis [2]. Consequently, it is important for an
early preventive treatment to noninvasively assess the
endothelial function and mechanical properties of the
media mainly composed of smooth muscle.

Endothelial cells react to the shear stress caused by
blood flow and produce nitric oxide (NO), which is
known as a vasodepressor material. The smooth muscle



is relaxed as a result of the response to the produced
NO. This function is important for maintaining the
homeostasis of the vascular system. Smooth muscle
cells in the media are classified into two types with
different functionalities [3]. The composite type is
proliferative, and the contractional type contracts and
relaxes as responses to chemical and mechanical
stimuli.

When the blood vessel is initially formed, smooth
muscle cells change their type from composite to
contractional and control blood flow and blood
pressure. On the other hand, after the vascular system
is established, smooth muscle cells change their
characteristics from contractional to composite owing
to atherosclerosis. The composite type is related to the
growth factor and accelerates the migration of smooth
muscle cells to the intimal layer. Therefore, as
described above, the evaluation of the endothelial
function and characteristics of smooth muscle cells is
important for the early diagnosis of atherosclerosis.

For the evaluation of the endothelial function, there
is a conventional technique of measuring the transient
change in the inner diameter of the brachial artery
caused by flow-mediated dilation (FMD) after the
release of avascularization [4]. For a more sensitive
and regional evaluation, we developed a method of
directly measuring the change in the elasticity of the
intima—media region due to FMD [5].

We propose a method for the evaluation of FMD,
which was previously applied to the measurement of
the radial artery. There is an inversely proportional
relationship between the percent change in inner
diameter due to FMD and that in the inner diameter of
the artery at rest because the flow velocity, which
affects the shear stress, is inversely proportional to the
square of the inner diameter when the pressure and
flow volume are constant [6]. Additionally, the blood
pressure (stress) waveform can be continuously
measured in the radial artery, together with the minute
change in thickness (radial strain), which is measured
using the ultrasonic phased tracking method [7]. From
such measurements, we could determine the stress-
strain relationship during each heartbeat [§]. Therefore,
the radial artery would be a more suitable site for the
measurement of FMD.

In this study, from the stress-strain relationship
during each heartbeat, the viscoelasticity of the intima—
media region was estimated using the least-squares
method, and the transient change in viscoelasticity due
to FMD was estimated. In addition, the viscoelasticity
at rest was measured for 10 min to evaluate the
variance in measurements [9].

1.2. Evaluation of red blood cell aggregation
Medical ultrasound is clinically used to make a
diagnosis for various organs, and because it is
noninvasive and relatively stress free for patients, it can
be repeatedly employed to confirm time-dependent
changes. Ultrasound B-mode imaging is widely used
for the morphological diagnosis of the arterial wall. In
addition, methods for evaluating the viscoelasticity of
the arterial wall have recently been developed [8,10]

because the mechanical properties of the arterial wall
are related to the atherosclerotic change.

The condition of blood is an important factor related
to various circulatory diseases. However, conventional
ultrasonic images cannot be used to evaluate the
condition of the blood in the blood vessel because red
blood cells (RBCs), which are the main components of
blood, are much smaller than the wavelength of
ultrasound and the wvariation in acoustic impedance
between blood plasma and RBCs is very small.
However, the condition of blood is related to various
circulatory diseases, and the evaluation and diagnosis
of such a condition are important for the detection of a
discase at an early stage.

As one of the determinants of blood viscosity, RBC
aggregation plays an important role in blood flow
rheology. The adventitia of healthy RBCs is charged
with negative electricity, which impedes RBC
adherence by electrostatic repulsion [11]. However,
owing to increases in protein and saturated fatty acid
levels in blood, such repulsion between RBCs is
gradually weakened and RBC aggregation is induced
by the overlapping of RBCs. The main function of
blood is to transport nutrients, oxygen, and essential
elements to tissues and to remove metabolic products,
such as carbon dioxide and lactic acid, produced by
those tissues [12]. However, RBC aggregation
significantly degrades this function because of the
decrease in the superficial area used to transport
materials. Excessive RBC aggregation may promote
various circulatory diseases, such as atherosclerosis,
hypercholesterolemia, diabetes, thrombosis, and so on
[13-16]. Therefore, the assessment of RBC aggregation
is essential [17]. The micro channel array flow analyzer
(MCFAN) method is a recently developed technique
for the assessment of RBC aggregation by determining
whether red blood cells pass through gaps in silicon
substrates simulating blood capillaries [18]. However,
this method is invasive and is not quantitative. The
present study was conducted to establish a noninvasive
quantitative method for the assessment of RBC
aggregation [19].

2. Materials and Methods

2.1. Measurement of viscoelasticity of radial
arterial wall

2.1.1. Measurement of minute change in
thickness of arterial wall for measurement of
stress-strain relationship

The arterial wall is composed of three layers, namely,
intima, media and adventitia. The smooth muscle,
which constructs the media, is the main source of the
viscoelasticity of the vessel wall. Therefore, the
dilation and contraction of the artery depend on the
characteristics of the media. The detailed analysis of
the change in the viscoelasticity of the arterial wall due
to FMD requires the in vivo measurement of the stress-
strain relationship, which has not been measured
noninvasively thus far.



The blood pressure waveform can only be measured
noninvasively in vivo at the radial artery. However, it is
impossible to measure the strain of the radial arterial
wall by ultrasound at a typical frequency (10 MHz) in
conventional equipment. Therefore, we constructed an
acquisition system for high-frequency ultrasound [8].
This system improved the spatial resolution in the axial
direction. Therefore, this system allows more detailed
measurements and analyses. Figure 1 shows the B-
mode images of the radial artery along the longitudinal
axis and in the plane perpendicular to the axis of the
artery.

10 MHz
(Conventional)

Fig. 1. B-mode images of the radial artery along the
longitudinal axis (left) and in the plane perpendicular
to the arterial longitudinal direction (right).

To determine the stress-strain relationship, the
minute change in the thickness (strain) AA(f) of the
right radial arterial wall during a cardiac cycle was
measured using the phased tracking method [7].
Together with the measurement of RF signals for the
estimation of AA(f), the waveform of blood pressure
(stress) p(f) in the left radial artery was continuously
measured with a sphygmometer.

To obtain the change in thickness, the velocities of
artery-wall boundaries (lumen-intima and media-
adventitia) were estimated. The velocity v(f) was
estimated from the phase shift AB(¢) of echoes in two
consecutive frames. The phase shift AB(f) was obtained
using the complex cross-correlation applied to the
demodulated signals of RF echoes. From the estimated
phase shift A6(7), the average velocity 7(t) of the
arterial wall at the pulse repetition interval 7' was
obtained as

20} )

where @y and ¢ are the center angular frequency of the

ultrasound wave and the speed of sound, respectively.
The change in thickness, AA(f), between two different
depths, A and B (corresponding to the boundaries of
the arterial wall), in the arterial wall along an ultrasonic
beam was obtained from the difference between
displacements, x,(¢) and xp(¢), at these two positions as

AR(t) = %5(t) — %5(t)

= [T - T3 (D)]dt. @)

The change in thickness, AA(f), corresponds to the
incremental strain in the arterial radial direction at the
time ¢ due to the pressure increment Ap(f) from the
diastolic pressure.

2.1.2. Estimation of viscoelasticity of arterial
wall using least-squares method

The smooth muscle constructs the media and is the
main source of the viscoelasticity of the arterial wall.
We assumed a viscoelastic model as a mechanical
model of the arterial wall to estimate its viscoelasticity.

There are many types of models for describing the
viscoelasticity of the arterial wall. We selected a
viscoelastic model with two components to simply
understand the viscoelastic behavior of the arterial
wall; one component corresponds to elasticity and the
other to viscosity. In this study, the Voigt model was
used because the deformation of the arterial wall
during one cardiac cycle is reproducible among cardiac
cycles, and there is no permanent deformation. The
Maxwell model, which is another model with two
components, was not used because it should be used
for viscoelastic materials showing a permanent
deformation.

By assuming the Voigt model as a viscoelastic
model of the intima—media region, the stress—strain
relationship is given by

#(t) = Esy(©) + ny(t) + 70, )

where Z(t) is the stress modeled by the Voigt model
and y(t), y(t), E;, and n are the strain, strain rate,
static elasticity, and viscosity, respectively. In the in
vivo measurement, the measured strain y(f) is the
incremental strain due to the pulse pressure, whereas
the measured stress includes the bias stress (diastolic
blood pressure). Therefore, T, is added to the right-
hand side of eq. (3) as the bias stress corresponding to
diastolic pressure.

The parameters in eq. (3), Es, ), and T, are estimated
using the least-squares method by minimizing the mean
squared error o between the measured () and model
T(t) stresses and defined by

a = E/[{z(t) - 2(©)}*], “4)

where E/[- - - ] indicates the averaging operation during
a cardiac cycle. The parameters Eg, fj, and t, that
minimize o are determined by setting the partial
derivatives of o with respect to E;, 1, and T, to zero as

da da da

6_155_0'%_0'%_0' (5)
To solve the simultaneous equations, the optimum
parameters that minimize o are determined.



2.1.3. Procedure for in vivo measurement

The right radial arteries of two healthy male subjects
(subject A: 35 years old and subject B: 22 years old)
were measured. In these measurements, ultrasonic RF
echoes (transmit: 22 MHz) were acquired at a sampling
frequency of 66.5MHz for 2 s and the frame rate was
about 160 Hz [8]. The acquisition for the evaluation of
FMD was repeated every 20 s for 2 min at rest before
avascularization and every 12 s for 3 min after
recirculation. Together with the measurement of RF
signals, the waveform of blood pressure p(¢) in the left
radial artery was continuously measured with a
sphygmometer (Colin Jentow-7700). Additionally, for
the evaluation of reproducibility, RF data and the blood
pressure waveform at rest were measured every 1 min
for 10 min. In this study, a sphygmometer, which
automatically optimizes the position of the sensor for
blood pressure measurement by detecting the regional
pulsation of the radial artery, was used for the
continuous measurement of the blood pressure
waveform p(f) for about 10 min. However, the
sphygmometer always requires the arterial pulsation to
optimize the position of the sensor. In this
measurement, therefore, the sensor of the
sphygmometer was placed in the left arm, in which
avascularization was not induced.

The experimental apparatus employed in this study
showed undesirable time delays. We corrected the time
delay between stress and strain to determine the stress—
strain relationship that depended on only the
viscoelasticity of the arterial wall [8]. The transient
change in stress-strain relationship during a cardiac
cycle due to FMD was obtained from the measured
change in the thickness AA(?) of the arterial wall and
from the blood pressure Ap(?).

2.2. Evaluation of red blood cell aggregation

An RBC is a very small ultrasonic scatterer whose
diameter is 8 wm at most, and thus, the amplitudes of
scattered RF echoes are very small. To assess the level
of RBC aggregation, the power spectrum of the echoes
from RBCs is calculated using the fast Fourier
transform (FFT), and the scattering properties of RF
echoes are evaluated in the frequency domain. In the
present study, it was assumed that the diameter of a
scatterer increases depending on the degree of RBC
aggregation.

The scattering strength can be measured
quantitatively in terms of a backscattering coefficient if
the tissues can be modeled as a random medium.
Figure 2 shows the geometrical condition in the
measurement of echoes from a random medium with a
circular transducer [20]. The average power spectrum
S{f) of incoherent components of the echo scattered by
the random medium is given by

S,(F) = lanfpoG(AIK*R2 (D) (), 6)

2wy

where k is the wave number of ultrasonic waves (k =
2 f /o, co 1s the average sound velocity), po is the
average density of the medium, G(f) is the electric
characteristic of the transducer, R, is the standard
deviation of the amplitude reflection coefficients of
scatterers, S, is the area of the transducer aperture, and
woy 1s the distance between the transducer and the
scatterers. Furthermore, g(f) is expressed as

n?%gtdo

g(f) = (T) (O-b_z + 0-’1?2 + 0_—2)_16_0-2,(2’

(7

where d is the thickness of the layer of the medium
including scatterers, G, and o are the beam radius (G
= 8% wy/ka) and /2"’ (a: aperture radius), respectively,
and o is the correlation length of continuous
inhomogeneous media [21], being related to the
diameter of the scatterer [20]. In this case, the
correlation length is much smaller than the diameter
and beam width of the transducer. Therefore, the
following approximation holds:

w5 oo = (o2 [(2) T+ (2) e
= g2,

®)

Using eq. (8), eq. (6) is modified as
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Fig. 2. [Illustration of geometrical condition in
measurement of echoes from scatterers with a circular
transducer.

where Z, is the average specific acoustic impedance of
the medium. When scatterer diameters are sufficiently
smaller than the ultrasonic wavelength [koK1,
e k*0® =1 §(f) « k*c® ], echoes from scatterers
show Rayleigh behavior, i.c., the power S(f) of
scattered waves is proportional to the fourth power of
frequency, f* [20,22,23]. Echoes from scatterers with



larger diameters include the components of reflection,
which have no frequency dependence. Therefore, the
spectral slope decreases when the sizes of scatterers
increase and the components of reflection are included
in the echoes [23].

The measured power spectrum P(f) of the received
ultrasonic echo signal ey(¢) contains both the scattering
property Si(f) from a microscopic sphere and the
frequency responses G(f) of transmitting and receiving
transducers. Therefore, by normalizing the power
spectrum Py(f) of echoes from scatterers by the power
spectrum P,.(f) from a silicone plate, the frequency
responses G(f) of the transmitting and receiving
transducers are removed [25,26].

probe

waler —

Fig. 3. System for measurement of echoes from the
silicone plate.
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Fig. 4. Three RF echoes from the silicone plate at
different points on the surface.
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Fig. 5. Means and standard deviations of power spectra
of the ultrasound echoes reflected from the silicone
plate.

Figure 3 shows a system for measuring an echo e,(¢)
from a silicone plate. The distance between the probe
and the silicone plate was equal to that between the
probe and the middle part of the intravascular lumen in

an in vivo measurement. Figure 4 shows RF echoes
reflected by the surface of the silicone plate and
scattered from the inside of the silicone plate. Three
lines in Fig. 4 show RF signals from different points of
the silicone plate. The scatterer distribution in the
silicone plate is assumed to be random, and only the
echo reflected from the surface can be obtained by
averaging the echoes measured at different points on
the surface. Therefore, echoes from the silicone plate
were acquired at 1000 different points by moving the
transducer. In Fig. 4, there are echoes with much
smaller amplitudes of around 10.4 ps. Such echoes
were supposed to be caused by the interference of
ultrasonic waves during focusing by the concave
transducer used. Such undesirable echoes were
suppressed by applying Hanning windows centered at
10.8 pus when the Fourier transform was performed.
Figure 5 shows the power spectrum P.(f) from a
silicone plate that was obtained by averaging 1000
power spectra of RF echoes from a number of different
points on the surface of the silicone plate. The
frequency range used for normalization was limited
because the ultrasonic pulse used in this study had a
finite frequency bandwidth. In the present study, we
estimated the slope of the normalized power spectrum
P(f)/P.(s) using the weighted least-mean-squared
method by considering the signal-to-noise ratio (SNR)
of the echo at each frequency [27]. Let us define the
mean squared difference between the measured
spectrum and a linear model as

— N 2
A= 2i=0 €

= w2l (f) — (ax, + ), (10
where y(f)) is the normalized logarithmic power
spectrum log;oPy(f)/P(f) at a frequency of f;, x; is the
logarithmic frequency log¢f;, and w; is the weighting
function. In this study, the weighting function w; was
defined by

w; = o (11)
Prmax

where P is the maximum value of the power
spectrum P.(f;) from a silicone plate.

Figure 6 shows the weighting function w;. It is
assumed that the echoes due to reflection do not show
frequency dependence and that only the scattering
property of a target remains in the normalized power
spectrum P(f)/P,(f).

In Rayleigh scattering, the normalized power
spectrum Py(f)/P,(f) changes linearly with respect to the
logarithmic frequency. In non-Rayleigh scattering, on
the other hand, the spectral slope decreases with an
increase in scatterer diameter, such an increase being
equal to that in the correlation length G of the Gaussian
correlation function. In this study, the diameter of the
scatterer was estimated to assess RBC aggregation
from the spectral slope by assuming that the correlation
length ¢ of the Gaussian correlation function of



continuous inhomogeneous media corresponds to the
diameter of the scatterer.
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Fig. 6. Weighting function obtained from averaged
power spectrum of the ultrasound echoes reflected
from the silicone plate.

3. Results
3.1. In vivo measurements of viscoelasticity of
arterial wall

RF data for 2 s obtained by each acquisition included
at least an entire cardiac cycle. Therefore, the changes
in thickness AA(f) and blood pressure p(f) were
obtained for at least one cardiac cycle in each
measurement for estimating the viscoelastic parameters
of the radial arterial wall.

To reveal the change in the stress-strain relationship
of the arterial wall due to FMD, the blood pressure p(f)
and the change in the thickness of the intima-media
region Ah(f) during a cardiac cycle during FMD were
measured. Figure 7 shows the transient change in
stress-strain  relationship between the change in
thickness and the blood pressure of subject A. The
stress-strain relationship showed hysteresis property
and gradually changed its shape. The slope of the
hysteresis loop decreased owing to FMD, which shows
that the elastic modulus decreased. In addition to the
change in slope, the area of the loop clearly increased
after recirculation. The area of the loop depended on
the ratio of the loss modulus ®wn (w: angular frequency
of strain, n: viscosity) to the static elastic modulus £
when the Voigt model was assumed.
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Fig. 7. Transient change in relationship (hysteresis)
between blood pressure p(f) and change in thickness
Ah(f) measured in the radial artery in vivo.

Figures 8(a) and 8(b) show the time sequence of the
blood flow velocities and stress-strain relationships of
subject A, respectively. Blood velocity clearly
increased immediately after recirculation and the
stress-strain relationship started to change. Sixty
seconds after recirculation, blood velocity returned to
its original value and the stress-strain relationship also
came around gradually.

Figure 9(a) shows the transient changes in the means
and standard deviations (SDs) of the static elasticity E;
and viscosity 1 averaged by 5 ultrasonic beams. These
parameters were estimated from the stress-strain
relationships obtained from subject A (the first
measurement). The transient change in static elasticity
E; was similar to that in a different elastic parameter
reported in the literature [5]. The minimum static
elasticity £; was measured at 35 s after the release of
the cuff. The maximum percentage change in static
elasticity E; was about 57% (770 kPa). Moreover, the
viscosity 1, which was evaluated noninvasively by the
proposed method, increased after recirculation. The
measured viscosity was in the same range as the
viscosity at the carotid artery reported in the literature
(in vitro measurement) [28]. The maximum viscosity N
at 35 s after recirculation was about 21 kPa- s, which
was about 94% (10 kPa- s) larger than the mean at rest.

(b)

Change n Thuckness [um]

sresis (b).
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Fig. 9. Transient change in means and SDs of estimated
static elasticity £ and viscosity 1 measured in subject
A: (a) first, (b) second, and (c) third measurements.

Figures 9(b) and 9(c) show the transient changes in
the means and SDs of the static elasticity E; and
viscosity N measured in the same subject on other days
(the second and third measurements in subject A). The
maximum percentage change in static elasticity £
observed at 11 s after recirculation was about 36% (360
kPa) in the second measurement, and that at 7 s after
recirculation was about 50% (490 kPa) in the third
measurement. The maximum increase in viscosity at 35
s after recirculation was about 73% (11 kPa' s) in the
second measurement and that at 73 s after recirculation
was about 240% (23 kPa- s) in the third measurement
from the means at rest.

Figure 10 shows the transient change in the means
and SDs of the static elasticity £; and viscosity M
measured in another subject (subject B). The maximum
percentage change in static elasticity E; at 19 s after
recirculation was about 55% (570 kPa). The maximum
increase in viscosity M at 44 s after recirculation was
about 571% (23 kPa- s) from the mean at rest. The

temporal decrease in elasticity E; and the increase in
viscosity N were observed also in another subject.

avascularization

rest {5 min) recirculation
— -

2800 Viscosity 40
= 2100 -. - 30 ¢
& W a
= &,
:fg 1400 R . | 20 >
o 700 4 : t ]

- -

I T
’&‘V{’F ! Elasticily!

0 60 120 0 30 60 90 120 150 180
time [s]

Fig. 10. Transient change in means and SDs of
estimated static elasticity £ and viscosity 1 measured
in another subject (subject B).
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viscosity | for 10 min in vivo measurements.

Static elasticity E; Viscosity 5
(kPa) (kPa-s)
Average 1225.1 116
SD 640.1 5.0

Table 1. Means and SDs of parameters for 10 min in
vivo measurements.

For the evaluation of reproducibility, RF data and
the blood pressure waveform at rest were measured
every 1 min for 10 min. Figure 11 shows the means
and SDs of the measured static elasticity E; and
viscosity 1. The SDs were obtained from 30 ultrasonic
beams. Horizontal dashed lines show the means of the
parameters.

Figure 11 shows the means and SDs of the
parameters. Table I shows the means and SDs of the



parameters averaged for 10 min. For the static elasticity
E,, the maximum difference from the mean was about
200 kPa (17% of mean). The maximum change in
static elasticity due to FMD (770, 360, 490, and 570
kPa) was much larger than this value. For the viscosity
1M, the variation in mean was 5 kPa's. The maximum
change in viscosity due to FMD (10, 11, 23, and 23
kPa- s) was also much larger than this value. However,
the patterns of the changes in the static elasticity E; and
viscosity m after recirculation, and the time for
observing the maximal changes in these parameters
were different among these measurements.

3.2 Evaluation of red blood cell aggregation
3.2.1 Basic experiments using microspheres

The ultrasound diagnostic equipment (Tomey UD-
1000) employed is equipped with a mechanical scan
probe at a center frequency fy of 40MHz (wavelength is
about 40 um). RF echoes were acquired at a sampling
frequency of 1 GHz at a 16-bit resolution by the
oscilloscope (Tektronix DPO7054), and their power
spectra {P(f)} were obtained by Fourier transform with
a Hanning window of 1.024 ps length. To reduce the
effect of random noise, 1000 power spectra were
averaged. The left-hand column of Table II shows the
different diameters of measured microspheres.
Microspheres (1) and (3) were made of copolymer with
Cl,, and microspheres (2) and (4) were made of
copolymer without Cl,. Microspheres with different
diameters, which were mixed with water at a
concentration of 3.00 g/l, simulated nonaggregated and
aggregated RBCs. This concentration is lower than that
of RBCs in actual blood, preventing the aggregation of
microspheres. RF echoes from the spheres around the
focal point were acquired from spatially different
regions by mechanical linear scan as in the
measurement of a silicone plate to acquire many
statistically independent data points. Effects of the
difference  between  acoustic  impedances  of
microspheres and RBCs were not considered in the
present study, although such effects should be
investigated in future studies.

Particle diameter Slope Intercept
(umy) (1/1ogyg £) (dimensionless)
(1) 5+2 346 -27.2
(2) 11+£3 178 —~14.8
3) 15+5 1.47 -12.9
“) 30+£10 0.02 —0.56

Table II. Microsphere diameters and experimental
results.

Figure 12(a) shows the averaged power spectra of
echoes from the microspheres, and Fig. 12(b) shows
the normalized power spectra. The numbers correspond
to the microsphere numbers in Table II. The spectral
slope and intercept values are shown in the right-hand
column of Table II. Figure 13 shows the mean and
standard deviation of spectral slopes for ten
measurements of each microsphere. In Fig. 12, the
slope of the normalized power spectrum P(f)/P(f) of a

larger scatterer is smaller than that of a smaller
scatterer. This result shows that the slope of the
normalized logarithmic power spectrum logoP(f)/P(f)
is related to the diameter of the scatterer.
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Fig. 12. (a) Averaged power spectra of the ultrasonic
echoes scattered from microspheres of various sizes
and (b) normalized power spectra and the weighted
least-mean-squared regression lines of microspheres
(1)~(4) in Table I1.
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Fig. 13. Mean and the standard deviation of the
estimated spectral slopes as a function of scatterer
diameter.

3.2.2 In vivo experiments

The main components of normal blood are RBCs,
which do not aggregate in large veins because of blood
flow [29,30]. To measure ultrasonic echoes from
aggregated RBCs in addition to those from
nonaggregated RBCs, blood flow was stopped by
pressurizing a cuff surrounding the upper arm at 250
mmHg. Ultrasonic echoes were acquired at rest for 2
min, during avascularization for 5 min, and after
recirculation for 3 min. Figure 14 shows B-mode
images of a vein at the dorsum manus of a 24-year-old
healthy male. B-mode images were measured at rest (1),
at the beginning of avascularization (2), at the end of



avascularization (3), at the beginning of recirculation
(4), and 120 s after recirculation (5). It is possible to
reduce the attenuation of high frequency ultrasound
because the vein at the dorsum manus is a superficial
blood vessel. The vein measured in this study had a
large diameter and a high steady blood flow rate, which
affect RBC aggregation, and thus, the measurement
could be assumed to be performed with respect to the
nonaggregated RBCs at rest. In addition, we measured
the change in spectral slope caused by the change in
blood flow rate due to avascularization using a cuff. RF
echoes from the focal point positioned in the vessel
lumen were acquired from many different positions by
mechanical linear scan to reduce the effect of the
increase in scatterer diameter variation due to
aggregation.

beam number
0 40 80 120

Samasdade oo SR

1 mm I

(C)}

Fig. 14. B-mode images and windows of the vein at the
dorsum manus: (1) at rest, (2) at the beginning of
avascularization, (3) at the end of avascularization, (4)
at the beginning of recirculation, and (5) 120 s after
recirculation.

Figure 15 shows the normalized logarithmic power
spectrum logoP(f)/P(f) obtained from the lumen of
the vein at the dorsum manus of the 24-year-old
healthy male and the weighted least-mean-squared
regression line. Figure 16 shows the transient change in
estimated spectral slope due to avascularization. The
slope of the normalized power spectrum of echoes
from RBCs at rest was close to that of microsphere (3)
(diameter: 15 um) in Table II. The RBC diameter is 8
mm at most and this diameter is between those of
microspheres (1) (diameter: 5 um) and (2) (diameter:
11 um). The spectral slope measured for RBCs was
slightly greater than that of a sphere whose diameter
corresponds to that of an RBC. One of the reasons for
this was considered to be the frequency dependent
attenuation of ultrasound during propagation in
biological tissues. If the attenuation coefficient and the
depth to vein are assumed to be 1 dB- MHz"- cm™ and
1 mm, respectively, the differences between two
logarithmic normalized power spectra log;oP;(f)/P(f)
with and without attenuation are 5 dB at 25 MHz and 7

dB at 35 MHz. Accordingly, the spectral slope
decreases by 1.37 in the frequency band of 25-35 MHz.
Therefore, the measured spectral slope of RBCs was
shown to be decreased.
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Fig. 15. Normalized power spectra and the least-mean-
squared regression lines.
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Fig. 16. Transient change in the estimated spectral

slope during avascularization for 5 min.

Furthermore, the spectral slope gradually decreased
during avascularization and returned to the levels of
rest in the in vivo measurement. Although there are still
many factors to be investigated, such as acoustic
impedances  of  microspheres, methods  for
normalization, and calibration of the system [30], these
results showed that the slope of the normalized power
spectrum changes with scatterer diameter.

5. Conclusion
In this study, methods for measurement of
viscoelasticity of arterial wall and evaluation of red

blood cell aggregation were developed. Such methods
would be useful for early diagnosis of atherosclerosis.
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