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Abstract

Purpose Red blood cell (RBC) aggregation is one of the main factors that determines blood viscosity and an important
indicator for evaluating blood properties. As a noninvasive and quantitative method for diagnosing blood properties, our
research group estimated the size of RBC aggregates by fitting the scattered power spectrum from the blood vessel lumen
with the theoretical scattering characteristics to evaluate the degree of RBC aggregation. However, it was assumed that the
propagation attenuation of ultrasound in the vascular lumen was the same regardless of whether RBCs were aggregated or
not, which caused systematic errors in the estimated size.

Methods To improve the size estimation accuracy, we calculated and corrected the attenuation of the blood vessel lumen
during RBC aggregation and non-aggregation. The attenuation in the blood vessel lumen was calculated with the spectra
acquired from two different depths.

Results In the basic experiments using microparticles, the estimation accuracy decreased as the concentration increased in
the case of the conventional method, but the estimated size tended to approach the true size irrespective of the concentra-
tion, removing the propagation attenuation component with the proposed method. In the in vivo experiment on the human
hand dorsal vein, the size was estimated to be larger during RBC aggregation and smaller during non-aggregation using the
proposed method.

Conclusion These results suggest that the proposed method can provide precise size estimation by considering the propagation
attenuation component regardless of differences in blood conditions such as RBC concentration and degree of aggregation.

Keywords Ultrasound scattering - Red blood cells - Aggregation - Attenuation

Introduction

Evaluation of blood properties is useful for early detection
of cardiovascular diseases, and one of the main indicators is
the degree of red blood cell (RBC) aggregation [1, 2]. RBC
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aggregation is a reversible phenomenon among RBCs, and
it is likely to occur when the blood flow is at a low shear
rate. The degree of RBC aggregation is one of the factors
that determines blood viscosity, and it has been reported
to be related to other blood properties [3]. Conventional
evaluation methods of blood properties are mainly based
on the sampling of blood, which is invasive. Therefore, we
have investigated a noninvasive and quantitative evalua-
tion method of the blood properties based on calculating
the degree of aggregation from the scattering properties of
RBCs using ultrasound. RBCs are the main component of
blood. There have been several reports on the evaluation of
scattering properties from RBCs [4, 5]. Several studies have
been reported on the evaluation of blood properties using
ultrasound. Shung et al. observed changes in the brightness
of blood echoes during a cardiac cycle [6, 7], and Patat et al.
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observed sound velocity and scatterer size changes during
blood coagulation using human whole blood in vitro [8, 9].
All of these evaluation methods were applied to blood drawn
by blood sampling, so these are invasive.

As a noninvasive method, in our research group, Saito
et al. regarded the aggregated RBCs as a sphere scatterer
in in vivo measurements, estimated the scatterer size by
analyzing ultrasound scattering properties, and evaluated
the degree of RBC aggregation [10, 11]. Kurokawa et al.
proposed a selection of analysis beams in the detection of
reflected waves from the posterior wall of a blood vessel,
thereby improving the reproducibility of the reflected spec-
trum [12]. They also confirmed a clear difference in the
estimated size before and during avascularization in in vivo
measurements. However, the difference in the propagation
attenuation component due to the difference in the ultrasonic
propagation paths between the acquisitions of the power
spectra from the lumen and the back wall of the blood ves-
sel as a reference was not considered in their method. This
caused a systematic error in the size estimation results. In
fact, the deterioration of the estimation accuracy was con-
firmed as the particle size and the particle concentration
increased in the basic experiments using microparticles.
There are individual differences from 30 to 50% in the hema-
tocrit (volume ratio of RBCs in the blood) [13], so it is nec-
essary to consider the propagation attenuation component.

There have been several reports on the measurement of
propagation attenuation in vivo. In the time domain, Bald-
win et al. estimated myocardial attenuation using M-mode
images [14], and Chen et al. estimated liver attenuation
using harmonic imaging (HMI) [15]. In the frequency
domain, there are estimation methods of attenuation using
the downshift of the center frequency and the spectral dif-
ference [16]. Heo et al. estimated the attenuation of soft
tissues by calculating the block power spectrum [17]. Kuc
et al. estimated the attenuation using the difference in the
slope of the logarithmic power spectra for two echo signals
obtained from different depths in a tissue [18].

In the present study, we derived intravascular ultrasound
propagation attenuation to estimate the size of RBCs in
consideration of ultrasound propagation attenuation. Fur-
thermore, we attempted to improve the accuracy of the size
estimation method by correcting the propagation attenuation
components.

Materials and methods
Measurement of ultrasonic backscatter properties
When the scatterer size is sufficiently smaller than the wave-

length of the incident ultrasound, the scattering property
follows Rayleigh scattering, and the scattering power is
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proportional to the fourth power of the frequency. As the
scatterer size increases, the frequency dependence of the
scattered power becomes smaller.

Figure 1a, b shows the schematic diagrams of acquisition
of RF signals scattered from RBCs to obtain the scattered
power spectrum P, (f, do) and those reflected from a poste-
rior wall of the vein to obtain the reflected power spectrum
P.(f.d,), respectively. f is the frequency and d, is the dis-
tance from the probe to the data acquisition position. Ultra-
sound is transmitted to blood vessels through water, gel, and
epidermis. The focal point of the ultrasonic probe was set on
the center of the vessel lumen in Fig. 1a and on the posterior
wall of the vessel in Fig. 1b. Equations (1) and (2) show
the power spectra P, (f , do) scattered from the RBCs in the
lumen of the blood vessel and P, (f, do) reflected from the
posterior wall of the vein, respectively. The measurement
positions of both spectra are set at the same distance from
the probe so that the sound pressure properties H (f , do) are
equal:

PA(F.dy) = |S(.do) GOAS (F.do)H (. do) X[ (1)

P,(f.do) = R+ GOAL(f. o) (f. o)X @

In addition to the scattering property from the RBCs
S (f , do), the scattered power spectrum from RBCs P, (f R do)
includes the transmission/reception property of the trans-
ducer G(f), the sound pressure property of the ultrasonic
probe H ( fs do), the frequency property of the applied signal
X(f), and the propagation attenuation property A, (f, do).
P.(f.dy)includes R and A, (f, d, ), not S(f, dy) and Ag(f. d,),
respectively. R represents the reflection coefficient from the
posterior wall of the blood vessel, and it has no frequency
dependence. A, (f,d,) and Ag(f,d,) are the propagation
attenuation properties when acquiring the scattered wave
from the RBC and the reflected wave from the back wall of
the blood vessel, respectively.

To extract only the required scattering property S (f , do),
P, (f , do) is normalized by the reflected spectrum P, (f, do)
from a posterior wall of the vein, as shown in the following
equation:

|7, do) GPAs (F.do)H (1. do))((f)(2
|R - G(A,(f.dy)H(f, do)X(f)‘z

Rl

a0

P(f.dy)
Pr(f’ dO)

2
‘S(f7d0)|
T + lOloglo

101log,, = 10log,,

~ 10 log;,

3)
Since the sound pressure property H (f , do), the applied sig-
nal X(f), and the transmission/reception characteristic G(f)
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are equal, these components are canceled by the normaliza-
tion shown in Eq. (3). Furthermore, for the conventional
method [10-12], the attenuation in each measurement in
Fig. la, b was assumed to be equal, which means
As(f.dy) = A;(f.d,), and the second term on the right side
of Eq. (2) was considered to be 0. Then,

1010g10<|S(f,do)|2/|R|2>

10 log,o{ P,(f.do) /P.(f.dy) }. However, the focal positions
in the two measurements are different. Therefore, the intra-
vascular ultrasound propagation paths are different from
each other, as shown in Fig. 1a, b, and it is considered that
the above assumption is not strict. A, (f, d), A, (f, d), A,(f, d),
and A, (f, d) are the attenuation properties of propagation in
water, ultrasonic gel, skin, and blood before avasculariza-
tion, respectively. In general, the propagation attenuation
property A(f, d) can be expressed as A(f, d) = e 2% with

was obtained from

the attenuation coefficient a(f) and the propagation distance
d.

The propagation paths in water, ultrasonic gel, skin, and
blood vessels when acquiring scattered waves from RBCs

are d,,, dy, d, a112d dy, respectivezly. The attenuation compo-
Aq(f, do)' and (A, (f, do)' are represented as Egs. (4)
and (5), respectively, as the sum of the attenuation compo-
nents in water, gel, skin, and the lumen of the blood vessel:

nents

A5 (7. do)|| = |Au (7. ) Ay (7. d A7 d) Ay (1) [ &)

Ar(f’ dO) |2

= [Au(Fody = dy +d,/2)A, (., /2) A, (. ) A, (£ 2,) |2.
®)
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When the reflected wave from the posterior wall is acquired,
the propagation distance in the blood vessel is twice that
when the scattered wave from the lumen is acquired, but the
propagation distances in water and gel are shortened accord-
ingly. Therefore, the total propagation distance d, is equal in
the two measurements. The propagation attenuation compo-

2 2
nent 10 log,, |AS (7, d0)| /|A(f, do)' of the second term on
the right side of Eq. (3) is obtained as follows:

2

‘As(f9do)| 2
5 = 10log), |AS (f. d0)| —10log,,

10 log,,
)

Alr.do)|

d
=17.37 [db{ab(f) —a,(N}+ Eg{aw(f) - ag(f)}],
(6)

where o, (f) is the attenuation coefficient of blood before
avascularization and a,,(f) is the attenuation coefficient of
water. We insert the measured distance from the B-mode
image into d, and the published data
a,,(f) = 1.94 X 1071® x f2(dB/mm) (at 23 °C) [19] into , (f).
a,(f) is the attenuation coefficient of gel. It is calculated from
the difference in the amplitude spectra of the reflected waves
from the same phantom when the medium of the ultrasonic
wave propagation paths are changed with water and gel,
referring to the published data of a,,(f) [19]. Therefore, if
the attenuation coefficient o, (f) of the blood can be obtained,
the propagation attenuation component

2 2
101og;, |AS (7, d0)| /|A(f, d0)| that occurred during nor-

malization in Eq. (3) can be calculated and removed.

Calculation of blood attenuation coefficient
a, (), @, (f)

To calculate the attenuation coefficients of blood before
avascularizaition (@, (f)) and during avascularization
(a;)(f )), we consider calculating the power spectra from dif-
ferent depths d,and dy(d, < d, < d,,d, : focus), as shown
in Fig. lc, d. d; and d, are made an equal distance from the
center of the lumen to reduce the difference in the RBC
aggregation sizes caused by the distribution of the blood
flow velocity. In these figures, the propagation paths in blood
vessels are set as d,; and d,,, respectively. The power spectra
obtained from each depth can be expressed as Egs. (7) and

(8):

Pu(f.dy) = |S(F.d)GOA(F. d)H(Fd)XO[ . @)

Pu(f ) = [S(F. ) GOA(F. ) H(F )X ®)

Here, assuming that the shear velocities at the positions of d;
and d, are the same, because the positions are made an equal
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distance from the center of the lumen, S(f,d, ) and S(f. d,)
are treated as the same. Taking the ratio of these two spectra
and the logarithm gives the following equation:

i r
—> + 10logy,

)A(f’d2)|

‘H(ﬁdl)

‘H(f’ dy)
)]

Pa(f3dl)

10log,,
Pa (f’ d2

= 10log,, |2.

Equation (9) is converted into the following equation:

2
A(f.d P,(f.d
101og,, (—l)l = 10log,, Pd) log;o

paf )

2
‘H(f7dl)|
—
J0r-2)

10)
The sound 2pressurezproperty difference
1010g10|H(f,d1)| /|H(f,d2)| between the distances d, and

d, in the second term on the right side of Eq. (10) is derived
from the reflected waves from the underwater phantom and
corrected. Therefore, the attenuation property difference

2 2
10log,, <’A (f.4,) | /|A (f.dy) | > can be obtained by meas-

uring P, (f,d,) and P,(f,d,). The left side of Eq. (10) can
be expressed as follows:
2 2

la(r.4))] |44 (7. o) |
101log,, —_— = 101og,, —
la(r. )] 44 (7.di2) |

= ZO{IOgloAb (f’ dbl ) - logloAb (f7 de) }
= 20{log,, e 2%(Ndyy _ log,o =202 )

= 17.37(dy, — dp; ) @, (f) (11)

Therefore, the attenuation coefficient of blood m is
obtained by the following equation:

1 A(f’dl)’z

%) = 17.37(dy, — dy)

- 101ogy 12)

(.|

Here, the propagation attenuation is caused by two factors,
i.e., scattering and absorption. The attenuation coefficient
of blood during avascularization (al’)(f)) can be calculated
in the same way.

Size estimation method by fitting theoretical
and measured properties

In the present study, a scatterer was modeled by assuming an
infinite number of infinitesimal point sources on the surface
of a spherical scattering source [20]. The theoretical scat-
tering property when the scatterer is irradiated by a plane
wave is given by [21]
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o

O(ka) 2n+1 . 51
_47ra2 = ;)—(ka)z sin [5n(ka)], (13)

where Q(ka) is the scattering cross-section, k is the wave-
number, a is the radius of the scatterer, n is the number of
point sources on the surface of the scatterer, and 5;(ka) is
the derivative of the phase difference between the incident
and scattered waves.

Obtaining a theoretical power that minimizes the sum
of squares £(a, b) of the difference betzween the normal-
ized power spectrum 10log, |S(f, d0)| /IR|? obtained by
the measurement and the theoretical scattering power
spectrum for a single spherical scatterer (Fig. 2a) with
different diameters at every 1 um considering the size of
a single RBC [21], the size of the RBC aggregation is
estimated [10]. It is shown in the following equation:

2

a2

2
= S(fi-dy) bO(ka)
e@b) =Y w(f) 101og10# — 101log,,{ 2%
k=0 IR| 4

(14)

where w( k) is the weighting function and b is the intercept
of the theoretical spectrum. In the conventional and pro-
posed methods, the normalized power spectra
10 log,o|S(f, do)|2 /|R|? were obtained without and with con-
sideration of thezpropagatiog attenuation component
10 10g10|As (fs dO)I /|A(F, d0)| in Eq. (3), respectively. The
weighting function w(f ) is calculated from the amplitude of
the scattered power Pg(f, d) obtained from RBCs. Since the
power spectrum Pg(f, d) of the scatterer changes at each
measurement, the weighting function w( k) is calculated at
each measurement for estimating the scatterer size. Fig-
ure 2b shows the measured normalized power spectrum, the
theoretical power spectrum that minimizes ¢, and the weight-
ing function.

Basic experiments using microparticles

To verify the accuracy of the proposed method, we experi-
mented using microparticles with known sizes. The sizes of
the microparticles were 5 and 20 um in diameter, and each
aqueous solution with a microparticles volume ratio of 5, 7,
and 10% was prepared in a beaker. To disperse the micro-
spheres, polyxyethelene octylphenyl ether was used as the
surfactant. The surface of the ultrasonic probe was inserted
into the solution in a steady state. Using the Tomey Ultra-
sound Diagnostic System UD-8000 with a mechanical sec-
tor probe (center frequency: 40 MHz, wavelength: 38.5 um,
focal point: 9 mm), 19 frames of RF signals were acquired
every 5 s at a sampling frequency of 240 MHz. The number
of beams was 113 per frame. The pairs of positions (d 1s d2)
of the window used for the attenuation calculation were set
at three different positions, (A) (8.25: 9.75 mm), (B) (8.5:
9.5 mm), and (C) (8.75: 9.25 mm), which were the same
distances from the depth of 9 mm to cancel out the scattering
properties S(f, d, ) and S(f, d, ) in in vivo experiments. Each
window width was 240 um. The propagation attenuation
components were calculated at each frame using the attenu-
ation coefficient calculated at each frame, and the particle
sizes were estimated using both the conventional method
without correcting the propagation attenuation component
and the proposed method with the correction.

In vivo measurements

RBC aggregation is likely to occur at low shear rates [13,
22, 23]. Therefore, a situation in which RBC aggregation
was likely to occur by avascularizing and reducing blood
flow was modeled in addition to without avascularization.
RF signals from blood were obtained when RBCs were
aggregated and not aggregated. The measurement target was
the dorsal vein near the skin. RF signals were acquired at a
sampling frequency of 240 MHz using a Tomey UD-8000

frequency bandwidth (27~45 MHz) -
(@) 1 e . (b) == experimental power
scatterer = theoretical power (4 pm)

— e diameter (2a) =10 j— weighting function »
= 0.1 i — 60 um / =
% | | — 50 um o =20 2
g o01p —seum| 3N | &
= = ot =2 | @
2n ! 2 =
Ag 0.001 / 16 um B _40 1 ’;b
£ 00001 b=t =52 £
2 0. .y -50 0.5

pum
— 2
0.00001 = -60 0
20 30 40 50 10 20 30 40 50

frequency [MHz]

Fig.2 Size estimation by fitting theoretical and measured scattering prop
results for theoretical and measured properties with a weighting function

frequency [MHz]

erties. a Theoretical properties for each scatterer size [19]. b Fitting
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ultrasound system (center frequency: 40 MHz, wavelength:
38.5 um, focal point: 9 mm). The measurement procedure
was as follows. First, the posterior wall of the vein was set
at a depth of 9 mm, and RF echoes from the lumen-intima
interface were acquired. Then, setting the center of the vas-
cular lumen to a depth of 9 mm, we measured a total of 19
frames; 7 frames every 10 s before avascularization and 12
frames every 10 s during avascularization. The propagation
attenuation component was calculated at each frame using
the attenuation coefficient calculated at each frame, and the
aggregation sizes were estimated without and with correc-
tion of the propagation attenuation components. The power
spectra were calculated for 339 RF signals obtained from
113 beams with Hanning windows of 240 um at three dif-
ferent positions in the lumen, and they were averaged. The
central window was set to a depth of 9 mm, and the remain-
ing two windows were set to a depth shifted up or down by
120 pm from the focal depth for each beam. The subjects
were two healthy males.

Results and discussion
Basic experiments using microparticles

The attenuation coefficients were measured for three solu-
tions; 5-um and 20-um microparticles were dissolved,
respectively, in two solutions, and they were mixed at a
ratio of 1:1 in a solution. Figure 3 shows B-mode images of
each solution at a 5% volume ratio, power spectra, and the
attenuation coefficients a,,(f) calculated with windows at
positions (A) (8.25: 9.75 mm), (B) (8.5: 9.5 mm), and (C)
(8.75: 9.25 mm). As shown in Fig. 3, the attenuation coef-
ficients a,,,(f) increased as the size increased. Comparing the
attenuation coefficients at different window positions with
the three solutions, similar properties were exhibited at posi-
tions (A) and (B), but the slope at position (C) was steeper
than those at positions (A) and (B). This suggests that the
calculation of the attenuation coefficient requires sufficient
distance between two windows.

1 mm a b
(a) (b) (©)
r T T T T T T T T 1 30 — l’_) ( ) 8 2§ 9 7q
1 [nl‘i e §.£5mm - 9.25mm £ - (A)8.25:9.75 mm
| — 8.5 —— 95 £ — ‘o5
20 T — S.75n;:::n -——— ‘).75“:::)\ 2 00— (B)8.5: 9.5 mm
| T T T S, | == (C)8.75: 9.25 mm
= g 8 ‘
= k)
(1) h i
o _5 5 -
9 mm z g
0 =% E _‘ -~
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frequency [MHz]

frequency [MHz]

)
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Fig. 3 B-mode images and attenuation coefficients for microparticles. a B-mode image. b Power spectrum. ¢ Attenuation coefficient a,,(f). (1)

5 um. (2) Mixed with 5 um and 20 um. (3) 20 pm
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Figure 4 shows the size estimation results. With the
conventional method, the estimated size increased as the
volume ratio increased for all particle sizes. It was con-
sidered that the higher the volume ratio, the higher the
attenuation caused by the scattering in the propagation
path, remarkably in the higher-frequency components. It
caused the slope of the spectrum to become gentler, and
the size was estimated to be large. With the estimation
using the proposed method, almost the same sizes were
estimated regardless of the volume ratio for 5-um par-
ticles, and they were closer to the true size compared to
the conventional method. It was also shown that the pro-
posed method gave almost the same sizes regardless of
the volume ratio change even in the solution in which the
two kinds of particles were mixed and the 20-um particle
solution with window positions (A) and (B). For 20-um
particles, the sizes estimated with the proposed method
were slightly smaller than 20 um with window positions
(A) and (B). When we observed a 20-pm microparticle
solution using an optical microscope, it was confirmed that
the particle sizes were approximately ranged from 15 to
22 um. Therefore, the particle sizes were estimated to be

(a) 40 Q conventional
@ proposed (8.25:9.75)
E, 30 @ proposed (8.5:9.5)
) proposed (8.75:9.25)
3 w  truesize
s
% 20 &
s
£
2 10
38 s lii [ P9 e
I
0 L N
5 7 10
volume rate [%]
(c) 40
[}
El
E 30
i
172] A
“ 20 ] ; 53
= [ ]
g [ ]
B= ®
g 10 [
5
0

5 7 10
volume rate [%]

Fig.4 Size estimation results for microparticles. a 5 pm. b Mixed
with 5 ym and 20 pm. ¢ 20 pm. d Variation in the estimated sizes
for different volume ratios. The estimated results with the window at

smaller than 20 pum with the proposed method, but it could
be within a reasonable range. The variations of the esti-
mated sizes became large with window position (C). This
suggests that the accuracy of the estimated attenuation
coefficient obviously affects the accuracy of the estimated
size. With the proposed method, the attenuation coefficient
was estimated at each frame. Therefore, the variations of
the estimated sizes became larger than those yielded by
the conventional method caused by the variations of the
estimated attenuation coefficients.

Figure 5 shows examples of the size estimation fitted
with the conventional method and the proposed one. With
the proposed method, the slope of the measured spectrum
was steeper than that obtained by the conventional method,
and the estimation size was smaller than that estimated
by the conventional method. It was possible to estimate
a value close to the true size with the proposed method
regardless of the volume ratio or the particle size, and
it was demonstrated that the estimation accuracy of the
particle size was improved. Moreover, it was also dem-
onstrated that the attenuation coefficients a,,(f) could be
properly estimated.

(b) 40
E 30
=
g D
B 5 1 ]
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E
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0
5 1 10
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(d) 8 (Q conventional o
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position (C) (8.75: 9.25 mm) were plotted shifted left in the x direc-
tion in a—c. The results for the mixed solution were plotted at 12.5 um
for convenience
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Fig. 5 Fitting results of measured and theoretical scattering properties using the conventional and proposed methods. (a) 5 pm. (b) 20 um

In vivo measurements

In blood vessels, the blood flow at the center of the blood
vessel is faster than that near the wall due to the effect of
laminar flow. Since RBC aggregation is more likely to occur
as blood flow is slower, it is necessary to set the analysis
window at a position at which the blood flow velocity is
the same when calculating the attenuation coefficients. The
measurement depth d,;, which corresponds to the center of
the lumen, was set at 9 mm, and the attenuation coefficients
a,(f) and a;(f) were calculated with windows at positions
(8.25: 9.75 mm), at which the estimation result was the most
accurate in the basic experiment using microparticles. Fig-
ure 6 shows the B-mode images and the attenuation coef-
ficients oy, (f) and a;(f ) of subject A before and during avas-
cularization. The Oth—6th frames before avascularization and
12th—18th frames during avascularization were averaged,
and the error bars were the standard deviations among these
seven frames. The red and blue frames in the B-mode images
indicate the window positions (8.25: 9.75 mm). From these
B-mode images, it can be confirmed that RBC aggrega-
tion occurred during avascularization, the brightness of the
lumen increased, and the attenuation coefficient got larger.
The slope of frequency characteristics of attenuation coef-
ficients became larger during avascularization in the fre-
quency bandwidth of 27-45 MHz of the ultrasound probe
used in the measurements.

Figure 7 shows the results of RBC size estimation using
the conventional method and the proposed method for sub-
jects A and B. The results estimated with the conventional
method and the proposed method corrected by the attenu-
ation coefficient at each frame are indicated by red circles
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and green triangles, respectively. The averaged attenuation
coefficients, which were obtained for the Oth—6th frames
before avascularization and the 12th—18th frames during
avascularization, as shown in Fig. 6, were also used for the
proposed method for the Oth—6th frames and 12th—18th
frames, respectively, and the results are shown in Fig. 7
with blue inverted triangles. The averaged attenuation
coefficients were not used for the 7th—11th frames, because
the attenuation coefficient varied with elapsed time from
the beginning of the avasularization. When the attenuation
coefficient was corrected at each frame, the size variation
at each frame became large. However, when the averaged
attenuation was used for the correction, the variations
were reduced. The average estimated sizes and the stand-
ard deviations with correction using the averaged attenu-
ation coefficients and without correction are summarized
in Table 1. Significant size differences between at rest and
during avascularization were not obtained between with
and without attenuation correction in spite of using the
averaged attenuation coefficient. It might be caused by the
fact that the variation of the spectra was large even though
339 spectra were averaged. In the future, we will discuss a
method to correct the propagation attenuation component
more accurately by selecting the beams at averaging of the
power spectra and using multiple points such as attenua-
tion imaging [24].

Acquisition of reproducible data with our method
in vivo is another issue to solve, because the data depend
on blood glucose status, blood flow, and so on. Moreover,
it is important to increase the sample size to investigate
the reproducibility and demonstrate the usefulness of the
size estimation method.
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Table 1 Size estimation results
in in vivo measurements. Values
in parentheses are the standard

deviation

20 40 60 80

100 120 140 160 180
time [s]

At rest (Oth—7th frames)

Avascularization (12th—18th frames)

Without correction

With correction

Without correction With correction

Subject A
Subject B

7.6 (2.2)
5.6 (3.4)

6.1 2.7)
5.4 (3.4)

28.7 (3.9)
17.1 (6.1)

25.0 (3.4)
15.7 (3.4)
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Conclusion

In the present study, we tried to improve the accuracy of the
size estimation method by deriving the intravascular ultra-
sonic propagation attenuation and correcting the propagation
attenuation component.

When the attenuation coefficient was calculated in an
measurement using microparticles, it was confirmed that
the attenuation coefficient increased as the particle size
and the volume ratio increased. The attenuation coefficient
could be calculated precisely when the distance between
windows was long. In the case of the conventional method,
the size estimation accuracy became worse as the volume
ratio became higher. By removing the propagation attenu-
ation component using the proposed method, it was pos-
sible to estimate it with a nearly constant value regardless
of the change in the volume ratio, which suggested that the
proposed method could stably estimate the size regardless
of differences in hematocrit levels or the degree of RBC
aggregation. In in vivo measurement, significant differences
could not be obtained with and without the attenuation cor-
rection. This might have been caused by the large variation
in the measured spectra. Going forward, we will investigate
a method to correct the propagation attenuation component
more accurately.
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