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In this study, the attenuation coefficient of blood was measured in vivo in the
frequency range of 10–45 MHz. A procedure to correct the distribution of sound
pressure in the measurements was discussed. Further, in vivo measurements were
applied on the dorsal hand vein of four healthy subjects at rest and during
avascularization. As a preliminary result, less variation of the measured
attenuation coefficients was achieved by the proposed method. The comparable
results of the inclination of the attenuation coefficients were obtained at rest and
during avascularization. Furthermore, the attenuation coefficients during
avascularization were markedly higher than those at rest, reflecting the degree of
red blood cell aggregation promoted by avascularization. This methodmay aid in the
non-invasive evaluation of blood properties reflecting the degree of red blood cell
aggregation.
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1 Introduction

Cardiovascular diseases (CVD) are one of the leading causes of death worldwide, and
atherosclerosis is the primary factor for CVD development [1] and is closely related to the
physical and chemical properties of blood [2]. Therefore, evaluating blood properties is crucial
for early diagnosis of arteriosclerosis.

The elevation of lipid concentration not only increases the viscosity in blood but also
promotes the progression of atheroma formation [3]. Notably, blood viscosity values are highly
correlated with blood pressure and are higher in patients with hypertension [4] as well as
dyslipidemia and diabetes. By focusing on the propagation of ultrasonic waves in viscoelastic
media, the higher the viscosity, the greater the attenuation coefficient [5]. Therefore, in vivo
non-invasive measurements of the attenuation coefficient of blood are expected to be effective
for screening atherosclerosis.

The attenuation coefficient of human blood has been measured by several researchers
[6–18]. However, most of these coefficient values were obtained from sampled blood [6–12,
15, 16, 18]. Moreover, the attenuation coefficients were measured below 10 MHz [6–11, 15],
and the measurements were not conducted around the human body temperature [10, 11,
15], or the measurement temperature was not provided [6, 8, 12, 16]. Secomski et al.
measured the attenuation coefficient of blood in vivo [13, 14, 17]. They measured the depth
dependence of the power of a Doppler signal backscattered in a blood vessel. However, as
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the objective of their study was to determine the level of hematocrit,
the measurement results at 16 and 20 MHz [13] or only 20 MHz
[14, 17] were used considering the sensitivity of their experimental
system to the hematocrit level of blood. Therefore, the frequency
dependence of the attenuation coefficient of blood in vivo was not
discussed.

We have been studying methods for evaluating the size of red
blood cell (RBC) aggregates by analyzing the scattering power
spectrum obtained via ultrasonic backscattering measurements
of RBCs [19–24]. Notably, the backscattering power obtained
from a single sphere significantly depends on the frequency for
each aggregate size [25], and the larger the diameter of a sphere, the
smaller the slope of the frequency dependence of the power
spectrum. The size of RBC aggregates is estimated by fitting the
slope of the measured power spectrum to that of a single scattering
sphere’s theoretically obtained scattering characteristics. To extract
the scattering property from RBC aggregates, the power spectrum
obtained from the vascular lumen is normalized by that obtained
from the posterior wall of a blood vessel [20–23] or compared with
the reference scattering spectrum [24]. To estimate the size of RBC
aggregates with greater accuracy, the attenuation coefficients of the
skin and blood must be measured, and the attenuation property
differences between the two power spectra must be corrected
[22–24]. To measure the attenuation coefficient, power spectra
at only two different depths were used. Then, there was a problem
that the variation of the measured attenuation coefficients was
large.

In the present study, first, a procedure to correct the distribution of
sound pressure in the measurements was discussed. Furthermore, as a
preliminary study, we non-invasively measured the attenuation
coefficient of blood in a dorsal hand vein in the frequency range of
10–45 MHz at rest and during avascularization for four subjects to
show the possibility for an evaluation method of the blood property. A
procedure to robustly measure the attenuation coefficient of blood was
experimentally discussed.

2 Methods

2.1 Principle

The experimental setup for measuring the attenuation coefficient
using a high-frequency ultrasonic probe is depicted in Figure 1. The
method in the present study is based on the spectral log difference
method [26, 27]. However, it is difficult to prepare a reference
phantom with a known attenuation coefficient in the frequency
range in the present study. Therefore, the sound pressure property
difference between different depths was corrected by measuring
reflection spectra from the flat plate in water [24]. Ultrasonic
waves transmitted from the ultrasound probe propagated through
water in the membrane and skin and then irradiated the vascular
lumen. Waves scattered from the RBCs in the vascular lumen were
received using the same ultrasonic probe. The power spectrum
Ps(f, di) of the scattering wave from the vascular lumen at a depth
di is described as

Ps f, di( ) � S f( )X f( )G f( )H f, di( )A f, 0: di( )∣∣∣∣ ∣∣∣∣2, (1)

where S(f) denotes the backscattering property of RBCs, X(f)
denotes the frequency characteristic of the applied signal, G(f)
denotes the transmitting and receiving characteristics of the
ultrasound probe, H(f, di) denotes the sound pressure property
of the ultrasound probe at a depth di, A(f, 0: di) denotes the
attenuation property of the round-trip propagation path between
the probe (d � 0) and a point at depth di, and f denotes the
frequency. H(f, di) also includes the transmission losses at
the boundaries between water and the skin and between the skin
and the blood vessel. A(f, 0: di) is caused by scattering and
absorption.

In our experiment, we set two points along an ultrasonic beam at
depths di and ds in the lumen of a blood vessel to obtain the
attenuation property of blood between the two points, where ds
was set as the starting point. By assuming that S(f), X(f), and
G(f) do not depend on the depth di or ds, the following relationship
holds:

Ps f, di( )
Ps f, ds( ) � H f, di( )∣∣∣∣ ∣∣∣∣2

H f, ds( )∣∣∣∣ ∣∣∣∣2 ·
A f, 0: di( )∣∣∣∣ ∣∣∣∣2
A f, 0: ds( )∣∣∣∣ ∣∣∣∣2. (2)

As illustrated in Figure 1, because the acoustic path is approximately
divided into a path in water with a propagation length dw, a path in the
skin with a propagation length dsk, and a path in the blood in a vessel,
the attenuation property |A(f, 0: di)| is expressed as the product of
that in water |Aw(f, 0: dw)|, that in skin |Ask(f, dw: (dw + dsk))|, and
that in blood |Ab(f, (dw + dsk): (dw + dsk + dbi)|, as follows:

A f, di( )∣∣∣∣ ∣∣∣∣ � Aw f, 0: dw( ) · Ask f, dw: (dw + dsk)( )∣∣∣∣
·Ab f, dw + dsk( ): (dw + dsk + dbi)( )∣∣∣∣, (3)

where dbi denotes the distance from the anterior wall to the depth di in
the blood vessel.

Let us assume that the attenuation property |A(f, 0: di)|2 can be
modeled using the attenuation coefficient of the medium, α(f), as
follows:

A f, 0: di( )∣∣∣∣ ∣∣∣∣2 � e−4diα f( ). (4)

By applying Eq. 4 to Eq. 3, the following equation can be derived:

FIGURE 1
Experimental arrangement for the measurement of the attenuation
coefficient of blood. H(f ,d) denotes the sound pressure property of the
ultrasound probe. di is the depth from the probe surface. dw, dsk, and dbi

are the length of water, skin, and blood, respectively.
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A f, 0: di( )∣∣∣∣ ∣∣∣∣2 � e−4dwαw f( )−4dskαsk f( )−4dbiαb f( ), (5)

where αw(f), αsk(f), and αb(f) denote the attenuation coefficients
of water, skin, and blood, respectively. When di is close to ds and
they include the same transmission losses, by substituting Eq. 5
into Eq. 2, the following relationship can be derived because the
attenuation properties in water and skin are canceled:

Ps f, di( )
Ps f, ds( ) � H f, di( )∣∣∣∣ ∣∣∣∣2

H f, dr( )∣∣∣∣ ∣∣∣∣2 · exp −4αb f( ) dbi − dbs( )( )

� H f, di( )∣∣∣∣ ∣∣∣∣2
H f, ds( )∣∣∣∣ ∣∣∣∣2 · exp −4αb f( )Δd( ),

(6)

where Δd � dbi − dbs � di − ds, that is, the distance between the depth
di and depth ds of the starting point, where di is the different depth
with ds. Based on Eq. 6, the attenuation coefficient αb(f) of blood can
be derived as follows:

αb f( ) � 1
4Δd

ln
Ps f, ds( )
Ps f, di( )( ) − ln

H f, ds( )∣∣∣∣ ∣∣∣∣2
H f, di( )∣∣∣∣ ∣∣∣∣2⎡⎢⎣ ⎤⎥⎦. (7)

Thus, to determine αb(f), we must eliminate the second term on
the right-hand side of Eq. 7, that is, the ratio of the sound pressure
property up to the depth di to that up to ds, |H(f, di)|2/|H(f, ds)|2.
In our analysis, the term |H(f, di)|2/|H(f, ds)|2 was determined in
advance using the power spectra PR(f, di) and PR(f, ds) of the
waves reflected from the surface of a flat plate set at different depths
di and ds in water, respectively [24].

As well as Eq. 1, the power spectrum PR(f, d) at depth d in water
can be expressed as follows:

PR f, d( ) � RX f( )G f( )H f, d( )Aw f, 0: d( )∣∣∣∣ ∣∣∣∣2, (8)

where R denotes the reflection coefficient from water to the
flat plate, and we can assume that it does not depend on the
frequency. Similar to Eq. 2, by assuming that R, X(f), and G(f)
do not depend on the depth di or ds, the following relationship
holds:

H f, di( )∣∣∣∣ ∣∣∣∣2
H f, ds( )∣∣∣∣ ∣∣∣∣2 �

PR f, di( )
PR f, ds( )( ) 1

ΔAw f,Δd( )∣∣∣∣ ∣∣∣∣2, (9)

where ΔAw(f,Δd) denote the attenuation properties in water at a
distance Δd� di − ds. Using Eq. 4, ΔAw(f,Δd) can be calculated as
follows:

ΔAw f,Δd( )∣∣∣∣ ∣∣∣∣2 � e−4Δd αw f( ), (10)

where αw(f) can be determined in advance based on published
data [28].

By substituting Eqs 9, 10 into Eq. 7, we can obtain the attenuation
coefficient αb(f) by correcting the effect of the ratio of the sound
pressure properties |H(f, di)|2/|H(f, ds)|2, as follows:

α̂b f( ) � 1
4Δd

ln
Ps f, ds( )
Ps f, di( )( ) − ln

PR f, ds( )
PR f, di( )( ) ΔAw f,Δd( )∣∣∣∣ ∣∣∣∣2( )[ ]

� 1
4Δd

ln
Ps f, ds( )
P′
s f, di( )( ),

(11)
where P′

s(f, di) is defined by

P′
s f, di( ) � Ps f, di( ) · PR f, ds( )

PR f, di( )( )· ΔAw f,Δd( )∣∣∣∣ ∣∣∣∣2

� Ps f, di( ) · PR f, ds( )
PR f, di( )( ) · e−4Δd αw f( ).

(12)

This denotes the power spectrum whose sound property H(f, di) is
corrected by the sound pressure property H(f, ds) at the starting
depth ds based on the attenuation property difference in water
|ΔAw(f,Δd)|2. Thus, the corrected power spectrum P′

s(f, di) is
different from Ps(f, ds) only by the attenuation property difference
in blood |ΔAb(f,Δd)|2, which is caused by the difference Δd in depth.

Therefore, the procedure for estimating the attenuation coefficient
αb(f) is as follows: In advance, the power spectra PR(f, di) and
PR(f, ds) are obtained by measuring the radiofrequency (RF) signals
reflected from the surface of a flat plate set at two depths di and ds in
water, respectively. Following this, for in vivo measurements, the
power spectra Ps(f, di) and Ps(f, ds) are obtained by measuring
the RF signals scattered from blood at depths di and ds in the vascular
lumen, respectively. The attenuation property in water |ΔAw(f,Δd)|2
is determined based on Eq. 10. By substituting these values into Eq. 12,
the corrected power spectrum P′

s(f, di) can be determined, and the
attenuation coefficient of blood, αb(f), given in Eq. 11, is estimated.

FIGURE 2
B-mode images of the dorsal hand vein (A) at rest and (B) during avascularization.
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The robustness of the attenuation coefficient α̂b(f) given in Eq. 11
is confirmed by measuring the power spectra at multiple sets di, ds{ } of
different depths.

2.2 In vivo experiments

A high-frequency ultrasound system (Tomey UD-8000) was used
for subsequent in vivo experiments. The sampling frequency was
240 MHz. A mechanical scanning linear probe comprising a
concave transducer with an operating central frequency of 30 MHz
(frequency range: 19–40 MHz) was connected to the ultrasound
system. The focal length of the probe dF was 8.75 mm.

Prior to the in vivomeasurement, the sound pressure |H(f, d)|2
of the ultrasound probe was measured by setting a flat silicone
rubber plate at depth d; this was perpendicular to the beam
direction of the ultrasound probe in water. The RF signals
reflected from the flat plate were measured by changing the
depth d of the plate with a 0.1 mm interval around the focal
depth dF of the probe.

As a preliminary study, in vivo measurements were applied on
the dorsal hand vein of four healthy subjects A, B, C, and D for 20 s.
The diameters of the dorsal hand vein (approximately 2–3 mm)
were much larger than the wavelength (51 μm at 30 MHz). These
measurements were approved by the Ethics Committee of the

Graduate School of Engineering, Tohoku University, and all the
participants agreed to participate in the present study. RF signals
scattered from the lumen were obtained using ultrasonic short-axis
measurements [29]. The focal depth dF of the probe was set at the
center of the lumen. In addition to the measurements conducted at
rest, RF signals were acquired after avascularization of the dorsal
hand vein using crucible scissors [24]. By pressing two points on
the fingertip and heart sides, the blood flow was stopped upstream,
and the backflow of blood was avoided downstream. Notably, RBC
aggregation is more likely to occur in the lumen between the two
points under low shear rates.

Data for five frames were acquired every 10 s for control from 0 s
to 60 s, avascularization was applied immediately after the
measurement at 60 s, and data for 13 frames were acquired for
70–190 s every 10 s. RF data along 15 beams passing through the
center of the vascular lumen were used in each frame. The power
spectrum was obtained by windowing the RF signals using a Hanning
window with a length of 0.15 μs at each depth di; following this, the
power spectra obtained for the 15 beams for five frames were averaged
to obtain the power spectrum Ps(f, di) at each time instant for each
depth di. Here, ds was set at 8.7 mm around a focal depth of 8.75 mm.
Seven power spectra Ps(f, di) were averaged from 0 to 60 s for the
control, and seven power spectra Ps(f, di) were averaged from 130 to
190 s for the data acquired during avascularization because the
aggregation state stabilized within 1 min after avascularization [30].

FIGURE 3
Power spectrameasured at different depths in the vascular lumen (A) at rest and (B) during avascularization and depth dependence of the power received
from the vascular lumen at 20, 30, and 40 MHz (C) at rest and (D) during avascularization. The solid lines in (C) and (D) are the linearly approximated line.
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3 Results

Figures 2A, B depict ultrasonic short-axis B-mode images of the
vascular lumen in the dorsal hand vein at rest and during
avascularization for subject A, respectively. The lumen
brightness in Figure 2B appears higher than that in Figure 2A
owing to the increased scattering power caused by RBC
aggregation. As illustrated in each B-mode image, the central
depths di{ } of the analysis windows of the RF signals were set
from 8.1 mm to 8.9 mm at 0.1 mm intervals.

Figures 3A, B present the corrected power spectra P′
s(f, di)

obtained from Eq. 12. The corrected power spectra P′
s(f, di)

during avascularization (Figure 3B) were larger than those at rest
(Figure 3A). Figures 3C, D depict the depth dependence of the
corrected received power P′

s(f, di) for signals scattered from the
blood vessel at 20, 30, and 40 MHz at rest and during
avascularization, respectively. The corrected received power
P′
s(f, di) decreased almost linearly as the depth d increased, and

the power change increased with the frequency f.
Using Eq. 11, the attenuation coefficient α(f) of blood was

estimated with the data obtained from 8.1 mm to 8.9 mm at
0.1 mm intervals at rest and during avascularization, and the
results for subject A are presented in Figure 4A. The
attenuation coefficients α(f) both at rest and during
avascularization increased almost linearly in the frequency

range of 10–45 MHz. The attenuation coefficients at rest,
αrest(f), and during avascularization, αava(f), were αrest(f) �
0.178f [MHz] − 1.04 [dB/mm] and αava(f) � 0.158f [MHz] +
0.56 [dB/mm] at 10–45 MHz, respectively. Thus, αava(f) is
greater than αrest(f) by approximately 1.1 dB. The scattering
power increased owing to avascularization, as depicted in
Figure 2 [19–24]. Using the method proposed in the present
study, we could non-invasively observe that the increase in the
backscattering component reduced the propagation component as
the increase of attenuation coefficient. We obtained the
attenuation coefficients from the power spectra at the following
pairs of two depths {8.1 mm and 8.9 mm}, {8.2 mm and 8.8 mm},
and {8.3 mm and 8.7 mm}. The results are shown in Figures 4B, C
with the data obtained from 8.1 mm to 8.9 mm at 0.1 mm intervals
at rest and during avascularization, respectively. The root-mean-
square errors in fitting a linear line to the measured attenuation
coefficients were 0.21 (dB/mm) and 0.14 (dB/mm) for {8.1 mm
and 8.9 mm}, 0.28 (dB/mm) and 0.26 (dB/mm) for {8.2 mm and
8.8 mm}, and 0.54 (dB/mm) and 0.32 (dB/mm) for {8.3 mm and
8.7 mm}, at rest and during avascularization, respectively. In
contrast, those were 0.17 (dB/mm) and 0.13 (dB/mm) for the
data obtained from 8.1 mm to 8.9 mm at 0.1 mm intervals, at
rest and during avascularization, respectively. By setting many
analysis points, the variations of the measured attenuation
coefficients to the linear line were reduced. Next, we obtained

FIGURE 4
Attenuation coefficients of blood at rest and during avascularization. (A) Subject A, solid lines: measured results using power spectra from 8.1 mm to
8.9 mm at 0.1 mm intervals, dashed lines: linearly approximated lines; (B,C) at rest and during avascularization for subject A, respectively, black line: obtained
using power spectra from 8.1 mm to 8.9 mmat 0.1 mm intervals, red, blue, and green lines: obtained from power spectra at two depths {8.1 mm and 8.9 mm},
{8.2 mm and 8.8 mm}, and {8.3 mm and 8.7 mm}, respectively; (D,E) at rest and during avascularization for subject A, respectively, black line: obtained
using seven frames, the other lines: obtained from power spectra with each frame from 0 to 60 s and from 130 to 190 s; (F) subjects A (black), B (red), C (blue),
and D (green), solid lines: at rest, dashed lines: during avascularization.
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the attenuation coefficient from the power spectrum with each
frame from 0 to 60 s and from 130 to 190 s from 8.1 mm to 8.9 mm
at 0.1 mm intervals. The results are shown in Figures 4D, E at rest
and during avascularization, respectively. Averaging seven frames
reduced the variations, and it clarified the difference in
attenuation coefficients between at rest and during
avascularization. From Figures 4B–E, the improvement of the
robustness in the attenuation coefficient measurement was
confirmed. Figure 4F shows the attenuation coefficients for four
subjects A, B, C, and D. The attenuation coefficients were different
for each subject. However, the attenuation coefficients during
avascularization, αava(f), were larger than those at rest, αrest(f)
for all subjects.

4 Discussion

As shown in Figures 4B, C, the improvement of the robustness
of the measured attenuation coefficients was confirmed by setting
plural analysis depths. In this study, the analysis points were set
from 8.1 to 8.9 mm at 0.1-mm intervals. It is difficult to expand the
analysis region because of the signal-to-noise ratio of the received
signals and the size of the blood vessel. To increase the analysis
points, it is necessary to shorten the interval. In contrast, measured
attenuation coefficients differed at each frame from Figures 4D, E.
Therefore, the discussion of the relationship between measurement
accuracy and the number of analysis points is necessary for our
future work.

The attenuation coefficients for four subjects A-D were
2.5–4.8 dB/mm at rest and 3.9–5.3 dB/mm during avascularization
at 30 MHz. The attenuation coefficients in blood strongly depend on
the hematocrit level [17]. Therefore, the attenuation coefficient
differences among subjects could be caused by the differences in
blood properties. The relationship between the attenuation
coefficients and blood properties will be investigated in the future.

The average attenuation coefficients at rest, αrest(f), for four
subjects were 2.0 dB/mm at 20 MHz and 3.8 dB/mm at 30 MHz.
Previous literature reports these values to be 1.6 dB/mm [12] and
1.2 dB/mm [18] at 30 MHz for sampled blood, and 0.6–0.9 dB/mm
at 20 MHz based on in vivo measurements depending on
hematocrit levels of 32.0%–49.3% [17]. The attenuation
coefficient measured herein is larger than that reported in the
literature. This increase could be caused by the incomplete
correction of the ratio of sound pressure properties
|H(f, di)|2/|H(f, ds)|2 because the propagation media differed
between water in the flat plate measurement and blood and skin
in the in vivo measurement.

There is blood flow in vivo. Laminar flow is assumed in the dorsal
hand vein. Then, the blood velocities are the highest in the center of
the blood vessel and the lowest near the anterior and posterior walls in
the depth direction. The lowest velocity might cause red blood cell
aggregation as well as during avascularization because of the low shear
rate. In the present study, the focal point of the probe (dF = 8.75 mm)
was set at the center of the lumen. Therefore, the slight scattering
property distribution might occur, that is, larger scattering in the
shallower position, and it decreased as a larger depth around the focal
point. Then, it might cause an apparent larger attenuation coefficient.
Therefore, it might also be one of the reasons that the measured
attenuation coefficient became larger than those in the Refs. [12, 17,

18]. In contrast, there is no blood flow during avascularization, and
there is no effect on the attenuation coefficient by the blood flow.
Therefore, the effect of the blood flow did not change the magnitude
relationship of the attenuation coefficients at rest and during
avascularization.

In contrast, αava(f) were markedly greater than αrest(f) for four
subjects, as presented in Figure 4D. The relative relationship between
them is correct even if the ratio of the sound pressure properties
|H(f, di)|2/|H(f, ds)|2 has an error because the same ratio is
employed for the correction as the analysis range is the same at
rest and during avascularization. Therefore, the proposed method
demonstrates the potential to non-invasively evaluate blood
properties, reflecting the degree of RBC aggregation.

To correct the ratio of the sound pressure properties, a flat plate
was used as a reflector. The analysis was based on the plane wave
model. In contrast, a mechanical scanning linear probe comprising a
concave transducer was used. Therefore, aberration could also affect
the result. The effect will be discussed in the future by a simulation
experiment or an experimental investigation using a reference
phantom whose attenuation coefficient is measured by the pulse
transmission method.

5 Conclusion

In this study, the attenuation coefficient of blood was measured
in vivo at 10–45 MHz at rest and during avascularization. For this,
the differences in sound pressure properties among several
measurement points were measured using a flat plate placed in
water in advance, and the values were used for correction. In vivo
measurements were applied in the dorsal hand vein of four healthy
subjects. As a preliminary result, less variation of the measured
attenuation coefficients was achieved by the proposed method. The
comparable results of the inclination of the attenuation coefficients
were obtained at rest and during avascularization. Furthermore,
the attenuation coefficient during avascularization αava(f) was
found to be markedly greater than that at rest αrest(f), primarily
owing to RBC aggregation. Thus, the usefulness of this
measurement method was successfully demonstrated.

Hereafter, we aim to improve our evaluation of sound properties,
including the effect of different media, and we aim to include other
subjects, such as arteriosclerosis patients, to demonstrate the
usefulness of the non-invasive method for evaluating blood properties.
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