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We have evaluated the viscoelastic properties of arterial walls by measuring the relationship from radial
arterial pressure to the change in arterial diameter to evaluate vascular endothelial functions. In our
previous study, these parameters were measured at different positions, which caused timing errors. In
the present study, a novel probe was developed to measure both radial arterial pressure and the change
in arterial diameter at the same position. The central piezoelectric element of the linear array probe
was disconnected from the ultrasonic diagnostic equipment and used to measure the arterial pressure.
To obtain the blood pressure waveform, the output was integrated and calibrated using the systolic and
diastolic pressures measured by a conventional sphygmomanometer. The arterial diameter was measured
using the other 191 elements of the ultrasonic diagnostic apparatus via the phased-tracking method. The
hysteresis loop, which is the relationship between the change in diameter and instantaneous pressure
during a heartbeat, and thus reflects the viscoelasticity of the arterial wall, was measured successfully.
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The reproducibility for successive two heartbeats was confirmed for two subjects.

© 2019 Published by Elsevier B.V.

1. Introduction

Arteriosclerosis is the main cause of cardiovascular diseases.
Vascular endothelial function decreases in the early stages of arte-
riosclerosis, followed by thickening of the intima-media complex,
plaque formation, coarctation, and occlusion as arteriosclerosis
advances.

Intravascular ultrasound and X-ray imaging have been used to
diagnose arteriosclerosis; however, these techniques are invasive
and unsuitable for repeated diagnoses. Noninvasive methods such
as the pulse wave velocity (PWV) [1,2] and the ankle branchial
index (ABI) [3] have been proposed. However, these indices yield
only average values over a wide range, which may cause late deci-
sionsinthe case oflocally advancing lesions. Intima-media complex
thickness (IMT) of the common carotid artery has been used for
local diagnosis of arteriosclerosis. However, a conventional B-mode
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image provides information on only the shape; it cannot be used to
evaluate the elasticity.

In the early stage of arteriosclerosis, lesions appear on vascular
endothelial functions and the generation of vasodepressor mate-
rial decreases. It is important to evaluate these functions as early
as possible because the lesions are still reversible [4]. The conven-
tional way to evaluate vascular endothelial functions is to measure
the change in the inner diameter of the brachial artery using the
flow-mediated dilation (FMD) method [5]. However, it is difficult
to evaluate the vascular endothelial function accurately using the
FMD method because the rate of change in diameter is only approx-
imately 6% in healthy subjects [6,7].

We have proposed evaluating the viscoelastic properties of the
blood vessel wall by measuring the arterial pressure and change in
arterial wall thickness [8—13] or the arterial pressure and change in
arterial diameter [14]. To measure the arterial pressure and change
in diameter, an ultrasonic probe was placed between two pressure
sensors, and the time delay between the ultrasonic probe and the
pressure sensors was corrected using the PWV estimated by the two
pressure sensors. However, it is difficult to accurately correct the
time delay because the PWV, caused by changes in blood pressure,
varies during a heartbeat.
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We believed that measuring the arterial pressure and change
in diameter at the same position could be realized if blood pres-
sure was measured using the piezoelectric element of an ultrasonic
probe. However, the main frequency components of blood pressure
waveforms exist below 12 Hz [15], which is much lower than the
several to 10-MHz frequency range of the ultrasonic probe. Thus,
we investigated a method for measuring blood pressure via the
piezoelectric effect using the piezoelectric element of an ultrasonic
probe [16]. Blood pressure waveforms with a high enough signal-
to-noise ratio (S/N) were obtained by integrating the output from
the piezoelectric element.

In the present study, we developed an ultrasonic probe for
measuring both radial arterial pressure and the change in arterial
diameter at the same position simultaneously, which were used
to estimate the hysteresis characteristic of the arterial wall. We
investigated the reproducibility of the hysteresis characteristic for
successive heartbeats. In addition, viscoelastic parameters were
estimated on the basis of the Voigt model.

2. Principle

The main frequency components of a blood pressure wave-
form are below approximately 12Hz [15], much lower than the
bandwidth (usually several to 10 MHz) of the ultrasonic probes.
When a piezoelectric element is used to measure blood pressure,
the measured waveform is derivation of the blood pressure wave-
form because the electric charges generated by the piezoelectric
effect are extracted as current by the external circuit. Therefore,
the blood pressure waveform is obtained by integrating the volt-
age waveform at the load resistance in the output circuit. For lead
zirconate titanate (PZT) ceramics, which belong to the class 6 mm of
the hexagonal crystal system, the force f(t) applied to the direction
of spontaneous polarization is expressed as follows [16]:

cE t
f(t)fi/ V(7)dr, (1)
0

- R€33

where c'3‘:3 and e33 are the elastic constant under a constant electric
field and the piezoelectric constant, respectively, and V(t) is the
voltage at the load resistance R. The force f(t) is the product of the
area of the piezoelectric element and the pressure applied to it, and
the voltage generated increases as the area of the piezoelectric ele-
ment increases. The force waveform f{t) is obtained by integrating
the voltage waveform V(t) from 7 =0 to t.

To obtain the blood pressure waveform p(t), f(t) in Eq. (1) is
calibrated using the systolic blood pressure psys and the diastolic
blood pressure pg;,, measured using a conventional manometer, as
follows:

~ Sys — i
P()= 22 {1 ()~ frin} + Pa. (2)
where fimax and fi,in are the maximum and minimum values of f{(t).

We investigated the voltage output from a piezoelectric ele-
ment (area=0.8 mm?, thickness=3.2 mm) of the linear probe, the
operating frequency of which was 7.5 MHz, where c§3 =1.28 x
10" N/m?, e33 = 25.9C/m?, relative permittivity £3, /& = 2, 021,
and density p = 7, 500 kg/m?3, and the input resistance R of the out-
put circuit was 1 M2 [16]. The voltage was estimated as 0.03 mV at
5Hz via a pressure difference of 50 mmHg. Furthermore, we exper-
imentally confirmed that the voltage was on the same order as the
theoretical voltage and the integrated waveform p (t) resembled
the typical waveform measured by a tonometer in the radial artery
[16].

In the present study, we developed an ultrasonic probe for mea-
suring both radial arterial pressure and arterial diameter at the
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Fig. 1. Schematic view of the experimental setup.

same position simultaneously to estimate the hysteresis charac-
teristic of the arterial wall.

3. Method

The schematic view of the experimental setup is shown in Fig. 1.
A commercial linear array probe (Honda Electronics) with a center
frequency of 7.5 MHz was prepared. The probe has 192 channels
and each piezoelectric element was 0.2 x 4 x 3.2 mm?3. The probe
was customized by cutting the connection of the one center piezo-
electric element from the transmitting and receiving unit of the
ultrasonic diagnostic apparatus. The center piezoelectric element
was used to detect the blood pressure and the other 191 chan-
nels were used to measure the diameter by ultrasound. The output
voltage increases with the area of the piezoelectric element, that is,
as the number of elements used for blood pressure measurement
increases. Thus, a larger area is preferred to measure only the blood
pressure. However, the accuracy of the diameter change could
decrease if the number of elements for the diameter-change mea-
surement is decreased by increasing the number of elements for the
blood pressure measurement. Therefore, lower number of elements
for blood pressure measurement is desirable if the S/N of the blood
pressure waveform is sufficient. The customized probe was con-
nected to an ultrasonic diagnostic apparatus (ProSound F75, Hitachi
Aloka). The phased-tracking method was used to determine the
boundary of the artery to estimate the change in its diameter [17].
In this method, the average velocity of the blood wall during the
pulse transmission interval was obtained. The position of the wall
was estimated from the velocity. The method is described in detail
in Ref. [17]. The diameter was measured at a sampling frequency of
40 MHz and a frame rate of 252 Hz. An electrocardiogram was also
measured with three leads by the ultrasonic diagnostic apparatus.

To measure the blood pressure, the output voltage from the
center piezoelectric element went through an amplifier with an
amplification factor of 100, and a low-pass filter with a cutoff
frequency of 30Hz, and then to the external pulse input port of
the ultrasonic diagnostic apparatus. The cutoff frequency of the
low-pass filter was determined to suppress the commercial power
supply component with a frequency of 50Hz, and to get through
the blood pressure component with a frequency below 12 Hz [15].
Therefore, the diameter and the blood pressure were measured
simultaneously. The blood pressure waveform was obtained by
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Fig. 3. (a) Waveforms of arterial pressure and diameter for subject A. (b) Relation-
ship between arterial pressure and diameter for subject A.

integrating the measured waveform. To obtain absolute blood pres-
sure values, the voltage measured by the piezoelectric element
was calibrated using Eq. (2) with the systolic and diastolic blood
pressures measured with a conventional sphygmomanometer.
We used our probe to measure the blood pressure and arte-
rial diameter simultaneously in the left radial artery of two males
(subjects A and B) in their twenties. The output voltage from
the piezoelectric element strongly depends on the position of the
blood vessel. Upon departing from the upper position, the output
decreases. The probe enables confirmation of the position of the
blood pressure measurement via the B-mode image in the ultra-
sonic diagnostic apparatus. Therefore, the position of the center
element can be easily adjusted to be just above the blood vessel.

4. Results and discussion

Fig. 2 shows the B-mode image of the left radial artery for subject
A. Any effect caused by removing the center piezoelectric element
was not observed on the B-mode image, which was produced using
the data from the other 191 elements.

Fig. 3(a) shows the electrocardiogram, measured blood pressure
waveform p (t) of Eq. (2), and the change in diameter for subject A.
The blood pressure waveform p(t) obtained by the single piezo-
electric element had a sufficient signal-to-noise ratio. The increase
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Fig. 4. Relationship between arterial pressure and diameter for two successive
heartbeats for subject A.
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Fig. 5. Relationship between arterial pressure and diameter for two successive
heartbeats for subject B.

in both arterial pressure and the change in arterial diameter during
systole was almost simultaneous. psys and pgj, were measured as
123 and 61 mmHg, respectively. Both blood pressure and diameter
returned to their initial values after a heartbeat. The effect of ultra-
sound signals with a frequency of 7.5 MHz was not observed for the
blood pressure waveform because the main frequency of the blood
pressure waveform is much lower than the ultrasound signals and
a low-pass filter with cut-off frequency of 30 Hz was used to obtain
the blood pressure waveform.

Fig. 3(b) shows the relationship between blood pressure and
arterial diameter between the two R-waves on the ECG shown in
Fig. 3(a). The times labeled A, B, C, and D are the same in Fig. 3(a)
and (b). The diameter expanded linearly with an increase in blood
pressure and then gradually returned to its initial size with vis-
cosity as the blood pressure decreased. The results were similar to
those obtained using pressure sensors and an ultrasonic probe [14].
Therefore, we were successful in showing the relationship between
blood pressure and the change in diameter using only an ultrasonic
probe.

Next, we measured arterial pressure and diameter for two
successive heartbeats. The waveforms showing the relationship
between arterial pressure and diameter for subject A are shown in
Fig. 4. The similarity between the two waveforms confirms repro-
ducibility.

Finally, the viscoelastic parameters pressure-strain elastic mod-
ulus Ep and pressure-strain viscosity mp were estimated using the
least-squares method based on the Voigt model, which is the most
fundamental viscoelastic model of biological tissues [14,18,19]. The
estimation method is described in detail in Ref. 14. We found that
Ep was 1.43 x 10% and 1.47 x 10% kPa and mp was 0.65 and 0.62 kPa-s
for the first and second heartbeats, respectively. The reproducibil-
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ity of results was also confirmed on the basis of the estimated
viscoelastic parameters.

To confirm the reproducibility of the measurements, we applied
the method to subject B. The relationships between arterial pres-
sure and diameter are shown in Fig. 5. E, was 1.83 x 102 and
1.97 x 102 kPa while mp was 1.36 and 0.82kPa:s for the first and
second heartbeats, respectively. Similar hysteresis properties were
also obtained.

In the present study, the linear array probe was customized.
Using other types of probes, such as a sector probe, is also possible
because the blood pressure can be obtained by the piezoelectric
effect.

5. Conclusions

In this paper, we presented our newly developed ultrasonic
probe that simultaneously measures radial blood pressure and
change in arterial diameter. The relationship between blood pres-
sure and change in diameter during a heartbeat was measured
and the hysteresis characteristics caused by the viscoelasticity
of the blood wall were confirmed. The reproducibility of results
using the probe was confirmed from the measured waveforms and
the estimated parameters. In a future study, we intend to check
the reproducibility using multiple subjects and evaluate vascular
endothelial functions by measuring the changes in viscoelasticity
caused by an FMD reaction as shown in our previous paper [14].
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