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A pulse wave measurement is effective for the early detection of arteriosclerosis. The pulse wave consists of incident and reflected waves. The
reflected wave of the pulse wave measured at the left common carotid artery seems to originate from the vascular beds in the brain. The aim of this
study is to know if the reflected waves from the occlusions in cerebral arteries can affect the pulse waveform. The artificial arterial tree in the brain
was therefore fabricated using polyurethane tubes. After investigating the effects of the bifurcation angle on the pulse waveform, we attempted to
confirm whether the reflected waves from occlusions in the artificial arterial tree in the brain can be experimentally measured at the left common
carotid artery. Results indicate that the bifurcation angle did not affect the pulse waveform, and that the reflected wave from an occlusion with a
diameter of more than 1 mm in the brain could be observed. © 2018 The Japan Society of Applied Physics

1. Introduction

Cardiovascular diseases (CVDs), including heart disease and
stroke, are considered to be one of the leading causes of death
in the world. The initial symptom of CVDs is arteriosclerosis,
which can be suddenly fatal before medical treatments.
Therefore, the early detection of arteriosclerosis is necces-
sary.!”” In the early stage of arteriosclerosis, the arterial
stiffness increases extremely, compared with the normal
arterial stiffness. Cholesterol plaques are then deposited on
the inside walls of arteries, which will be a critical stenosis
blocking the blood flow in arteries. For evaluating the arterial
stiffness in vivo, the pulse wave, which is the displacement
of the skin surface caused by the intravascular pressure
arising from the constriction of the heart, is considered to be
effective.512)

The pulse wave velocity (PWYV) technique, which can
measure the propagation velocity in blood vessels, is now
used as a diagnostic method.”"'¥ According to the Moens—
Korteweg equation, the pulse wave velocity appears to be
proportional to the square root of the average Young’s
modulus of arterial walls.'> It has also been reported that the
PWVs of elderly patients were higher than those of young
patients.'® However, the accuracy of the PWV technique is
not sufficient for evaluating the arterial stiffness. In addition,
this technique only focuses on the propagation velocity of the
pulse wave in blood vessels and does not utilize the other
fruitful information contained in the pulse wave.!””'® By
developing an advanced technique that can analyze the pulse
waveform in more detail, we will evaluate the arterial
stiffness more accurately.

The measured pulse wave consists of incident and reflected
waves. The incident wave is caused by the blood flow ejected
from the heart. After propagating over a long distance
between the heart and the ends of peripheral vessels, the
incident wave is reflected at the vascular beds. This is called
the reflected wave.>'322 Since the attenuation of the
reflected wave is strongly dependent on the characteristics
of arterial walls, analyzing the reflected wave extracted from
the entire pulse wave is more effective for the evaluation of
arterial stiffness.
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In previous studies, in order to detect pulmonary hyper-
tension, Hanya et al. and Khir and Parker, have focused on
the magnitude of the reflected wave obtained by the analysis
of the pressure-velocity loop (PV-loop).?!?? Kanai and
coworkers, have also attempted to observe the pulse wave-
form from the displacement of the carotid arterial wall as a
function of time using an ultrasonic diagnostic system.?*-2%)
As a simple screening method for evaluating the arterial walls,
we proposed a new technique of estimating the reflected wave
by measuring both the pulse wave and blood flow velocity
simultaneously.®” The pulse wave of young and elderly
patients was actually measured at the left common carotid
artery using a piezoelectric transducer. As a result, the
characteristics of arterial walls seemed to affect the pulse
waveform. Therefore, we have attempted to elucidate the
complex propagation phenomena of these waves by experi-
ments using viscoelastic tubes. The results of previous
experiments verified that the pulse waveform changed owing
to arterial stiffness and most of the reflected waves measured
at the common carotid artery originated from the vascular
beds in the brain.2’-2*) However, it was difficult to observe the
effects of stenosis in cerebral arteries on the pulse waveform
owing to the other reflected waves from vascular beds. We
still have to investigate whether a critical stenosis in cerebral
arteries can change the pulse waveform.

The aim of this study is to know if the reflected wave from
a small occlusion in cerebral arteries can affect the pulse
waveform. To observe the reflected wave from an occlusion
in each cerebral artery, the artificial arterial tree in the brain
was fabricated using polyurethane tubes. First, the effects
of the bifurcation angle on the pressure waveform were
investigated. After confirming that the bifurcation angle does
not change the pressure waveform, we attempted to observe
the reflected wave from each model occlusion in the artificial
arterial tree. This model was composed of eight types of
artificial arteries. The diameter and thickness of the tubes
were determined from the actual configuration of each
cerebral artery.?*=? For the validation of the measured data,
we also discuss the measured data with the theoretical
estimation obtained from the one-dimensional (1D) theoret-
ical model.*33%
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2. Experimental methods

2.1 Fabrication of bifurcation tube and arterial tree
The viscoelastic tubes mimicking blood vessels were
fabricated using polyurethane gel (Exseal Asker-C 5).
Young’s moduli of the tubes were measured using a tensile
test apparatus (Shimadzu Ez-Test). Rectangular tensile
specimens were fabricated from the tubes, because it was
very difficult to fabricate dumb-bell specimens accurately.
The actual length, width, and thickness of the tensile
specimens were 40, 10, and 2 mm, respectively.

In accordance with the results of the tensile test, the
Young’s modulus of the tubes was 180 kPa, which would be
a slightly higher than those of actual arteries.>>*® However,
the difference between these Young’s moduli seems
negligible because of the non uniform elastic properties of
actual arteries.

When a bifurcation tube is fabricated, the reflection
coefficient R. should be as low as possible. If the radius
changes caused by the pressure were small, the reflection

coefficient for a perfect bifurcation is approximately defined
27-29)
as
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where Y; and Y, are the admittances of the mother and
daughter tubes, respectively. N is the number of daughter
tubes connected to the mother tube. A is the cross-sectional
area and p is the density of liquid. ¢ is the propagation
velocity of the pressure wave, which is expressed as

c= Eh, 3)
pD

where E, h, and D are the Young’s modulus, thickness, and
diameter of the tubes, respectively. The actual pressure
wave propagation velocities in the artificial arteries might be
slightly higher than those calculated using Eq. (3), as shown
in Sect. 3.1. This might be because Egq. (3), Moens—
Korteweg equation, does not take into account the effects
of the viscosity of the tube walls. However, the differences
between actual and theoretical pressure wave propagation
velocities would be small, in the range of 10 to 15%. For
this reason, the Moens—Korteweg equation can be used to
estimate the theoretical pressure wave propagation velocities
in the viscoelastic tubes.

In the case of actual arterial bifurcations in the brain, the
wave reflection at a bifurcation point does not occur.”?’3% As
for the bifurcation tubes, the reflection coefficient R, depends
on the Young’s modulus, diameter, and thickness of the
mother and daughter tubes, as shown in Eq. (3). In light of
the difficulty in changing the Young’s modulus, the diameter
and thickness of the daughter tubes should be determined
from the configurations of the mother tube and actual arteries
to maintain the reflection coefficient as low as possible.
Otherwise, the reflection at a bifurcation tube might occur
owing to the inappropriate reflection coefficient.
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Table I. Details of the bifurcation tube (unit in mm).
No. Name Inner diameter Thickness
@ Left common carotid artery 8.0 2.0
@ External carotid artery 6.0 2.0
® Internal carotid artery 6.0 2.0

Fig. 1. (Color online) Image of cerebral arteries.

Table Il. Details of the artificial arterial tree in brain and estimated
reflection coefficient of each reflected wave (unit in mm).
Inner Reflection
No. Name . N Thickness  coefficient
diameter
(%)
@ Left common carotid 3.0 20 N/A
artery
(@  External carotid artery 6.0 2.0 N/A
® Internal carotid artery 6.0 2.0 38
@ Anterior cerebral artery 4.0 1.0 24
® Proximal middle cerebral 40 10 o4
artery
® Distal middle cerebral 30 10 15
artery
@  Prefrontal artery 2.0 1.0 4
Lenticulostriate artery 1.0 1.0 0.54

To investigate the effects of the bifurcation angle on the
pressure waveform, three bifurcation tubes with bifurcation
angles of 45, 90, and 180° were fabricated. The diameter and
thickness of each tube were determined from the config-
uration of each artery and are shown in Table I. It was also
reported that the angle of the common carotid branch to form
the internal and external carotid arteries ranges from 10 to
50°.37) The arterial branches with an angle of more than 50°
would exist in the brain. Next, we fabricated an artificial
arterial tree in the brain. This model was composed of 8§ types
of artificial arteries presented in Fig. 1. The diameter and
thickness of each tube can be seen in Table I1.°*? The
thicknesses of the actual lenticulostriate and prefrontal
arteries are less than 1 mm.3%3" However, it was not possible
to fabricate the tubes with a thickness of less than 1 mm, and
the small difference in thickness does not significantly change

© 2018 The Japan Society of Applied Physics
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Fig. 2. (Color online) Experimental systems for the investigation of the
effects of bifurcation angle on the pressure waveform and the measurement
of the reflected wave from the internal carotid artery occlusion.
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Fig. 3. (Color online) Experimental system for the measurement of the

reflected wave from the occlusions in the artificial arterial tree.

the measured data, considering the pressure perturbation law
written below.

2.2 Experiments

As shown in Figs. 2 and 3, experimental systems consisted of
a pump (TOMITA Engineering, custom-made) mimicking
the heart and artificial arteries. The pump ejected a half cycle
of a sinusoidal wave to the tubes as an input flow. The
ejection time and volume of an input flow were 0.3s and
4.5 ml, respectively. The estimated wavelength of the initial
pressure wave was 4.8 m. The inner pressure in the arterial
tree was measured using a pressure sensor (Keyence AP-
10S). Determined as the distance between the heart and the
left common carotid artery, the measurement point was
located 280 mm away from the ejection point.

First, the effects of the bifurcation angle on the pressure
waveform were investigated. As shown in Fig. 2, two
stainless rods were inserted at the end of the tubes to imitate
reflections at vascular beds. The bifurcation point was located
2540mm away from the ejection point to prevent the
overlapping of the expected reflection at the bifurcation
point and the incident wave ejected from the pump. To
confirm whether a reflected wave from the bifurcation point
occurs, the total length of the tubes, namely, from the ejection
point to the end of the tubes, was set to 6000 mm, which was
much larger than the pressure wavelength of 4.8m and
sufficiently far away from the bifurcation point. This enabled
us to only observe the reflected wave from the bifurcation
point. After confirming that the bifurcation angle does not
affect the pressure waveform, we set a stainless rod as an
internal carotid artery occlusion at insertion point A in Fig. 2,
which was located 3140 mm away from the ejection point. To
measure the reflected wave from the internal carotid artery
occlusion separated from the initial pressure waves, the total
length of the tubes was set to 6000 mm because this reflected
wave was expected to be very large and might overlap with
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the other reflected waves. This result was used to validate the
pressure wave propagation in the artificial bifurcation tube by
comparison with the theoretical estimation.

Next, the reflected wave from each model occlusion in the
arterial tree in the brain was measured. The experimental
system used is shown in Fig. 3. Five stainless rods were
inserted at the end of the tubes to imitate reflections at
vascular beds. Next, a stainless rod was set as a cerebrovas-
cular occlusion at insertion point A, B, or C, which was
located 3140 mm away from the ejection point. To observe
a reflected wave separated from pressure waves, the total
length of the tubes was set to 6000 mm as described previous.
2.3 1D theoretical model
For the validation of the measured data obtained from the
experiments, the 1D theoretical model composed of the
following governing equations was applied.33%

Conservation of mass:

0A 00
—+—=0. 4
ot * ox @)
Momentum equation:
0 2 AoP C
00 0 (0 _ AP _CQ )
ot ox LA pox R

Here, Q is the average flux over the cross section of each
tube, A and « are the velocity profile factor. p and Cy are the
fluid density and friction term, respectively. P is the inner
pressure in the viscoelastic tubes.

The pressure perturbation law is expressed as

Eh

P=——>—I[R

OR
T (R-R)+a® =Rl +n 50 (©)

ot’

where E is Young’s modulus, % is the thickness, o is
Poisson’s ratio, ¢, is the coefficient of the nonlinear stress
strain characteristics, 7 is the viscosity of the arterial wall, R
is the radius of tube. Ry is the unperturbed radius. We used
the thickness and radius in Table I for the 1D theoretical
model.

By changing the unknown parameters E, 7, &,, a, and Cy,
the optimum parameters used to describe the measured data
were determined. In this study, the 1D theoretical model was
used to validate the observed reflected wave from the internal
carotid artery occlusion. Only when the 1D theoretical model
was applied to the validation of pressure wave propagation in
the bifurcation tube, the boundary conditions at a bifurcation
point in the experiments were used for simulating the
dynamics in a bifurcation tube.’® Since the pressure wave
was not attenuated at a bifurcation point in the experiments,
we assumed that the pressure wave propagation at a

bifurcation point was ideal.?’*¥

3. Results and discussion

3.1 Effects of the bifurcation angle

Figure 4(a) shows the effects of the bifurcation angle on the
pressure waveform as a function of time. The first peak
observed at approximately 0.3 s is an incident wave ejected
by the pump. The second peak reflected at the end of the
tubes, placed 6000 mm away from the ejection point, can be
seen at approximately 1.6s. If the reflected wave from the
bifurcation point had occurred, it could have been measured
between the first and second peaks. However, the reflected

© 2018 The Japan Society of Applied Physics
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Fig. 4. (Color online) (a) Effects of the bifurcation angle on the pressure
waveform. (b) Comparison of the measured and theoretical waveforms.
Observed reflected wave from the internal carotid artery occlusion in the
simple bifurcation tube.

wave from the bifurcation point was not observed, even when
the bifurcation angle was changed in the range of 45 to 180°.
This certified that the bifurcation angle did not affect the
pressure waveform at all. The pressure wave in the straight
tubes without a bifurcation propagated more slowly, as
you can see in the second and third peaks observed at
approximately 1.6 and 3.0, respectively. This is because the
actual pressure wave propagation velocities in the artificial
common and internal carotid arteries were approximately 7.5
and 9.0m/s, respectively. These velocities can be obtained
using the propagation distances and arrival times of the first
peaks of the pressure waveforms, measured 280, 560, 840,
and 1120mm away from the ejection point in the straight
tubes.

According to Eq. (3), the pressure wave propagation
velocity depends on the Young’s modulus, diameter, and
thickness of the tubes. The pressure wave propagation
velocities in the artificial common and internal carotid
arteries calculated using Eq. (3) were 6.7 and 7.7m/s,
respectively. Since the differences between the actual and
theoretical pressure wave propagation velocities were in the
range of 10 to 15%, the actual pressure wave propagation
velocities in these artificial arteries were in good agreement
with the estimated velocities. From the above discussions,
the arrival time difference of the second peaks observed at
around 1.6s should be approximately 0.1s in Fig. 4(a).
Therefore, the pressure wave propagation velocity in the
straight tubes was lower since the diameter of the straight
tubes without a bifurcation was 2 mm larger than that of the
mother tubes of the bifurcation tubes.

3.2 Comparison of the measured data and theoretical
estimation

After confirming that the bifurcation angle does not change
the pressure waveform, we observed the reflected wave from
a stainless rod used as the internal carotid artery occlusion in
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Table Ill. Estimated optimum value of each parameter.
Young’s modulus E (kPa) 185
Viscosity of tube wall 5 0.085
Nonlinear term ¢, 0.041
Velocity profile factor o 1.0
Friction term Cy 2.5
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Fig. 5. (Color online) (a) Observed reference wave in the artificial arterial
tree in brain. (b) Observed reflected wave from each occlusion in the artificial
arterial tree in brain.

the bifurcation tube. The 1D theoretical model was also
applied to validate the measured reflected wave from the
internal carotid artery occlusion.’** The comparison of the
measured and theoretical waveforms can be seen in Fig. 4(b).
The optimum parameters used to evaluate the measured data
were also determined, as shown in Table III. As a result,
the large reflected wave from the internal carotid artery
occlusion, placed 3140 mm away from the ejection point,
was observed at around 0.8s. The incident wave ejected
by the pump was observed at around 0.3s. The reflected
wave from the end of the tube located 6000 mm away from
the ejection point was measured at around 1.6s. The
theoretical estimation was also in good agreement with the
measured waveform. This indicates that the experiments
using the bifurcation tubes are valid for the clarification of
pressure wave propagation phenomena in an actual arterial
bifurcation.?’-2

3.3 Observation of the reflected waves from
occlusions

First, after the stainless rods were inserted at all the reflection
points in Fig. 3, the pressure wave was measured as a
reference wave without placing any stainless rods at the
insertion points. The reference waveform can be seen in
Fig. 5(a). The incident wave ejected by the pump was
observed at around 0.3 s as the first peak. The second peak
observed at around 1.6s was the reflected waves from the
end of the tubes located 6000 mm away from the ejection

© 2018 The Japan Society of Applied Physics
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point. If a stainless rod is inserted at insertion point A, B,
or C as an occlusion, the reflected wave from the model
occlusion can be measured between the first and second
peaks. The static pressure in the tubes also increased owing to
the input flow ejected by the pump.

Figure 5(b) shows four observed pressure waveforms as a
function of time. The stainless rod was inserted at insertion
point A. Result [A] represents the waveforms reflected from
insertion point A and the other reflection points. The
reflected wave from insertion point A can be seen at around
0.9s. The amplitude of this reflected wave, P,, subtracted
from the static pressure, was 0.56 kPa.

Secondly, the stainless rod at insertion point A was
removed and inserted at insertion point B. Result [B] shows
the reflected wave from insertion point B and the other
reflection points. The reflected wave from insertion point B
was also measured at around 0.9s. The amplitude of this
reflected wave, Py, was 0.14 kPa.

Next, the stainless rod at insertion point B was removed
and inserted at insertion point C. Result [C] shows the
reflected wave from insertion point C and the other reflection
points. The reflected wave from insertion point C can be seen
at around 0.9 s, too. The amplitude of this reflected wave, Pc,
was 0.02 kPa.

Finally, the additional stainless rods were inserted at
insertion points A, B, D, and E. Result [D] represents the
total reflection of incident waves from insertion points A, B,
C, D, and E. The total reflection from all the insertion points
was observed at around 0.9s. The amplitude of this total
reflection, Pp, was 3.68 kPa.

As you can see in the reflected waves from the model
occlusions, the arrival times of the reflected waves were
almost the same. The distance between the bifurcation
point and each model occlusion was 80 mm, and the pressure
wave propagation velocities in the artificial middle cerebral,
prefrontal, and lenticulostriate arteries were theoretically 7.7,
9.4, and 13.4m/s, respectively, in accordance with Eq. (3).
Therefore, the arrival time difference of the reflected waves
from the model occlusions should be in the range of 0.04 to
0.08 s. This indicates that it is too difficult to recognize the
arrival time differences of the reflected waves on the scale of
the horizontal axis in Fig. 5(b).

By dividing Ps, Pg, and Pc by Pp, the reflection
coefficients were estimated, as shown in Table II. The
attenuation of each tube is expected to vary, depending on
the diameter and thickness of the tubes. Although the
propagation distance of the reflected wave was much larger
than the actual length of cerebral arteries, the reflected wave
from the stainless rod with a diameter of 1 mm was visible.
Therefore, there is a possibility that the reflected wave from
an occlusion with a diameter of more than 1 mm in the brain
may be observable at the left common carotid artery in vivo.

4. Conclusions

In this study, the artificial arterial tree in the brain was
fabricated to elucidate the complicated pressure wave
propagation phenomena in arteries. This model was com-
posed of eight types of artificial arteries presented in Fig. 1
and Table II. The inner diameters of the artificial middle
cerebral, prefrontal, and lenticulostriate arteries were 3, 2,
and 1mm, respectively. The thicknesses of these arteries
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were set to 1 mm. Next, we investigated the effects of the
bifurcation angle on the pressure waveform and attempted
to observe the reflected pulse wave from the model occlusion
with a diameter of more than 1 mm in a brain artery model
at the left common carotid artery experimentally. As a result,
we confirmed that the bifurcation angle did not affect the
pulse waveform at all. Under these conditions, the large
reflected wave from the stainless rod used as the internal
carotid artery occlusion was observed at the left common
carotid artery. This measured data showed good agreement
with the waveform obtained from the 1D theoretical model.

We could also measure the reflected waves from the model
occlusions of the middle cerebral, prefrontal, and lenticulos-
triate arteries in the experiments. Therefore, an occlusion
with a diameter of more than 1 mm in cerebral arteries
possibly changes the pulse waveform in vivo. Here, the
reflected wave from the model occlusion of the lenticulos-
triate artery with a diameter of 1 mm was very small, and the
reflection coefficient of this reflected wave was estimated to
be 0.54%, as shown in Table II. In light of the attenuation
caused by actual arterial walls, it seems difficult to observe
the reflected wave from the actual occlusion of the
lenticulostriate artery at the common carotid artery in vivo.
Therefore, it would be necessary to determine whether the
reflected waves from the cerebral occlusions can be measured
at the common carotid artery by further clinical research.
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