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Introduction

The proceeding blood pressure wave in an artery
is generated when the ventricle ejects blood. The
reflected pressure wave is what the proceeding wave
reflects at the arterial bifurcation in the periphery
and returns to the recording positionH). The blood
pressure waveform recorded on the central side of a
large artery is what the proceeding pressure wave and
the reflected pressure wave overlap in the recording
position. Owing to the enhanced velocity of the pressure
wave propagating in the artery with the progress
of arteriosclerosis, the technology that extracts the
reflected wave from the blood pressure waveform could
be used for the evaluation of arteriosclerosis. Precisely,
the augmentation index (AI), which is clinically used as
the scale of arteriosclerosis, demonstrates the relative
proportion of the reflected wave in the blood pressure
waveform®”. Although Al is the ratio of the amplitude
of the reflected wave to the amplitude of the proceeding
wave, the blood pressure wave is not separated
accurately into the proceeding wave and reflected wave
for its calculation.

Conversely, the relationship between voltage and
current and between blood flow and blood pressure
are very similar®. Although the reflected wave of the

blood pressure exists in the blood flow circuit, that
of the voltage, such as the blood pressure wave, does
not exist in the current circuit in the low-frequency
range. This variation is attributed to the difference
in the propagation speed between the electrical and
fluid phenomenon, thereby challenging the accurate
simulation of the fluid phenomena using an electric
circuit. It can be considered as a disadvantage in
simulation, which in turn, could be an advantage for
obtaining the blood pressure waveform without the
reflected wave.

This study proposes a new method to calculate
the reflected wave by subtracting the blood pressure
waveform produced using the electric circuit simulator
from the actual blood pressure waveform. In addition,
this study compares the blood pressure reflected wave
obtained from a healthy male university student and a
middle-aged male. Finally, it was assessed whether the
signs of arteriosclerosis because of aging appeared in
the blood pressure reflected wave of the middle-aged
male.

The method proposed in this study is based on a
principle different from the conventional method of
evaluating the blood pressure reflected wave. Although
this study is in its initial stages, inadequate data is

presented to seek relevant feedback on the calculation
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method based on this principle.

Subjects and Method

1. Subjects

This study examines three healthy male university
students aged 21-22 years and a healthy 4-year-old
middle-aged male. All participants provided written
informed consent before participating according to the
ethical standards of the Declaration of Helsinki.

2. Measurement

In this study, all participants were examined in the
standard supine position for all assessments. Systolic
and diastolic blood pressures of participants were
evaluated by auscultation. Then, the blood flow of
the left ventricular outflow tract was assessed using
ultrasonography (ProSound Alpha6; Hitachi Ltd., Tokyo,
Japan), and the pulse wave of the left carotid artery
was assessed using a pulse wave sensor (TK-701T;
Nihon Kohden Corp., Tokyo, Japan). Finally, the
pulse waveform with the systolic and diastolic blood
pressure at the peak and bottom of the pulse waveform,
respectively, was defined as the blood pressure
waveform.

3. Calculation method
1) Simulation by an electric circuit

Figure 1 shows the Windkessel model by an electric
circuit that was used in this study. The two elements
of the model were the total peripheral resistance of
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Fig.1 : The Windkessel model by an electric circuit used in this
study. F, blood flow ejected from the left ventricle; PW,
constant-current power source; OUTPUT, simulated blood
pressure.

the arterial system (£p) and compliance of the aorta
(C4). The current source supplied a current waveform
similar to the blood flow waveform ejected from the
left ventricle in the circuit, and the blood pressure was
recorded as the output voltage.

The two parameters of the circuit were adjusted to
simulate the actual blood pressure waveform and output
voltage waveform. Figure 2 shows that the diastolic
blood pressure of the actual blood pressure waveform
and the minimum voltage of the output voltage were
equal at the time when the slope of the up-stroke of the
actual blood pressure waveform and the output voltage
waveform were equal.

Table 1 shows the translation of the electric system to
the fluid system.
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Fig.2 : An arrangement to determine two elements of the circuit.
Solid line, actual blood pressure waveform; dotted line, the
blood pressure waveform simulated the following:

1) The diastolic blood pressure shown with a blue line in two
blood pressure waveforms is equal.

2) The angle of the slope shown with a blue line in two blood
pressure waveforms is equal.

Table 1: Correspondence between the electric system and fluid system.

Fluid system Electrical system
Blood pressure 1 mmHg 1V
Blood flow 1%10° mlis 1A
Compliance 1X%10° mli/mmHg 1F
Vascular resistance 1x10° mmHg-s/ml 1Q
Time 1s 1s

2) Extraction of the reflected wave

Figure 3 shows that the waveform obtained by
subtracting the blood pressure waveform by the
simulation place from the actual blood pressure
waveform was considered the blood pressure reflected

wave.
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Fig.3 : Two parameters measured on the reflected wave. Solid line,
actual blood pressure waveform; dotted line, simulated blood
pressure waveform; dashed line, reflected blood pressure
waveform; Pc: systolic blood pressure of the simulated blood
pressure; Pr: max blood pressure of the reflected blood
pressure; reflected wave rate: Pr/PcX100[%]; reflected wave
latency: L[s].

Results

The time difference between the starting point of
up-stroke of the actual blood pressure waveform and
that of the reflected wave was considered the reflected
wave latency, and the percentage of the amplitude of
the reflected waveform with respect to that of the blood
pressure waveform by simulation was considered the
reflected wave rate (Fig. 3).

Table 2 shows the reflected wave latency and the
reflected wave rate. The reflected wave latency of the
middle-aged participant was shorter than that of the
three young subjects. In addition, the reflected wave
rate of the middle-aged subject was higher than that of
the three young subjects.

Table 2: The reflected wave rate and latency of all subjects.

Percentage of the amplitude

Reflected wave latency of the reflected waveform

Student A 0.11's 19 %
Student B 012 s 1 %
Student C 012 s 10 %
Middle-aged man 0.07 s 24 %

Furthermore, a small negative component other than
the primary reflected wave was detected in a case.

Discussion

Al is the most popular index used in the reflected
wave’™. Figure 4 shows that the pressure difference
obtained by subtracting the blood pressure of inflection
point on up-stroke of the blood pressure waveform
from the systolic blood pressure is defined as the
amplification by the reflected wave in the calculation
of A" Then, Al is the percentage of the pressure
difference to the pulse pressure. Because the intensity of
the reflected wave depends on the physical properties of
the peripheral reflection point, quantifying the intensity
of the reflected wave corresponds to evaluating sclerosis
in the small artery”. However, the pressure difference
between the blood pressure of the inflection point and
the systolic blood pressure does not precisely reflect
the amount of blood pressure augmentation by the
reflected wave. Hence, in my view, the substitution of Al
with a more appropriate index is essential. Conversely,
an inflection point on up-stroke of the blood pressure
waveform implies the arrival of the reflected wave.
Therefore, the time difference between the starting
point of the blood pressure waveform and the inflection
point on up-stroke is the time required for the blood
pressure wave to reciprocate between the recording
position and reflection point. In addition, the time
difference between the starting point of the blood
pressure waveform and inflection point on up-stroke
could be an appropriate index of sclerosis in the large
artery because the pulse wave velocity increases with
the progression of sclerosis in the large artery®'".

The reflection wave rate corresponds to the amount
of blood pressure augmentation by the reflected wave,
and the reflected wave latency is equivalent to the
time difference between the starting point of the blood
pressure waveform and inflection point on up-stroke.
In my opinion, the stiffness of large and small arteries
in the middle-aged subject resulted from the shorter
reflected wave latency and higher reflected wave rate
than those recorded in the three young participants.
It is, thus, necessary to separate proceeding wave and
reflected wave to calculate these two indices.

In this study, the electric circuit was applied to
reproduce the blood pressure waveform without
reflected waves because the presence of reflected waves



can be ignored when the length of the electric circuit is
short and the frequency of the signal is low. However,
this study used the most uncomplicated electric circuit
comprising only two elements to simulate the blood
pressure waveform as an electric circuit imitating the
arterial system. The two elements are the electric
capacity corresponding to the compliance of the large
artery and an electric resistance corresponding to the
peripheral resistance. Despite conducting the blood
pressure wave through the large artery, the nonelastic
resistance of the large artery is not assumed in this
model. This resistance can be ignored if the artery is
considerably large, a condition that was observed in this
study. In addition, this study did not assume the inertial
component of the blood. However, this should not be a
problem because the inertial component of the blood
is mostly determined by the blood density, and there
was little individual difference in the blood density.
It is essential to consider the appropriateness of this
procedure for determining the simulated blood pressure
waveform by an electric circuit. In this study, because
the number of elements of the simulation circuit is not
necessary, it suffices the high accuracy of the blood
pressure waveform, which does not include reflected
waves. Therefore, further investigation is required to
study methods for evaluating the appropriateness of the
reproduced blood pressure waveform.

Conclusions

This study proposes a method for extracting the
reflected wave from the blood pressure waveform using
an electric circuit model. The signs of arteriosclerosis
due to aging in a middle-aged male were estimated
from the two calculated parameters of the reflected
waves.
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Abstract

In this study, an electric circuit model was used to
isolate the reflected waves from the blood pressure
waves recorded in a large artery. The flow waveform of
the blood ejected from the left ventricle was recorded
as a constant current source of an electric circuit
model comprising electric capacity CA, corresponding
to the aorta compliance, and electric resistance Rp,
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corresponding to the total peripheral resistance. This
model is commonly referred to as a two-element
windkessel model. The parameters of the two elements
varied in a way that the slope of up-stroke of the
output voltage waveform and one of the blood pressure
waveform accord and that of the minimum output
voltage and diastolic blood pressure accord at the same
time. Because the reflected wave is not included in
this output voltage waveform at this time, a waveform
obtained by subtracting the voltage waveform from the
assessed blood pressure waveform could be considered
a reflected wave. The peak latency of the reflected
wave calculated by this method from the blood pressure
waveform recorded in a 48-year-old male was shorter
than the one recorded in three healthy college students.
In addition, the amplitudes of the reflected wave in the
48-year-old male were higher than the ones in these
students.

These results reflect the increase in the pulse
wave velocity because of the decrease in the arterial
compliance in middle-aged male and the enhancement
of the reflected wave because of the increase in the
peripheral resistance of the arterial system of the head
and neck. On the other hand, there was an example
where a small negative component other than the main
reflected wave component was detected.
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