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(7) ABSTRACT

A viscoelastic characteristics acquisition device is a device
that acquires viscoelastic characteristics of a blood vessel of
an inspection target, and includes a pulse wave acquisition
unit that acquires a time waveform corresponding to a
volume pulse wave of the inspection target, a spectrum
acquisition unit that acquires a volume pulse wave spectrum
by performing Fourier transform on the time waveform, an
input unit to which values corresponding to maximum blood
pressure and minimum blood pressure of the inspection
target are input, and an analysis unit that acquires the
viscoelastic characteristics on the basis of the values corre-
sponding to the maximum blood pressure and the mininum
blood pressure and the volume pulse wave spectrum at a
frequency equal to or higher than a frequency corresponding
to the pulse of the inspection target.
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VISCOELASTICITY CHARACTERISTICS
ACQUISITION DEVICE, VISCOELASTICITY
CHARACTERISTICS ACQUISITION
METHOD, VISCOELASTICITY
CHARACTERISTICS ACQUISITION
PROGRAM, AND RECORDING MEDIUM
RECORDING SAID PROGRAM

TECHNICAL FIELD

[0001] An aspect of the present invention relates to a
viscoelastic characteristics acquisition device, a viscoelastic
characteristics acquisition method, a viscoelastic character-
istics acquisition program, and a recording medium having
the program recorded thereon.

BACKGROUND ART

[0002] In the related art, a method of measuring a blood
pressure waveform by means of a tonometer method using
a pressure pulse wave sensor is known. In the method of
measuring the blood pressure waveform by means of the
tonometer method, a relative change in arterial pressure can
be measured, but it is difficult to accurately obtain an
absolute pressure of the arterial pressure due to the vis-
coelastic nature of the skin and subcutaneous tissue. There-
fore, it is necessary to calculate the absolute pressure of the
arterial pressure by performing correction using a blood
pressure value measured using a cuff. However, blood
pressure waveform measurement using the tonometer
method may not be able to be performed due to compression
due to the cuff during the correction.

[0003] Thus, for example, in a blood pressure waveform
monitoring device described in Patent Literature 1, an esti-
mated blood pressure waveform is determined on the basis
of a photoelectric pulse wave detected by a photoelectric
pulse wave detection device instead of measuring the blood
pressure waveform using the tonometer method during the
above correction. Specifically, in the blood pressure wave-
form monitoring device, a relationship R between a pressure
pulse wave PW acquired using a tonometer method and a
photoelectric pulse wave LW is obtained in advance, and the
estimated blood pressure waveform is acquired on the basis
of the relationship R and the photoelectric pulse wave LW.
Further, an estimated blood pressure waveform may be
acquired using a transfer function H between the pressure
pulse wave PW and the photoelectric pulse wave LW instead
of the relationship R.

CITATION LIST

Patent Literature

[0004] [Patent Literature 1] Japanese Unexamined Patent
Publication No. 2002-325739

SUMMARY OF INVENTION

[0005] As described in Patent Literature 1, when the
relationship R between the pressure pulse wave PW
acquired using the tonometer method and the photoelectric
pulse wave LW is obtained, the device becomes large and is
not convenient. Further, the transfer function H between the
pressure pulse wave PW and the photoelectric pulse wave
LW is determined on the basis of a known cardiovascular
model, but a method of setting parameters in the cardiovas-

Jul. 5,2018

cular model is unknown, and it is hard to say that the
cardiovascular system can be evaluated sufficiently, and
accurately.

[0006] An aspect of the present invention is to provide a
viscoelastic characteristics acquisition device, a viscoelastic
characteristics acquisition method, and a viscoelastic char-
acteristics acquisition program capable of evaluating a car-
diovascular system conveniently, sufficiently and accurately.

SUMMARY OF INVENTION

Technical Problem

[0007] As a result of intensive research, the present inven-
tors have newly found that there is a statistically significant
correspondence relationship between a spectrum at a fre-
quency equal to or higher than a pulse frequency in a
spectrum obtained as a result of performing Fourier trans-
form on a blood pressure waveform and values correspond-
ing to maximum blood pressure and minimum blood pres-
sure. The present inventors have conceived that viscoelastic
characteristics of the blood vessel can be derived on the
basis of values corresponding to maximum blood pressure
and minimum blood pressure of an inspection target and a
volume pulse wave spectrum at a frequency equal to or
higher than a frequency corresponding to the pulse of the
inspection target on the basis of the finding that a volume
pulse wave and a blood pressure waveform are associated on
the basis of viscoelastic characteristics of the blood vessel,
and the newly found correspondence relationship, thus com-
pleting an aspect of the present invention.

Solution to Problem

[0008] That is, an aspect of the present invention is a
viscoelastic characteristics acquisition device for acquiring
viscoelastic characteristics of a blood vessel of an inspection
target, the viscoelastic characteristics acquisition device
including: a pulse wave acquisition unit for acquiring a time
waveform corresponding to a volume pulse wave of the
inspection target; a spectrum acquisition unit for acquiring a
volume pulse wave spectrum by performing Fourier trans-
form on the time waveform; an input unit for inputting
values corresponding to maximum blood pressure and mini-
mum blood pressure of the inspection target; and an analysis
unit for acquiring the viscoelastic characteristics on the basis
of the values corresponding to the maximum blood pressure
and the minimum blood pressure and the volume pulse wave
spectrum at a frequency equal to or higher than a frequency
corresponding to a pulse of the inspection target.

[0009] Further, another aspect of the present invention is
a viscoelastic characteristics acquisition method of acquir-
ing viscoelastic characteristics of a blood vessel of an
inspection target, the viscoelastic characteristics acquisition
method including: a pulse wave acquisition step of acquiring
a time waveform corresponding to a volume pulse wave of
the inspection target; a spectrum acquisition step of acquir-
ing a volume pulse wave spectrum by performing Fourier
transform on the time waveform; an input step of inputting
values corresponding to maximum blood pressure and mini-
mum blood pressure of the inspection target; and an analysis
step of acquiring the viscoelastic characteristics on the basis
of the values corresponding to the maximum blood pressure
and the minimum blood pressure and the volume pulse wave
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spectrum at a frequency equal to or higher than a frequency
corresponding to a pulse of the inspection target.

[0010] Further, still another aspect of the present invention
is a program for causing a computer to execute viscoelastic
characteristics acquisition for acquiring viscoelastic charac-
teristics of a blood vessel of an inspection target, the
program causing the computer to function as: a pulse wave
acquisition unit for acquiring a time waveform correspond-
ing to a volume pulse wave of the inspection target; a
spectrum acquisition unit for acquiring a volume pulse wave
spectrum by performing Fourier transform on the time
waveform; an input unit for inputting values corresponding
to maximum blood pressure and minimum blood pressure of
the inspection target; and an analysis unit for calculating the
viscoelastic characteristics on the basis of the values corre-
sponding to the maximum blood pressure and the minimum
blood pressure and the volume pulse wave spectrum at a
frequency equal to or higher than a frequency corresponding
to a pulse of the inspection target. Further, still another
aspect of the present invention is a computer-readable
recording medium having the viscoelastic characteristics
acquisition program recorded thereon.

[0011] According to the viscoelastic characteristics acqui-
sition device, the viscoelastic characteristics acquisition
method, the viscoelastic characteristics acquisition program,
and the recording medium having the program recorded
thereon according to the above aspect of the present inven-
tion, the viscoelastic characteristics are acquired on the basis
of the values corresponding to the maximum blood pressure
and the minimum blood pressure of the inspection target,
and the volume pulse wave spectrum at a frequency equal to
or higher than the frequency corresponding to a pulse of the
inspection target. Accordingly, it is possible to conveniently
acquire highly accurate viscoelastic characteristics. The car-
diovascular system can be evaluated on the basis of the
viscoelastic characteristics.

Advantageous Effects of Invention

[0012] According to an aspect of the present invention, a
viscoelastic characteristics acquisition device, a viscoelastic
characteristics acquisition method, a viscoelastic character-
istics acquisition program, and a recording medium having
the program recorded thereon capable of evaluating a car-
diovascular system conveniently, sufficiently, and accurately
are provided.

BRIEF DESCRIPTION OF DRAWINGS

[0013] FIG. 1 is a schematic configuration diagram illus-
trating a blood pressure waveform estimation system includ-
ing a viscoelastic characteristics acquisition device accord-
ing to a first embodiment of an aspect of the present
invention.

[0014] FIG. 2 is a functional block diagram of a process-
ing unit in FIG. 1.

[0015] FIG. 3 is an intensity distribution diagram of a
volume pulse wave spectrum and a similar blood pressure
waveform spectrum.

[0016] FIG. 41isa graph showing a volume pulse wave and
a blood pressure waveform.

[0017] FIG. 5 is a diagram illustrating a hardware con-
figuration of a processing unit in FIG. 1.

[0018] FIG. 6 is a graph showing a blood pressure wave-
form.
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[0019] FIG. 7 is a graph showing a power spectrum of the
blood pressure waveform illustrated in FIG. 6.

[0020] FIG. 8 is a graph showing a fluctuation in blood
pressure of a cynomolgus monkey due to an anesthetic
agent.

[0021] FIG. 9 is a graph showing a correlation between a

ratio between a maximum blood pressure and a minimum
blood pressure and a ratio based on a spectral intensity of the
blood pressure waveform.

[0022] FIG. 10 is a graph showing a spread of a power
spectrum of a blood pressure waveform due to biological
fluctuations.

[0023] FIG. 11 is a diagram illustrating an effective width
of the spectral intensity of the power spectrum illustrated in
FIG. 10.

[0024] FIG. 12 is a flow diagram illustrating a processing
procedure in the blood pressure waveform estimation sys-
tem.

[0025] FIG. 13 is a diagram illustrating a configuration of
a viscoelastic characteristics acquisition program according
to an embodiment of an aspect of the present invention.
[0026] FIG. 14 is a functional block diagram correspond-
ing to FIG. 2 in a blood vessel age estimation system
according to a second embodiment.

[0027] FIG. 15 is a graph showing a relationship between
a characteristic frequency of a blood vessel and a volume
pulse wave waveform.

[0028] FIG. 16 is a graph showing a correspondence
between an age and a characteristic angular frequency.
[0029] FIG. 17 is a graph showing a correlation between
stiffness and a characteristic angular frequency.

[0030] FIG. 18 is a schematic diagram of a blood vessel
that is a measurement target for stiffness.

[0031] FIG. 19 is a diagram illustrating a parallel spring
damper model.
[0032] FIG. 20 is a diagram illustrating a series spring

damper model and a series and parallel hybrid model.
[0033] FIG. 21 is a functional block diagram correspond-
ing to FIG. 2 in a blood pressure estimation system accord-
ing to a modification example.

[0034] FIG. 22 is a schematic configuration diagram illus-
trating a viscoelastic characteristics acquisition device
according to a modification example.

[0035] FIG. 23 is a schematic configuration diagram illus-
trating a viscoelastic characteristics acquisition device
according to a modification example.

[0036] FIG. 24 is a schematic configuration diagram illus-
trating a viscoelastic characteristics acquisition device
according to a modification example.

DESCRIPTION OF EMBODIMENTS

[0037] Hereinafter, embodiments of an aspect of the pres-
ent invention will be described in detail with reference to the
accompanying drawings. In the description, the same ele-
ments or elements having the same functions are denoted
with the same reference numerals, and repeated description
will be omitted.

First Embodiment

[0038] First, an overview of a blood pressure waveform
estimation system including a viscoelastic characteristics
acquisition device according to a first embodiment of the
present invention will be described. The blood pressure
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waveform estimation system according to this embodiment
acquires viscoelastic characteristics of a blood vessel of an
inspection target (subject) and corrects a time waveform
corresponding to a volume pulse wave (relative volume
wave) using the acquired viscoelastic characteristics to
estimate the blood pressure waveform from the time wave-
form corresponding to the volume pulse wave. The time
waveform corresponding to the volume pulse wave is infor-
mation obtained by measuring change in blood volume over
time occurring at a predetermined position in the living body
from a surface of the living body by irradiating the living
body with light and detecting an intensity of reflected light,
and taking the change as a waveform. Hereinafter, the time
waveform corresponding to the volume pulse wave is simply
referred to as a “volume pulse wave”. The viscoelastic
characteristics of the blood vessel are a viscoelasticity of the
blood vessel, that is, characteristics showing a behavior of
both elasticity and viscosity in the blood vessel. The blood
pressure waveform is information in which temporal change
in blood pressure is taken as a waveform.

[0039] The volume pulse wave is known to be influenced
by viscoelastic characteristics of a blood vessel, and in order
to accurately estimate a blood pressure waveform on the
basis of the volume pulse wave, it is necessary to reduce the
influence of the viscoelastic characteristics of the blood
vessel in the volume pulse wave. Therefore, in the blood
pressure waveform estimation system according to this
embodiment, a viscoelastic characteristic correction value
indicating the viscoelastic characteristics of the blood vessel
is first acquired. By correcting the volume pulse wave using
the acquired viscoelastic characteristic correction value f,, a
similar waveform to the blood pressure waveform in which
the influence of the viscoelastic characteristics of the blood
vessel has been reduced is acquired, and predetermined
correction is performed on the basis of the similar waveform
to the blood pressure waveform to estimate the blood
pressure waveform. This will be described in detail below.

[0040] FIG. 1 is a schematic configuration diagram illus-
trating a blood pressure waveform estimation system includ-
ing a viscoelastic characteristics acquisition device accord-
ing to a first embodiment of the present invention. As
illustrated in FIG. 1, the blood pressure waveform estima-
tion system 1 includes a computer 20 and a viscoelastic
characteristics acquisition device 10.

[0041] The computer 20 acquires values corresponding to
a maximum blood pressure and a minimum blood pressure
of an inspection target. The values corresponding to the
maximum blood pressure and the minimum blood pressure
of the inspection target are, for example, a maximum blood
pressure value and a minimum blood pressure value, a ratio
between the maximum blood pressure value and the mini-
mum blood pressure value, or the like. The maximum blood
pressure value is a systolic blood pressure value that is the
highest in the systole, and the minimum blood pressure
value is a diastolic blood pressure that is lowest in the
diastole. In the computer 20, the maximum blood pressure
value P, .. and the minimum blood pressure value P, of
the inspection target measured by the blood pressure mea-
surement device such as a cuff type sphygmomanometer or
a catheter type sphygmomanometer are input by a measuring
person or the like. Measurement of the maximum blood
pressure value Py, and the minimum blood pressure value
P, may be performed in advance, for example, before
measurement of the volume pulse wave in the viscoelastic
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characteristics acquisition device 10 to be described below,
or may be performed at the same timing as the measurement
of the volume pulse wave.

[0042] The computer 20 acquires the maximum blood
pressure value P, and the minimum blood pressure value
P, of the inspection target input by the measuring person
or the like as an initial maximum blood pressure value P, .
and an initial minimum blood pressure value PT,,, of the
inspection target. The computer 20 transmits the acquired
initial maximum blood pressure value Py, and the
acquired initial minimum blood pressure value to the vis-
coelastic characteristics acquisition device 10 using wireless
communication or the like. The computer 20 and the vis-
coelastic characteristics acquisition device 10 may be elec-
trically connected by a cable or the like. The computer 20
may transmit the acquired initial maximum blood pressure
value P, . and the acquired initial minimum blood pressure
value P, to the viscoelastic characteristics acquisition
device 10 using wired communication.

[0043] The viscoelastic characteristics acquisition device
10 acquires viscoelastic characteristics of a blood vessel of
the inspection target on the basis of a volume pulse wave.
Specifically, the viscoelastic characteristics acquisition
device 10 measures the volume pulse wave in a living body
of the inspection target using, for example, so-called Near
Infra-Red Spectroscopy (NIRS). The viscoelastic character-
istics acquisition device 10 may include, for example, a
near-infrared tissue oxygen monitoring device, a pulse oxi-
meter, a pulse wave measurement device, or the like. The
viscoelastic characteristics acquisition device 10 includes a
detection unit 11 and a processing unit 30.

[0044] The detection unit 11 detects a signal for acquiring
a volume pulse wave. The detection unit 11 has a form of a
probe that comes into contact with a surface (in this embodi-
ment, a palm of a hand) of a living body H that is a subject.
The detection unit 11 includes a light source 11a (irradiation
device) and a photodetector 115 (see FIG. 2). The detection
unit 11 radiates near-infrared light from the light source 11a
from the surface of the living body H to the inside thereof,
and detects reflected light from the inside of the living body
H using the photodetector 115. Accordingly, the detection
unit 11 acquires a absorbance when the light passes through
the inside of the living body H. Since this absorbance
changes according to a blood volume at a contact position of
the detection unit 11 in the living body H, temporal change
in this absorbance corresponds to a volume pulse wave.
Examples of components that absorb light in the blood
include red blood cells, hemoglobin contained in red blood
cells, and moisture. The detection unit 11 is electrically
connected to the processing unit 30 via a cable 13, and
transmits a signal indicating the detected absorbance to the
processing unit 30 via the cable 13.

[0045] The processing unit 30 acquires the volume pulse
wave on the basis of the signal from the detection unit 11 and
performs a predetermined process on the volume pulse
wave. The processing unit 30 controls the detection unit 11.
The processing unit 30 receives the signal indicating the
absorbance detected by the detection unit 11, and measures
the absorbance over time. Accordingly. the processing unit
30 acquires the volume pulse wave. Further, the processing
unit 30 acquires an initial maximum blood pressure value
P,.0r and an initial minimum blood pressure value Py,,,;, of
the inspection target output from the computer 20 using
wireless communication or the like, and a blood pressure
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value P, at the notch point. The processing unit 30 acquires
the viscoelastic characteristics of the blood vessel of the
inspection target on the basis of the volume pulse wave and
the initial minimum blood pressure value P, and the
initial maximum blood pressure value T,,,,. Hereinafter, a
functional configuration of the processing unit 30 will be
described in detail.

[0046] FIG. 2 is a functional block diagram of the pro-
cessing unit 30 in FIG. 1. As illustrated FIG. 2, the process-
ing unit 30 includes an input unit 31, a volume pulse wave
acquisition unit 32, a frequency domain representation con-
version unit 33 (spectrum acquisition unit), an analysis unit
34, a correction unit 35, a blood pressure ratio calculation
unit 36, a time domain representation conversion unit 37,
and a blood pressure absolute value calculation unit 38,
which are electrically connected to each other as illustrated
in FIG. 2. In this embodiment, the detection unit 11 and the
volume pulse wave acquisition unit 32 function as a pulse
wave acquisition unit. The blood pressure ratio calculation
unit 36, the time domain representation conversion unit 37,
and the blood pressure absolute value calculation unit 38
function as a blood pressure waveform acquisition unit.
[0047] The input unit 31 acquires the initial maximum
blood pressure value Py, and the initial minimum blood
pressure value P, of the inspection target transmitted
from the computer 20. Accordingly, the input unit 31 inputs
values corresponding to the maximum blood pressure and
the minimum blood pressure of the inspection target. The
input unit 31 outputs the acquired initial maximum blood
pressure value P, and the acquired initial minimum blood
pressure value P, .. of the inspection target to the analysis
unit 34 and the blood pressure absolute value calculation
unit 38. The input unit 31 acquires the ratio between the
initial maximum blood pressure value P, .. and the initial
minimum blood pressure value P, . of the inspection target
transmitted from the computer 20 as values corresponding to
the maximum blood pressure and the minimum blood pres-
sure of the inspection target, and outputs the ratio to the
analysis unit 34.

[0048] The volume pulse wave acquisition unit 32
receives a signal indicating the absorbance output from the
detection unit 11. The volume pulse wave acquisition unit 32
acquires a volume pulse wave LW, by measuring the
received absorbance over time. The volume pulse wave
acquisition unit 32 outputs information on the acquired
volume pulse wave LW ,.to the frequency domain represen-
tation conversion unit 33.

[0049] The frequency domain representation conversion
unit 33 is a spectrum acquisition unit that acquires a volume
pulse wave spectrum LW, by performing Fourier transform
on the volume pulse wave LW, acquired by the volume
pulse wave acquisition unit 32. That is, the frequency
domain representation conversion unit 33 converts the vol-
ume pulse wave LW, which is a function of the time
indicated in a time domain representation into a volume
pulse wave spectrum LW, which is a function of the
frequency indicated in a frequency domain representation.
The frequency domain representation conversion unit 33
outputs information on the acquired volume pulse wave
spectrum LW . to the analysis unit 34.

[0050] The analysis unit 34 acquires the viscoelastic char-
acteristics of the blood vessel of the inspection target on the
basis of the values corresponding to the maximum blood
pressure and the minimum blood pressure and the volume
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pulse wave spectrum at a frequency equal to or higher than
the frequency corresponding to the pulse of the inspection
target. Specifically, the analysis unit 34 associates the initial
maximum blood pressure value P, and the initial mini-
mum blood pressure value P, of the inspection target
acquired by the input unit 31 with information on the volume
pulse wave spectrum LW, acquired by the frequency
domain representation conversion unit 33 for the same
inspection target. The analysis unit 34 calculates the vis-
coelastic characteristic correction value f, indicating the
viscoelastic characteristics of the blood vessel of the inspec-
tion target using Equation (1) below on the basis of the
initial maximum blood pressure value P, , the initial
minimum blood pressure value P, and the volume pulse
wave spectrum LW . associated with each other for the same
inspection target. Here, in Equation (1), 1 denotes an imagi-
nary unit, n denotes a positive integer, f; denotes a frequency
corresponding to the pulse, and f, denotes a frequency that
is n times the frequency corresponding to the pulse. The
analysis unit 34 outputs the calculated viscoelastic charac-
teristic correction value f to the correction unit 35.

[Math. 1]
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[0051] Hereinafter, the wave at the frequency f; corre-

sponding to the pulse in the volume pulse wave spectrum
LW is set as a first harmonic wave, and the wave at the
frequency f, that is n times the frequency f; of the first
harmonic wave is set as the n-th harmonic wave. The
frequency f; corresponding to the pulse is in a frequency
range corresponding to a pulse that a human body can take,
such as about 0.5 Hz to 3.7 Hz. The frequency f, corre-
sponding to the pulse fluctuates within the frequency range
(about 0.5 Hz to 3.7 Hz) corresponding to the pulse that the
human body can take due to a fluctuation of the living body,
and the frequency f, also fluctuates accordingly. In Equation
(1) above, LW (1)) indicates the spectral intensity of the first
harmonic wave, and LW -(f ) indicates the spectral intensity
of the n-th harmonic wave. The spectral intensity of the first
harmonic wave is, for example, the peak value of the
spectral intensity of the first harmonic wave, and the spectral
intensity of the n-th harmonic wave is, for example, the peak
value of the spectral intensity of the n-th harmonic wave.

[0052] In a case in which the viscoelastic characteristic
correction value f, is calculated using Equation (1) above,
the analysis unit 34 may set N=3, for example. That is, the
peak value of the spectral intensity of at least the first
harmonic wave to the third harmonic wave may be used.
Further, the analysis unit 34 may set N=6. That is, the peak
value of the spectral intensity of the first harmonic wave to
the sixth harmonic wave may be used. Further, more spe-
cifically, since a component at a frequency higher than 30 Hz
in the volume pulse wave spectrum is noise, a peak value of
the spectral intensity of 30 Hz or lower may be used so that
such noise is not reflected in the calculation result and,
preferably, a peak value of the spectral intensity of 20 Hz or
lower may be used.
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[0053] The above Equation (1) is derived on the basis of
the following equations (2) and (3).

[Math. 2]

N
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[Math. 3]
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[0054] Equation (2) indicates a statistically significant
correspondence relationship that has been newly found as a
result of repeated intensive research of the present inventors.
The correspondence relationship and Equation (2) will be
described below in detail. Further, Equation (3) above is a
model equation of a cardiovascular system based on the
finding that the volume pulse wave and the blood pressure
waveform are associated on the basis of the viscoelastic
characteristics of the blood vessel. Equation (3) shows the
volume pulse wave spectrum LW blunted due to the influ-
ence of the viscoelastic characteristics of the blood vessel is
corrected with a predetermined coeflicient using the vis-
coelastic characteristic correction value f, showing the vis-
coelastic characteristics of the blood vessel, and converted
into a similar blood pressure waveform spectrum P'.. The
similar blood pressure waveform spectrum P'z shows fre-
quency information of a waveform similar to the blood
pressure waveform. In Equation (3), o is a predetermined
constant, such as 1. A model equation of the cardiovascular
system shown on the basis of the finding that the volume
pulse wave and the blood pressure waveform are associated
on the basis of the viscoelastic characteristics may be a
series spring damper model as illustrated in a part (a) of FIG.
20 or may be a series and parallel hybrid model as illustrated
in a part (b) of FIG. 20.

[0055] The correction unit 35 corrects the volume pulse
wave spectrum IN, acquired by the frequency domain
representation conversion unit 33 using the viscoelastic
characteristic correction value f, calculated by the analysis
unit 34. Specifically, the correction unit 35 acquires a similar
blood pressure waveform spectrum P',. by correcting the
volume pulse wave spectrum LW, using the viscoelastic
characteristic correction value f, and Equation (3). The
correction unit 35 outputs information on the acquired
similar blood pressure waveform spectrum P'y to the blood
pressure ratio calculation unit 36 and the time domain
representation conversion unit 37.

[0056] FIG. 3 illustrates respective intensity distributions
of the volume pulse wave spectrum LW, and the similar
blood pressure waveform spectrum P',.. A horizontal axis in
FIG. 3 indicates a frequency [Hz], and a vertical axis of FIG.
3 indicates the spectral intensity. In FIG. 3, a graph 3a
illustrates an intensity distribution of the volume pulse wave
spectrum LW before correction in the correction unit 35,
and a graph 3b illustrates an intensity distribution of the
similar blood pressure waveform spectrum P',. after correc-
tion of the correction unit 35. The intensity distributions
indicated by the graphs 3a and 35 include a first harmonic
wave which is a wave at a frequency f; corresponding to the
pulse, and a plurality of n-th harmonics that are integer
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multiples thereof. In FIG. 3, since a part of the graph 3a
overlaps the graph 34, this part is not visible. For example,
since the first harmonic wave of the graph 3a overlaps the
first harmonic wave of the graph 35, the first harmonic wave
of the graph 3a is not visible. As illustrated in FIG. 3, the
graph 3a showing the intensity distribution of the volume
pulse wave spectrum LW, before correction including a
blunt waveform due to the influence of the viscoelasticity of
the blood vessel is corrected to the graph 35 showing the
intensity distribution of the similar blood pressure waveform
spectrum P',. by reducing the influence of the viscoelasticity
of the blood vessel through correction of the correction unit
35.

[0057] The blood pressure ratio calculation unit 36 calcu-
lates the ratio of the maximum blood pressure value P,
to the minimum blood pressure value P, ., on the basis of
the similar blood pressure waveform spectrum P',- calculated
by the correction unit 35. Specifically, the blood pressure
ratio calculation unit 36 calculates the ratio of the maximum
blood pressure value P, . to the minimum blood pressure
value Py, using Equation (2) above on the basis of the
similar blood pressure waveform spectrum P'.. That is, the
blood pressure ratio calculation unit 36 calculates a ratio of
a sum of the respective peak values of the spectral intensity
of the first harmonic wave or a higher harmonic wave in the
similar blood pressure waveform spectrum P'. to the peak
value of the spectral intensity of the first harmonic wave to
calculate a ratio between the maximum blood pressure value
P e @nd the minimum blood pressure value P,,,,. Here-
inafter, the ratio between the maximum blood pressure value
P and the minimum blood pressure value Py, calcu-
lated by the blood pressure ratio calculation unit 36 is also
simply referred to as a “maximum-minimum blood pressure
ratio”. The blood pressure ratio calculation unit 36 outputs
the calculated maximum-minimum blood pressure ratio to
the blood pressure absolute value calculation unit 38.

[0058] The time domain representation conversion unit 37
performs inverse Fourier transform on the similar blood
pressure waveform spectrum P',. calculated by the correction
unit 35 to calculate the similar blood pressure waveform P';.
That is, the time domain representation conversion unit 37
converts the similar blood pressure waveform spectrum P'x
which is a function of a frequency indicated in a frequency
domain representation into a similar blood pressure wave-
form P'; which is a function of time indicated in a time
domain representation. The time domain representation con-
version unit 37 outputs the calculated similar blood pressure
waveform P'; to the blood pressure absolute value calcula-
tion unit 38. The similar blood pressure waveform P',
indicates the relative pressure, has a different value from the
blood pressure waveform of the absolute pressure, but has a
shape similar to the shape of the blood pressure waveform.
The similar blood pressure waveform is also referred to as
a relative blood pressure waveform. The similar blood
pressure waveform P';, has a minimum point corresponding
to the diastolic blood pressure in the blood pressure wave-
form, a maximum point corresponding to the systolic blood
pressure in the blood pressure waveform, and a point of
change corresponding to a feature point in the blood pres-
sure waveform. The feature point in the blood pressure
waveform is, for example, a point of change in blood
pressure caused by an aortic valve closing due to a decrease
in a blood volume, that is, the above-described notch point.
It can be assumed that the blood pressure value P, at the
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notch point is a constant value for each inspection target
regardless of an exercise state of the inspection target. That
is, the blood pressure value P, due to the notch point can
be acquired and set for each inspection target in advance.

[0059] The blood pressure absolute value calculation unit
38 performs a correction process on the similar blood
pressure waveform P'; on the basis of the initial maximum
blood pressure value P, .. and the initial minimum blood
pressure value Py,,,;, of the inspection target acquired by the
input unit 31 to acquire the blood pressure waveform P, of
the absolute pressure. For example, an addition coeflicient is
added to the similar blood pressure waveform P';. or the
similar blood pressure waveform P'; is multiplied by the
multiplication coefficient so that the maximum point and the
minimum point in the similar blood pressure waveform P';.
are substantially the same as the initial maximum blood
pressure value P, __and the initial minimum blood pressure
value P of the inspection target, to acquire the blood
pressure waveform P. Further, the blood pressure absolute
value calculation unit 38 may acquire the blood pressure
value at a feature point such as a dicrotic notch point
(hereinafter referred to as “notch point™) or an average blood
pressure value from the acquired blood pressure waveform
P, and use the blood pressure value for subsequent acqui-
sition of the blood pressure waveform P (the notch point is,
for example, a feature point in the blood pressure waveform
caused by an aortic valve closing due to a decrease in a blood
volume). For example, by performing a correction process
on the similar blood pressure waveform P';. on the basis of
the blood pressure value at the notch point and the maxi-
mum-minimum blood pressure ratio calculated by the blood
pressure ratio calculation unit 36, the blood pressure wave-
form P as the absolute pressure is obtained. More specifi-
cally, the blood pressure absolute value calculation unit 38
adds an addition coefficient to the similar blood pressure
waveform P'; so that the ratio of the maximum point to
minimum point in the similar blood pressure waveform P';.
is substantially the same as the maximum-minimum blood
pressure ratio calculated by the blood pressure ratio calcu-
lation unit 36. Further, the blood pressure absolute value
calculation unit 38 multiplies the similar blood pressure
waveform P'; by a multiplication coefficient so that the
blood pressure value at the notch point in the similar blood
pressure waveform P',is substantially the same as the blood
pressure value at the notch point acquired from the blood
pressure waveform P,. Through such a correction process,
the blood pressure absolute value calculation unit 38
acquires a subsequent blood pressure waveform P.

[0060] FIG. 4 illustrates a graph of the volume pulse wave
LW ,and the blood pressure waveform P,. A horizontal axis
of FIG. 4 indicates time [s], and a vertical axis of FIG. 4
indicates waveform intensity [a. u.] and the blood pressure
[mmHg]. In FIG. 4, a graph 4a shows the volume pulse wave
LW ,and a graph 45 shows the blood pressure waveform P.
As illustrated in FIG. 4, the graph 4a showing the volume
pulse wave LW output from the volume pulse wave acqui-
sition unit 32 is obtained as the graph 4 showing the blood
pressure waveform P, by performing respective processes in
the frequency domain representation conversion unit 33, the
analysis unit 34, the correction unit 35, the blood pressure
ratio calculation unit 36, the time domain representation
conversion unit 37, and the blood pressure absolute value
calculation unit 38. The blood pressure waveform P, shown
in the graph 4b corresponds to a blood pressure waveform
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obtained by actually performing measurement on a mea-
surement target using a sphygmomanometer or the like. That
is, the blood pressure waveform is reproduced from the
volume pulse wave.

[0061] The blood pressure absolute value calculation unit
38 transmits information on the acquired blood pressure
waveform P to the computer 20 using wireless communi-
cation or the like. The computer 20 includes a display umt
such as a display, and displays the blood pressure waveform
Pon the display on the basis of the information on the blood
pressure waveform P, transmitted from the blood pressure
absolute value calculation unit 38. Further, the computer 20
may display the blood pressure value on the display on the
basis of the blood pressure waveform P in real time, or may
display the maximum-minimum blood pressure value, the
average blood pressure value, or the like each cycle. Further,
a pulse rate may be obtained by the volume pulse wave
acquisition unit 32, and the pulse rate may be displayed on
the display of the computer 20 at the same time as the
waveform or the blood pressure value. The viscoelastic
characteristics acquisition device 10 may include a display
unit such as a display, and the blood pressure waveform P,
or the like may be displayed by the display unit included in
the viscoelastic characteristics acquisition device 10.
[0062] Next, a hardware configuration of the processing
unit 30 will be described with reference to FIG. 5. FIG. 5
illustrates a hardware configuration of the processing unit 30
in FIG. 1. As illustrated in FIG. 5, the processing unit 30
physically is a computer including, for example, a central
processing unit (CPU) 301 that is a processor, a random
access memory (RAM) 302 or a read only memory (ROM)
303 that is a recording medium, a wireless communication
module 304, an antenna 305, and an input and output module
306, which are electrically connected. Each function of the
processing unit 30 described above is realized by operating,
for example, the wireless communication module 304, the
antenna 305, and the input and output module 306 under
control of the CPU 301 by loading the viscoelastic charac-
teristics acquisition program or the like on hardware such as
the CPU 301 and the RAM 302, and performing reading and
writing of data in the RAM 302. The processing unit 30 may
include a display, an operation module, or the like.

[0063] Next, the correspondence relationship shown in
Equation (2) above discovered by the present inventors will
be described in detail.

[0064] FIG. 6 is a graph showing a blood pressure wave-
form. A horizontal axis of FIG. 6 indicates time [s], and a
vertical axis of FIG. 6 indicates blood pressure [mmHg]. In
the graph illustrated in FIG. 6, the maximum blood pressure
value P, is about 130 mmHg and the minimum blood
pressure value P,,,, is about 70 mmHg. Therefore, a ratio
between the maximum blood pressure value P, .. and the
minimum blood pressure value P, . . that is, the maximum-
minimum blood pressure ratio is about 1.86. The blood
pressure waveform mainly includes a first harmonic wave
(main wave) at the frequency f; corresponding to the pulse,
and an n-th harmonic wave at the frequency f, higher than
the frequency f,. When the blood pressure waveform illus-
trated in FIG. 6 is subjected to Fourier transform, a power
spectrum as illustrated in FIG. 7 is obtained:

[0065] FIG. 7 is a graph showing a power spectrum
obtained by performing Fourier transform on the blood
pressure waveform illustrated in FIG. 6. The power spec-
trum is normalized using a spectral intensity of the first
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harmonic wave. A horizontal axis of FIG. 6 indicates a
frequency [Hz], and a vertical axis of FIG. 7 indicates the
spectral intensity. As a result of intensive research, the
present inventors have found that in the power spectrum
illustrated in FIG. 7, a ratio of the sum of the spectral
intensities of the n-th harmonic wave that is equal to or
higher than the first harmonic wave to the intensity of the
spectrum of the first harmonic wave (hereinafter referred to
as a “ratio based on a spectral intensity”) is substantially
equal to the maximum-minimum blood pressure ratio
obtained from the blood pressure waveform illustrated in
FIG. 6. Specifically, in the power spectrum illustrated in
FIG. 7, a sum of the spectral intensities of the n-th harmonic
wave equal to or higher than the first harmonic wave is
1.00+0.49+0.20+0.16=1.85. Therefore, the ratio of the sum
of the spectral intensities of the n-times harmonic wave
equal to or higher than the first harmonic wave to the
spectral intensity of the first harmonic wave is 1.85 and is
substantially equal to about 1.86 that is the ratio of the
maximum blood pressure value P, .. and the minimum
blood pressure value P,,,. This correspondence relation-
ship can be expressed by Equation (2) above.

[0066] The present inventors have confirmed that the
correspondence relationship shown in Equation (2) above is
statistically significant from the following experiment. The
present inventors have continuously measured a blood pres-
sure waveform indicating a fluctuation in blood pressure of
a cynomolgus monkey while applying an isoflurane anes-
thetic agent having different concentrations to the cynomol-
gus monkey and causing the blood pressure to fluctuate in a
state in which an invasive sphygmomanometer is installed in
an artery of a foot of the cynomolgus monkey. FIG. 8
illustrates a fluctuation in blood pressure of the cynomolgus
monkey due to the anesthetic agent. In FIG. 8, a horizontal
axis indicates time and a vertical axis of FIG. 8 indicates
blood pressure.

[0067] A plurality of pieces of data in different time
periods in the measured blood pressure waveform are
extracted, and a relationship between the ratio between the
maximum blood pressure and the minimum blood pressure
obtained from the extracted data and the ratio based on the
spectral intensity obtained by performing Fourier transform
on the blood pressure waveform has been plotted as illus-
trated in a graph of FIG. 9, and a correlation thereof has been
confirmed. A horizontal axis of FIG. 9 indicates the maxi-
mum-minimum blood pressure ratio obtained by an experi-
ment performed on the cynomolgus monkey, and a vertical
axis of FIG. 9 indicates the ratio based on the spectral
intensity obtained by performing Fourier transform on the
blood pressure waveform. As illustrated in FIG. 9, the ratio
based on the spectral intensity obtained by performing
Fourier transform on the blood pressure waveform has been
confirmed to fall within a range of +5% of the ratio between
the maximum blood pressure and the minimum blood pres-
sure obtained by the experiment performed on the cynomol-
gus monkey.

[0068] The above shows that the correspondence relation-
ship shown in Equation (2) above is statistically significant.
On the basis of Equation (2) and Equation (3) above which
is a model equation of the viscoelastic characteristics, Equa-
tion (1) above is derived.

[0069] The precision of the relationship shown in Equa-
tion (2) above depends on frequency resolution of the
Fourier transform. When one pulse wave is considered,

Jul. 5,2018

ideally, there are no waves other than an integer multiple
harmonic wave of a frequency corresponding to the pulse.
However, when a plurality of pulse waves are considered,
waves other than an integer multiple harmonic wave of the
frequency corresponding to the pulse are included due to
biological fluctuations.

[0070] In principle, the frequency resolution due to the
Fourier transform depends on a length of a time waveform
before the transform, but since an actually measured time
waveform has a finite length, a spectrum of the time wave-
form cannot be completely separated for each frequency.
The spectrum of each integer multiple harmonic wave
includes a spectrum of a peripheral wave other than an
integer multiple harmonic wave. As the frequency resolution
is higher, waves other than an integer multiple harmonic
wave can be removed, and the accuracy of the relationship
shown in Equation (2) above is improved. Conversely, as the
frequency resolution is lower, the accuracy is degraded
under an influence of the waves other than the integer
multiple harmonic wave. Although there is a difference in
accuracy according to the frequency resolution of the Fou-
rier transform, the correspondence relationship shown in
Equation (2) above is kept statistically significant.

[0071] FIG. 10 is a graph showing spread of a power
spectrum of the blood pressure waveform due to biological
fluctuations. A horizontal axis of FIG. 10 indicates a fre-
quency [Hz], and a vertical axis of FIG. 10 indicates the
spectral intensity. A graph 10a in FIG. 10 shows a power
spectrum of an ideal blood pressure waveform in which the
biological fluctuation is ignored, and a graph 1056 in FIG. 10
shows a power spectrum of a blood pressure waveform
including waves other than an integer multiple harmonic
wave due to biological fluctuations. The graph 105 showing
the power spectrum of the blood pressure waveform includ-
ing waves other than the integer multiple harmonic wave
due to the biological fluctuation has a wider mountain of
each peak than the graph 10a showing the power spectrum
of the ideal blood pressure waveform in which the biological
fluctuation is ignored.

[0072] The present inventors have found that in the power
spectrum of the blood pressure waveform including waves
other than integer multiple harmonic waves due to biological
fluctuations in this manner, the ratio of the sum of the
spectral intensities of the n-th harmonic wave group equal to
or higher than the first harmonic wave group to the spectral
intensity of the first harmonic wave group is substantially
equal to the ratio between the maximum blood pressure
value P, and the minimum blood pressure value P, ...
That is, the inventors have found that the correspondence
relationship expressed by Equation (4) below is satisfied.
That is, the present inventors have found that the correspon-
dence relationship shown in Equation (4) below is satisfied.
The first harmonic wave group is a group of waves at a
frequency in a predetermined range of the frequency f;
corresponding to the pulse, including the frequency f; cor-
responding to the pulse. More specifically, the first harmonic
wave group is, for example, a spectrum in a range with a
predetermined effective width around a peak value of a
spectral intensity of the first harmonic wave. The spectral
intensity of the first harmonic wave group is, for example, an
integral value of the spectral intensity in a predetermined
effective width. An n-th harmonic wave group is a group of
waves at a frequency in a predetermined width of a fre-
quency f,, including the frequency f, which is n times the



US 2018/0184922 Al

frequency f, corresponding to the pulse. More specifically,
the n-th harmonic wave group is, for example, a spectrum in
a range with a predetermined effective width around a peak
value of the spectral intensity of the n-th harmonic wave.
The spectral intensity of the n-th harmonic wave group is,
for example, an integral value of the spectral intensity in a
predetermined effective width.

[Math. 4]

N
Pr min: P max=f df: J\’
o } fZ; y

[0073] The predetermined effective width may be, for
example, a frequency width W1 which corresponds to a half
value of the peak value of the spectral intensity of the n-th
harmonic wave as illustrated in FIG. 11(a) or may be, for
example, a frequency width W2 separated at a center
between frequencies of the adjacent n-th harmonic waves as
illustrated in FIG. 11(4). An optimum frequency resolution
or the effective width of the spectrum group may be appro-
priately set in consideration of device characteristics of the
viscoelastic characteristics acquisition device, biological
fluctuations, or the like.

[0074] The analysis unit 34 may acquire the viscoelastic
characteristics on the basis of Equation (4) and Equation (3)
that is a model equation of the viscoelastic characteristics
instead of Equation (1) above. That is, the analysis unit 34
may calculate the viscoelastic characteristic correction value
f, on the basis of the maximum-minimum blood pressure
ratio and the sum of the intensities of the respective volume
pulse wave spectra of the first harmonic wave group or a
higher harmonic wave group. In this case, in Equation (4)
above, the analysis unit 34 may set N=3. That is, the integral
value of the spectral intensity of at least the first harmonic
wave group to the third harmonic wave group may be used.
Further, the analysis unit 34 may set N=6. That is, the
integral value of the spectral intensity from the first har-
monic wave group to the sixth harmonic wave group may be
used. Further, more specifically, since a component at a
frequency higher than 30 Hz in the volume pulse wave
spectrum is noise, an integral value of a spectral intensity of
30 Hz or less may be used such that noise is not reflected in
a calculation result and, preferably, an integral value of a
spectral intensity of 20 Hz or less may be used.

[0075] Next, a processing procedure of acquiring the vis-
coelastic characteristics of the blood vessel using the blood
pressure waveform estimation system 1 including the vis-
coelastic characteristics acquisition device 10 according to
this embodiment, and estimating the blood pressure wave-
form on the basis of the viscoelastic characteristics will be
described with reference to the flowchart of F1G. 12. F1G. 12
is a flow diagram illustrating a processing procedure in the
blood pressure waveform estimation system 1.

[0076] As a premise of this process, the initial maximum
blood pressure value P, and the initial minimum blood
pressure value P, of the inspection target are recorded in
the computer 20 in advance. When the connection using
wireless communication is established between the com-
puter 20 and the processing unit 30 of the viscoelastic
characteristics acquisition device 10, the initial maximum
blood pressure value Py,,,. and the initial minimum blood
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pressure value Py, are transmitted from the computer 20 to
the input unit 31. Accordingly, the initial maximum blood
pressure value P,,,,. and the initial minimum blood pressure
value P, .. are input to the input unit 31 (S1: input step).
[0077] Subsequently. the volume pulse wave acquisition
unit 32 acquires the volume pulse wave LW ;. on the basis of
the signal from the detection unit 11 (S2: volume pulse wave
acquisition step). Subsequently, the frequency domain rep-
resentation conversion unit 33 performs Fourier transform
on the volume pulse wave LW acquired in S2 to acquire the
volume pulse wave spectrum LW - (S3: spectrum acquisition
step). Subsequently, the analysis unit 34 calculates the
viscoelastic characteristic correction value f, indicating the
viscoelastic characteristics of the blood vessel on the basis
of the volume pulse wave spectrum LW . acquired in S3 (S4:
analysis step). Through the processes of S1 to S4, the
viscoelastic characteristics of the blood vessel are acquired.
In subsequent S5 to S8, a process of estimating the blood
pressure waveform is performed on the basis of the acquired
viscoelastic characteristic correction value f,.

[0078] On the basis of the volume pulse wave spectrum
LW, calculated in S3 and the viscoelastic characteristic
correction value f, calculated in S4, the correction unit 35
corrects the volume pulse wave spectrum using Equation (3)
above and calculates the similar blood pressure waveform
spectrum P',. (S5: correction step). Further, the blood pres-
sure ratio calculation unit 36 calculates the maximum-
minimum blood pressure ratio using Equation (2) above on
the basis of the similar blood pressure waveform spectrum
P' calculated in S5 (S6: blood pressure waveform acquisi-
tion step). Subsequently, the time domain representation
conversion unit 37 performs inverse Fourier transform on
the similar blood pressure waveform spectrum P’ calculated
in S5 to acquire the similar blood pressure waveform P', (S7:
blood pressure waveform acquisition step). Subsequently,
the blood pressure absolute value calculation unit 38 adds an
addition coeflicient to the similar blood pressure waveform
P',. or multiplies the similar blood pressure waveform P',. by
the multiplication coeflicient so that the maximum point and
the minimum point in the similar blood pressure waveform
P', are substantially the same as the initial maximum blood
pressure value P, .. and the initial minimum blood pressure
value P, of the inspection target, to acquire the blood
pressure waveform P,. Further, the blood pressure absolute
value calculation unit 38 acquires, for example, the blood
pressure value P, at the notch point as the feature point
from the acquired blood pressure waveform P, and there-
after, and performs a correction process on the similar blood
pressure waveform P'; on the basis of the maximum-mini-
mum blood pressure ratio calculated in S6 and the blood
pressure value P, at the notch point, to acquire the blood
pressure waveform P (S8: blood pressure waveform acqui-
sition step). In steps S5 to S8 above, the blood pressure
waveform is estimated and the process is ended. The infor-
mation indicating the blood pressure waveform P, acquired
in S8 may be displayed on, for example, the display of the
computer 20 by being transmitted from the processing unit
30 to the computer 20.

[0079] Next, the viscoelastic characteristics acquisition
program for causing a computer to function as the viscoelas-
tic characteristics acquisition device 10 will be described
with reference to FIG. 13.

[0080] The viscoelastic characteristics acquisition pro-
gram P1 includes a main module P10, an input module P15,
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a volume pulse wave acquisition module P16, a frequency
domain representation conversion module P17, an analysis
module P18, a correction module P19, a blood pressure ratio
calculation module P20, a time domain representation con-
version module P21, and a blood pressure absolute value
calculation module P22.

[0081] The main module P10 is a part that totally controls
the entire viscoelastic characteristics acquisition process.
Functions realized by executing the input module P15, the
volume pulse wave acquisition module P16, the frequency
domain representation conversion module P17, the analysis
module P18, the correction module P19, the blood pressure
ratio calculation module P20, the time domain representa-
tion conversion module P21, and the blood pressure absolute
value calculation module P22 are the same as those of the
input unit 31, the volume pulse wave acquisition unit 32, the
frequency domain representation conversion unit 33, the
analysis unit 34, the correction unit 35, the blood pressure
ratio calculation unit 36, the time domain representation
conversion unit 37, and the blood pressure absolute value
calculation unit 38 of the viscoelastic characteristics acqui-
sition device 10, respectively.

[0082] The viscoelastic characteristics acquisition pro-
gram P1 is provided by, for example, a recording medium or
a semiconductor memory such as a CD-ROM, a DVD, or a
ROM. Further, the viscoelastic characteristics acquisition
program P1 may be provided over a network as a computer
data signal superimposed on a carrier wave.

[0083] As described above, according to the viscoelastic
characteristics acquisition device 10, the viscoelastic char-
acteristics acquisition method, the viscoelastic characteris-
tics acquisition program, and the recording medium having
the program recorded thereon according to this embodiment,
the viscoelastic characteristic correction value f, indicating
the viscoelastic characteristics is acquired on the basis of the
maximum blood pressure value P, and the minimum
blood pressure value P, of the inspection target and the
volume pulse wave spectrum LW, at the frequency f, or
higher corresponding to the pulse of the inspection target.
Accordingly, it possible to conveniently acquire highly
accurate viscoelastic characteristics. It is possible to evalu-
ate the cardiovascular system on the basis of the viscoelastic
characteristics.

[0084] More specifically, in the viscoelastic characteristics
acquisition device 10 according to the above embodiment,
the analysis unit 34 can acquire the viscoelastic character-
istic correction value f, sufficiently and accurately on the
basis of the maximum blood pressure value P, .., the
minimum blood pressure value Py, of the inspection
target, and a sum of the intensities of the volume pulse wave
spectra including the intensities of the volume pulse wave
spectra LW . of at least the first harmonic wave to the third
harmonic wave of the inspection target.

[0085] Further, even when the spectral intensity of each
nth harmonic wave spreads in a Gaussian shape in the
frequency direction due to the influence of the biological
fluctuation, the respective spread spectrum intensities are set
as the spectral intensities of the n-th harmonic wave group,
and it is possible to acquire the viscoelastic characteristic
correction value f, sufficiently and accurately on the basis of
the maximum blood pressure value P, and the minimum
blood pressure value P, ., of the inspection target, and the
sum of the intensities of the volume pulse wave spectrum
including the intensities of the respective volume pulse wave
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spectra of at least the first harmonic wave group to the third
harmonic wave group of the inspection target.

[0086] Further, according to this embodiment, the volume
pulse wave LW is corrected on the basis of the viscoelastic
characteristic correction value f, indicating the relationship
between the volume pulse wave LW ,and the blood pressure
waveform P, and the blood pressure waveform P, is
acquired on the basis of the corrected volume pulse wave
LW . Thus, the blood pressure waveform P, can be accu-
rately estimated from the volume pulse wave LW, and the
cardiovascular system can be evaluated on the basis of the
estimated blood pressure waveform conveniently, suffi-
ciently, and accurately.

[0087] Further, according to this embodiment, by detect-
ing the light radiated from the light source 11a included in
the detection unit 11 and transmitted through the inside of
the living body using the photodetector 115 included in the
detection unit 11, it is possible to easily acquire the volume
pulse wave LW, without providing a device that detects a
signal for acquiring the volume pulse wave LW , separately
from the viscoelastic characteristics acquisition device 10.

Second Embodiment

[0088] Next, an overview of a blood vessel age estimation
system including a viscoelastic characteristics acquisition
device according to a second embodiment will be described.
The blood vessel age estimation system according to this
embodiment is a system that acquires viscoelastic charac-
teristics of a blood vessel of an inspection target (subject)
and estimates a blood vessel age of the measurement target
using the acquired viscoelastic characteristics. The blood
vessel age refers to an age of a blood vessel, and is an
indicator showing how much the blood vessel has aged
through a comparison with an actual age. A human blood
vessel is known to gradually lose flexibility and become
hard and brittle with age. Such an aging phenomenon of a
blood vessel is generally called arteriosclerosis and causes
stroke, angina pectoris, myocardial infarction, or the like,
and therefore, the existence of a device that routinely and
conveniently measures a degree of progression of arterio-
sclerosis is very useful.

[0089] In general, a scheme of using a stiffness parameter
[ (hereinafter also referred to as “stiffness ) is widely
known as an indicator of the degree of progression of
arteriosclerosis. The stiffness [ is calculated on the basis of
Equation (5) below by echocardiography, CAVI examina-
tion using pulse wave propagation velocity, or the like. Here,
psand p, are the maximum blood pressure and the minimum
blood pressure at the measurement part, d is a diameter of
the blood vessel at the measurement part, and Ad is an
amount of change in diameter of the blood vessel due to
pulsation. By comparing the value of this stiffness [} with,
for example, an average value for a human of the same age,
the blood vessel age of the subject can be obtained.

[Math. 5]
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[0090] In Equation (5) for obtaining the stiffness f3, it is
generally difficult to calculate the amount of change in
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diameter Ad of the blood vessel. In the current technology,
the stiffness p is obtained, for example, by measuring d and
Ad using a large-scale device for echocardiography or the
like or indirectly calculating Ad/d using the pulse wave
propagation velocity. Further, it is preferable to originally
measure, record and manage the stiffness § with a short
period of such as one month to daily, rather than a long
period such as once a year, but an opportunity to receive a
current CAVI examination is limited.

[0091] Therefore, in the blood vessel age estimation sys-
tem according to this embodiment, first, a viscoelastic
characteristic correction value f, indicating the viscoelastic
characteristics of a blood vessel is acquired. The blood
vessel age is estimated on the basis of the acquired vis-
coelastic characteristic correction value f,. This will be
described in detail below.

[0092] FIG. 14 is a functional block diagram correspond-
ing to FIG. 2 in the blood vessel age estimation system
according to the second embodiment. The blood vessel age
estimation system 1A according to the second embodiment
includes a computer 20 and a viscoelastic characteristics
acquisition device 10A, similar to the blood pressure wave-
form estimation system 1 according to the first embodiment.
The viscoelastic characteristics acquisition device 10A
according to this embodiment includes a detection unit 11
and a processing unit 30, similar to the viscoelastic charac-
teristics acquisition device 10 according to the first embodi-
ment. The processing unit 30 of the viscoelastic character-
istics acquisition device 10A according to this embodiment
includes an input unit 31, a volume pulse wave acquisition
unit 32, a frequency domain representation conversion unit
33, and an analysis unit 34, similar to the processing unit 30
of the viscoelastic characteristics acquisition device 10
according to the first embodiment. On the other band, the
processing unit 30 of the viscoelastic characteristics acqui-
sition device 10A according to this embodiment does not
include a correction unit 35, a blood pressure ratio calcula-
tion unit 36, a time domain representation conversion unit
37, and a blood pressure absolute value calculation unit 38,
but instead includes a blood vessel age acquisition unit 39,
unlike the processing unit 30 of the viscoelastic character-
istics acquisition device 10 according to the first embodi-
ment.

[0093] In the blood vessel age estimation system accord-
ing to this embodiment, the same process as in the first
embodiment is performed in the input unit 31, the volume
pulse wave acquisition unit 32, the frequency domain rep-
resentation conversion unit 33, and the analysis unit 34.
Accordingly, the viscoelastic characteristic correction value
f, indicating the viscoelastic characteristics is calculated by
the analysis unit 34, similar to the first embodiment. The
analysis unit 34 outputs the calculated viscoelastic charac-
teristic correction value to the blood vessel age acquisition
unit 39.

[0094] The blood vessel age acquisition unit 39 calculates
the stiffness p on the basis of the viscoelastic characteristic
correction value f, calculated by the analysis unit 34. The
viscoelastic characteristic correction value {, shows a rela-
tionship of w,=2 =f, with the characteristic angular fre-
quency w, of the blood vessel. That is, the characteristic
angular frequency w,, of the blood vessel is indicated by f,.
FIG. 15 illustrates a relationship between a characteristic
frequency of the blood vessel and the waveform of the
volume pulse wave. A horizontal axis of FIG. 15 indicates
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time, and a vertical axis of FIG. 15 indicates a waveform
intensity. A graph 14a in FIG. 15 shows the blood pressure
waveform obtained by a catheter type sphygmomanometer
or the like, and graphs 14b and 14¢ in FIG. 15 show the
volume pulse wave waveform in the case of the blood
pressure waveform shown in the graph 14a. The graph 145
is a volume pulse wave waveform obtained when the
characteristic angular frequency w,is high and the graph 14¢
is a volume pulse wave waveform obtained when the
characteristic angular frequency w, is low. Thus, even when
the blood pressure waveforms are the same, a degree of
bluntness of the volume pulse wave changes according to
the magnitude of the characteristic angular frequency o, of
the blood vessel in the measurement part. When the char-
acteristic angular frequency w, is lower, the flexibility of the
blood vessel is shown to increase. That is, in the graph 145
and the graph 14¢, the graph 14¢ having a blunter waveform
is shown to indicate a more flexible blood vessel.

[0095] That is, the characteristic angular frequency w, of
the blood vessel indicated by the viscoelastic characteristic
correction value f, is an indicator showing a degree of
flexibility of the blood vessel. Therefore, the hardness of the
blood vessel can be evaluated by comparing the magnitude
of the characteristic angular frequency w, instead of the
stiffness f of the related art.

[0096] The blood vessel age acquisition unit 39 acquires
the blood vessel age using the correspondence relationship
between the age and the characteristic angular frequency m,
as illustrated in FIG. 16, for example. FIG. 16 illustrates a
graph showing a statistical result of the average value of the
characteristic angular frequency o, for each age.

[0097] A horizontal axis of FIG. 16 indicates the age, and
a vertical axis of FIG. 16 indicates the characteristic angular
frequency w,. The graph of FIG. 16 is created on the basis
of, for example, data collected for a plurality of subjects in
advance. The blood vessel age acquisition unit 39 records
the correspondence relationship between the age and the
characteristic angular frequency , as shown in the graph of
FIG. 16 in advance. When the characteristic angular fre-
quency ,, indicated by the viscoelastic characteristic cor-
rection value f, calculated by the analysis unit 34 for a
specific subject whose actual age is 35 years, for example,
is 0.8, the blood vessel age acquisition unit 39 acquires
information indicating that the blood vessel age correspond-
ing to the characteristic angular frequency w, is 50 years
with reference to the correspondence relationship shown in
the graph of FIG. 16.

[0098] Further, by collecting the value of the stiffness f3
when collecting data to create a graph as illustrated in FIG.
16, a correlation graph between the stiffness [} and the
characteristic angular frequency , as illustrated in FIG. 17
may be created. A horizontal axis of FIG. 17 indicates the
stiffness f, and a vertical axis of FIG. 17 indicates the
characteristic angular frequency w,. The blood vessel age
acquisition unit 39 may record the correspondence relation-
ship between the stiffness [ and the characteristic angular
frequency m, as shown in the correlation graph of FI1G. 17
in advance. In this case, the blood vessel age acquisition umt
39 can obtain the stiffness f§ from the characteristic angular
frequency w,, with reference to such a correspondence rela-
tionship between the stiffness [} and the characteristic angu-
lar frequency ,, obtain the blood vessel age from the
stiffness B, and increase a credibility of the acquired blood
vessel age.
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[0099] Further, in addition to the method of acquiring the
blood vessel age on the basis of the correspondence rela-
tionship as illustrated in FIG. 16 or 17, that is, the above-
described statistical scheme, the blood vessel age acquisition
unit 39 may acquire the blood vessel age on the basis of the
stiffness § by obtaining the stiffness § from the characteristic
angular frequency m, in numerical calculation. Hereinafter,
a method of acquiring the blood vessel age in numerical
calculation using the blood vessel age acquisition unit 39
will be described in detail.

[0100] FIG. 18 illustrates a schematic diagram of the
blood vessel that is a measurement target of the stiffness f.
In the blood vessel illustrated in F1G. 18, T is a thickness of
the blood vessel, d is an inner diameter of the blood vessel,
p is a density of the blood vessel, and L is a length of the
blood vessel. The thickness T of the blood vessel is assumed
to be sufficiently smaller than the inner diameter d of the
blood vessel. A case in which the blood pressure p changing
with a pumping motion of the heart from the inside is
applied to the blood vessel of FIG. 18 and the inner diameter
d changes is considered.

[0101] In this embodiment, for example, a parallel spring
damper model illustrated in FIG. 19 is used as a blood vessel
model indicating a relationship between blood pressure
exerted on the inner wall of the blood vessel and an inner
diameter displacement. As the blood vessel model, a series
spring damper model as illustrated in a part (a) of FIG. 20
may be used, or a series and parallel hybrid model as
illustrated in a part (b) of FIG. 20 may be used. Further, in
this embodiment, since an influence of the blood vessel mass
1s very small, the influence is considered to be negligible, but
a part indicating an influence of the blood vessel mass M
may be added in such a blood vessel model.

[0102] In the blood vessel model illustrated in FIG. 19 or
20, F is a force exerted on the inner wall of the blood vessel
by the blood pressure p, K is an equivalent stiffness of the
blood vessel, C is an equivalent damping coefficient of the
blood vessel, and x is a displacement of a point at which F
is exerted in the blood vessel model. A displacement x
corresponds to an amount of change Ad in the inner diameter
d of the blood vessel in the schematic view of FIG. 18. A
subscript is a suffix for convenience.

[0103] In various blood vessel models, a relationship
between a Fourier transform value P of the blood pressure p
and the Fourier transform value X of the displacement x can
be generalized by Equation (6) below using a transfer
function G.

[Math. 6]
P=GX (6)
[0104] In the blood vessel model illustrated in FIG. 19, a

relationship between the blood pressure p and the displace-
ment X in the time domain is shown in Equation (7) below.
In Equation (7) below, f{(t) is the force exerted on the inner
wall of the blood vessel due to the blood pressure p(t), and
S is a surface area of the inner wall of the blood vessel. As
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described above, K is an equivalent stiffness of the blood
vessel, and C is an equivalent damping coeflicient of the
blood vessel.

[Math. 7]

Ax(n D

F = pl)-S=Ke(d) + €5~

[0105] By performing Fourier-transform on and rearrang-
ing Equation (7) above, Equation (8) below is obtained. In
Equation (8) below, w, is the characteristic angular fre-
quency and € is a damping ratio.

[Math. 8]

2 ®
P= lﬂ(l + @z]X
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[0106] The characteristic angular frequency w, and a
damping ratio € are shown in Equations (9) and (10) below,
respectively.

[Math. 9]
% ®
w=\1
o€ (10)
VMK

[0107] Further, the blood vessel mass M and the surface
area S of the inner wall of the blood vessel are approximated
by Equations (11) and (12) using a representative value d, of
the inner diameter assuming that the thickness t of the blood
vessel is sufficiently smaller than the inner diameter d of the
blood vessel.

[Math. 10]
S=2md,L (11)
M=pLa[(d,+t)’-d?|/A~pLr-d,v/2 (12)

[0108] Thus, the blood vessel model illustrated in FIGS.
19 and 20 is in the form in which the characteristic angular
frequency m, of the blood vessel is included in the transfer
fanction G Further, among variables included in the transfer
function G, there are anatomical statistical values in a
density p of the blood vessel or the thickness T of the blood
vessel, and the damping ratio can be treated as substantially
a constant irrespective of an age. Therefore, by utilizing
existing statistical values, the transfer function G of the
blood vessel can be calculated on the basis of the charac-
teristic angular frequency o, indicated by the viscoelastic
characteristic correction value f, calculated by the analysis
unit. When the transfer function G is calculated, the Fourier
transform value X of the displacement x is shown as
Equation (13) below using an inverse function G~ of the
transfer function G and the Fourier transform value P of the
blood pressure obtained on the basis of the volume pulse
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wave using a scheme such as the blood pressure estimation
method in the first embodiment.

[Math. 11]
G -P=X (13)
[0109] By performing an inverse Fourier transform on

Equation (13) to convert Equation (13) into a time domain
equation, a time transition x(t) of the displacement x of the
blood vessel wall can be obtained. By adding a statistically
obtained initial radius d0 of the blood vessel to x(t), a time
transition d(t) of an blood vessel inner diameter is obtained
by Equation (14) below.

[Math, 12]
A(t=dD+2x(0) (14)
[0110] The stiffness § can be obtained in numerical cal-

culation by calculating Equation (15) below from d(t)
obtained by Equation (14) above and applying the value to
Equation (5) above. Therefore, by comparing the stiffness {3
with an existing average value of the stiffness f for each age,
it becomes possible to acquire the blood vessel age.

[Math. 13]

d min{d(n)} (15

Ad ~ max{d(1)} - min{d (1)}

[0111] As described above, in this embodiment, since the
viscoelastic characteristic correction value f, indicating the
viscoelastic characteristics is calculated, it is possible to
evaluate the cardiovascular system conveniently, suffi-
ciently, and accurately on the basis of the viscoelastic
characteristic correction value f,. In particular, according to
this embodiment, the blood vessel age acquisition unit 39
acquires the vessel age of the inspection target on the basis
of the viscoelastic characteristic correction value f, (blood
vessel age acquisition step). Therefore, it i3 possible to
evaluate the acquired blood vessel age conveniently and
accurately.

[0112] Although various embodiments of the present
invention have been described above, the present invention
1s not limited to the above-described embodiments, and may
be modified without departing from the gist described in
each claim or may be applied to other ones.

[0113] For example, in the blood pressure waveform esti-
mation system 1 according to the first embodiment, the
viscoelastic characteristics acquisition device 10 is the vis-
coelastic characteristics acquisition device, but the present
invention is not limited thereto. For example, in the blood
pressure waveform estimation system 1, a configuration
including the computer 20 in addition to the viscoelastic
characteristics acquisition device 10 may be a viscoelastic
characteristics acquisition device. The computer 20 may be
a viscoelastic characteristics acquisition device in place of
the viscoelastic characteristics acquisition device 10. When
the computer 20 is the viscoelastic characteristics acquisi-
tion device, the computer 20 has each function of the
processing unit 30 described above. Further, for example, in
the blood pressure waveform estimation system 1, the com-
puter 20 and the processing unit 30 may be integrally
configured.
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[0114] Further, for example, as illustrated in FIG. 21, the
blood pressure waveform estimation system 1B according to
the modification example may include a cuff type sphyg-
momanometer 21 (blood pressure measurement unit) that
measures values corresponding to the maximum blood pres-
sure and the minimum blood pressure of the inspection
target. FIG. 21 is a functional block diagram corresponding
to FIG. 2 in the blood pressure waveform estimation system
1B according to the modification example. In this case, the
values corresponding to the maximum blood pressure and
the minimum blood pressure measured by the cuff type
sphygmomanometer 21 are output to the input unit 31 via the
computer 20, for example. Further, the cuff type sphygmo-
manometer 21 may be included in the viscoelastic charac-
teristics acquisition device 10B itself included in the blood
pressure waveform estimation system 1B, or the values
corresponding to the maximum blood pressure and the
minimum blood pressure measured by the cuff type sphyg-
momanometer may be output directly from the cuff type
sphygmomanometer 21. In this case, the values correspond-
ing to the maximum blood pressure and the minimum blood
pressure of the inspection target input to the input unit 31
can be easily acquired through measurement of the cuff type
sphygmomanometer 21 included in the viscoelastic charac-
teristics acquisition device 10B without providing a device
for measuring the values separately from the viscoelastic
characteristics acquisition device 10B. A catheter type
sphygmomanometer or the like may be used in place of the
cuff type sphygmomanometer 21.

[0115] Further, for example, as illustrated in FIG. 22, the
viscoelastic characteristics acquisition device 10 may be
configured as a communication terminal 40 such as a
smartphone. A communication terminal such as a smart-
phone is included in a computer including a processor, a
storage medium, or the like. In this modification example,
the communication terminal 40 has the same functions as the
viscoelastic characteristics acquisition devices 10, 10A, and
10B according to the above embodiment. Further, the com-
munication terminal 40 may have each function of the
computer 20, in addition to each function of the viscoelastic
characteristics acquisition device 10. That is, each function
of the viscoelastic characteristics acquisition device 10
according to the first embodiment and each function of the
computer 20 may be realized in an integrated configuration.

[0116] The communication terminal 40 differs from the
viscoelastic characteristics acquisition devices 10, 10A, and
10B in that the detection unit 11 includes a light source 16
in place of the light source 11a, and a photodetector 17 in
place of the photodetector 115. The light source 16 is, for
example, a flash lamp of the communication terminal 40.
The photodetector 17 is, for example, a camera of the
communication terminal 40. That is, in this embodiment, a
function originally included in the communication terminal
40 also serves as a detection unit. Further, the communica-
tion terminal 40 may include the light source 16 and the
photodetector 17 separately from the flash lamp or the
camera. Further, a tablet computer or the like may also be
included as a computer having a processor, a storage
medium, or the like, and a tablet computer or the like may
be used in place of the communication terminal 40.

[0117] In this modification example, in a state in which a
surface (for example, a finger) of the living body H that is
a subject is placed on both the light source 16 and the
photodetector 17 of the communication terminal 40, light
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from the light source 16 is radiated from the surface of the
living body H to the inside. Reflected light from the living
body H is detected by the photodetector 17 and output to the
volume pulse wave acquisition unit 32. Accordingly, the
volume pulse wave acquisition unit 32 acquires the volume
pulse wave. Subsequently, the volume pulse wave acquisi-
tion unit 32 acquires a pulse waveform on the basis of the
acquired volume pulse wave, as in the above embodiment.
The viscoelastic characteristics are acquired through the
same process as in the above embodiment. Thus, in this
modification example, the cardiovascular system can also be
evaluated on the basis of viscoelastic characteristics conve-
niently, sufficiently, and accurately. Further, according to
this embodiment, the function as the viscoelastic character-
istics acquisition device can be realized by the function
originally included in the communication terminal 40, which
is convenient.

[0118] Further, for example, as illustrated in FIG. 23, the
viscoelastic characteristics acquisition device 10C may be
configured by integrating the detection unit 11 and the
processing unit 30. The viscoelastic characteristics acquisi-
tion device 10C is attached to the surface of the living body
H, and integrally includes, for example, a communication
unit 14, a processing unit 30, a power supply unit 15, and a
detection unit 11 including a light source 11a and a photo-
detector 115. In the viscoelastic characteristics acquisition
device 10C according to this modification example, vis-
coelastic characteristics can be acquired, similar to the above
embodiment.

[0119] Further, the surface of the living body H that is the
subject may be a part other than a palm or a finger, or may
be a forehead, an upper arm, a neck, an earlobe, or the like.
[0120] Further, although the volume pulse wave LW,
acquired by the volume pulse wave acquisition unit 32 is
corrected with the viscoelastic characteristic correction
value fv in the frequency domain, and the similar blood
pressure waveform P',is calculated in the frequency domain
representation conversion unit 33, the correction unit 35, and
the time domain representation conversion unit 37 as
described above in the first embodiment, the volume pulse
wave LW, may be corrected with the viscoelastic charac-
teristic correction value fv in the time domain, and the
similar blood pressure waveform P',. may be calculated. For
example, as in the processing unit 30D in the viscoelastic
characteristics acquisition device 10D illustrated in FIG. 24,
in the configuration in which the volume pulse wave acqui-
sition unit 32 and the correction unit 35 are electrically
connected to each other and the volume pulse wave LW . is
input from the volume pulse wave acquisition unit 32 to the
correction unit 35, a filter F, based on the viscoelastic
characteristic correction value f, is generated in the analysis
unit 34, and the filter F, is input from the analysis unit 34 to
the correction unit 35. The similar blood pressure waveform
P', may be obtained by correcting the volume pulse wave
LW in the time domain with the filter F corresponding to
the viscoelastic characteristic correction value f, in the
correction unit 35.

[0121] Further, as a result of intensive research, the pres-
ent inventors have newly found that, when the wave at the
frequency corresponding to the pulse is set as the first
harmonic wave and the wave at the frequency that is n times
(n is a positive integer) the frequency of the first harmonic
wave is set as an n-th harmonic wave in the volume pulse
wave spectrum, a relationship that a ratio of the sum of the

Jul. 5,2018

intensities of the volume pulse wave spectra including the
respective intensities of at least the first harmonic wave to
the third harmonic wave and the intensity of the first
harmonic wave is substantially equal to the ratio of the
maximum blood pressure value and the minimum blood
pressure value is established. On the basis of this, the present
inventors have conceived that the viscoelastic characteristics
of the blood vessel can be derived accurately on the basis of
the values corresponding to the maximum blood pressure
and the minimum blood pressure and the sum of intensities
of the volume pulse wave spectra including the intensities of
the respective volume pulse wave spectra of at least the first
harmonic wave to the third harmonic wave. That is, in the
viscoelastic characteristics acquisition device according to
the above embodiment, when the wave at the frequency
corresponding to the pulse is set as the first harmonic wave
and the wave at the frequency that is n times (n is a positive
integer) the frequency of the first harmonic wave is set as an
n-th harmonic wave in the volume pulse wave spectrum, the
analysis unit may acquire the viscoelastic characteristics on
the basis of the values corresponding to the maximum blood
pressure and the minimum blood pressure and the sum of
intensities of the volume pulse wave spectra including the
intensities of the respective volume pulse wave spectra of at
least the first harmonic wave to the third harmonic wave.
Further, in the viscoelastic characteristics acquisition
method according to the above embodiment, when the wave
at the frequency corresponding to the pulse is set as the first
harmonic wave and the wave at the frequency that is n times
(n is a positive integer) the frequency of the first harmonic
wave is set as an n-th harmonic wave in the volume pulse
wave spectrum, the analysis step may include acquiring the
viscoelastic characteristics on the basis of the values corre-
sponding to the maximum blood pressure and the minimum
blood pressure and the sum of intensities of the volume pulse
wave spectra including the intensities of the respective
volume pulse wave spectra of at least the first harmonic
wave to the third harmonic wave.

[0122] Further, as a result of further repeated intensive
research, the present inventors have conceived that, when a
group of waves at a frequency in a predetermined range of
the frequency corresponding to the pulse, including the
frequency corresponding to the pulse, is set as a first
harmonic wave group, and a group of waves at a frequency
in a predetermined range of the n-times frequency, including
the frequency that is n times (n is a positive integer) the
frequency corresponding to the pulse, is set as an n-th
harmonic wave group in the volume pulse wave spectrum,
the same correspondence relationship as above is established
by setting the intensity of each spread n-th harmonic wave
to the intensity of the n-th harmonic wave group even in a
case in which each n-th harmonic wave spreads in a Gauss-
ian shape in a frequency direction due to the influence of
biological fluctuation. On the basis of this, the present
inventors have conceived that the viscoelastic characteristics
of the blood vessel can be accurately derived on the basis of
the values corresponding to the maximum blood pressure
and the minimum blood pressure, and the sum of the
intensities of the volume pulse wave spectra including the
intensities of the respective volume pulse wave spectra of at
least the first harmonic wave group to the third harmonic
wave group. That is, in the viscoelastic characteristics acqui-
sition device according to the above embodiment, when a
group of waves at a frequency in a predetermined range of
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the frequency corresponding to the pulse, including the
frequency corresponding to the pulse, is set as a first
harmonic wave group, and a group of waves at a frequency
in a predetermined range of the n-times frequency, including
the frequency that is n times the frequency corresponding to
the pulse, is set as an n-th harmonic wave group in the
volume pulse wave spectrum, the analysis unit may acquire
the viscoelastic characteristics on the basis of the values
corresponding to the maximum blood pressure and the
minimum blood pressure, and the sum of the intensities of
the volume pulse wave spectra including the intensities of
the respective volume pulse wave spectra of at least the first
harmonic wave group to the third harmonic wave group.
Further, in the viscoelastic characteristics acquisition
method according to the above-described embodiment,
when a group of waves at a frequency in a predetermined
range of the frequency corresponding to the pulse, including
the frequency corresponding to the pulse, is set as a first
harmonic wave group, and a group of waves at a frequency
in a predetermined range of the n-times frequency, including
the frequency that is n times (n is a positive integer) the
frequency corresponding to the pulse, is set as an n-th
harmonic wave group in the volume pulse wave spectrum,
the analysis step may include acquiring the viscoelastic
characteristics on the basis of the values corresponding to
the maximum blood pressure and the minimum blood pres-
sure, and the sum of the intensities of the volume pulse wave
spectra including the intensities of the respective volume
pulse wave spectra of at least the first harmonic wave group
to the third harmonic wave group.

[0123] In the viscoelastic characteristics acquisition
device and the viscoelastic characteristics acquisition
method according to the above embodiment, the values
corresponding to the maximum blood pressure and the
minimum blood pressure may be a maximum blood pressure
value and a minimum blood pressure value.

[0124] In the viscoelastic characteristics acquisition
device and the viscoelastic characteristics acquisition
method according to the above embodiment, the values
corresponding to the maximum blood pressure and the
minimum blood pressure may be a ratio of the maximum
blood pressure value to the minimum blood pressure value.
[0125] The viscoelastic characteristics acquisition device
according to the above embodiment further may include a
blood pressure measurement unit for measuring values cor-
responding to a maximum blood pressure and a minimum
blood pressure of an inspection target, and the blood pres-
sure measurement unit may output values corresponding to
the measured maximum blood pressure and minimum blood
pressure to the input unit. In this case, the values corre-
sponding to the maximum blood pressure and the minimum
blood pressure of the inspection target to be input to the
input unit may be easily acquired through measurement of
the blood pressure measurement unit without providing a
device for measuring the values separately from the vis-
coelastic characteristics acquisition device.

[0126] The pulse wave acquisition unit may include an
irradiation device for irradiating the inside of the living body
with light, and a photodetector for detecting the light trans-
mitted through the inside of the living body. In this case, by
detecting the light radiated from the irradiation device
included in the pulse wave acquisition unit and transmitted
through the inside of the living body using the photodetector
included in the pulse wave acquisition unit, it is possible to
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easily obtain a waveform corresponding to the volume pulse
wave without separately providing a device that detects a
signal for acquiring a time waveform corresponding to the
volume pulse wave separately from the viscoelastic charac-
teristics acquisition device.

[0127] The viscoelastic characteristics acquisition device
according to the above embodiment may include a correc-
tion unit for correcting a time waveform corresponding to a
volume pulse wave on the basis of the viscoelastic charac-
teristics acquired by the analysis unit, and a blood pressure
waveform acquisition unit for acquiring the blood pressure
waveform of the inspection target on the basis of the time
waveform corrected by the correction unit. Further, the
viscoelastic characteristics acquisition method according to
the above embodiment may include a correction step of
correcting a time waveform corresponding to a volume pulse
wave on the basis of the viscoelastic characteristics acquired
in the analysis step, and a blood pressure waveform acqui-
sition step of acquiring the blood pressure waveform of the
inspection target on the basis of the time waveform corrected
in the correction step. In this case, the time waveform based
on the volume pulse wave is corrected on the basis of the
viscoelastic characteristics indicating the relationship
between the volume pulse wave and the blood pressure
waveform, and the blood pressure waveform is acquired on
the basis of the corrected time waveform. Thus, the blood
pressure waveform can be accurately estimated from the
time waveform corresponding to the volume pulse wave,
and the cardiovascular system can be evaluated on the basis
of the estimated blood pressure waveform conveniently,
sufficiently, and accurately.

[0128] The viscoelastic characteristics acquisition device
according to the above embodiment may further include a
blood vessel age acquisition unit for acquiring a blood vessel
age of the inspection target on the basis of the viscoelastic
characteristics acquired by the analysis unit. The viscoelas-
tic characteristics acquisition method according to the above
embodiment may further include a blood vessel age acqui-
sition step of acquiring a blood vessel age of the inspection
target on the basis of the viscoelastic characteristics acquired
in the analysis step. In this case, since the blood vessel age
of the inspection target is acquired on the basis of the
viscoelasticity characteristics indicating the viscoelasticity
of the blood vessel, the cardiovascular system can be evalu-
ated on the basis of the acquired blood vessel age conve-
niently, sufficiently, and accurately.

INDUSTRIAL APPLICABILITY

[0129] According to the aspect of the present invention,
the viscoelastic characteristics acquisition device, the vis-
coelastic characteristics acquisition method, the viscoelastic
characteristics acquisition program, and the recording
medium having the program recorded thereon are adopted as
use forms, and it is possible to evaluate the cardiovascular
system conveniently, sufficiently, and accurately.

REFERENCE SIGNS LIST

[0130] 10, 10A, 10B, 10C, 10D: viscoelastic characteris-
tics acquisition device

[0131] 11: detection unit (pulse wave acquisition unit)
[0132] 1la, 16: light source (irradiation device)
[0133] 114, 17: photodetector



US 2018/0184922 Al

[0134] 21: cuff type sphygmomanometer (blood pressure
measurement unit)

[0135] 31: input unit

[0136] 32: volume pulse wave acquisition unit (pulse
wave acquisition unit)

[0137] 33: frequency domain representation conversion
unit (spectrum acquisition unit)

[0138] 34: analysis unit
[0139] 35 correction unit
[0140] 36: blood pressure ratio calculation unit (blood

pressure waveform acquisition unit)

[0141] 37: time domain representation conversion unit
(blood pressure waveform acquisition unit)

[0142] 38: blood pressure absolute value calculation unit
(blood pressure waveform acquisition unit)

[0143] 39: blood vessel age acquisition unit

[0144] 40: communication terminal (viscoelastic charac-
teristics acquisition device)

[0145] H: living body
[0146] P1: viscoelastic characteristics acquisition pro-
gram.

1. A for acquiring viscoelastic characteristics of a blood
vessel of an inspection target, the viscoelastic characteristics
acquisition device comprising:

a a processor configured to acquire a time waveform
corresponding to a volume pulse wave of the inspection
target,

perform Fourier transform on the time waveform and
acquire a volume pulse wave spectrum,

input values corresponding to maximum blood pressure
and minimum blood pressure of the inspection target,
and

acquire the viscoelastic characteristics on the basis of the
values corresponding to the maximum blood pressure
and the minimum blood pressure and the volume pulse
wave spectrum at a frequency equal to or higher than a
frequency corresponding to a pulse of the inspection
target.

2. The device according to claim 1,

wherein when a wave at a frequency corresponding to the
pulse is set as a first harmonic wave, and a wave at a
frequency that is n times (n is a positive integer) the
frequency of the first harmonic wave is set as an n-th
harmonic wave in the volume pulse wave spectrum,

the processor acquires the viscoelastic characteristics on
the basis of the values corresponding to the maximum
blood pressure and the minimum blood pressure, and
the sum of the intensities of the volume pulse wave
spectra including the intensities of the respective vol-
ume pulse wave spectra of at least the first harmonic
wave to a third harmonic wave.

3. The device according to claim 1,

wherein when a group of waves at a frequency in a
predetermined range of the frequency corresponding to
the pulse, including the frequency corresponding to the
pulse, is set as a first harmonic wave group, and a group
of waves at a frequency in a predetermined range of the
n-times frequency, including the frequency that is n
times (n is a positive integer) the frequency correspond-
ing to the pulse, is set as an n-th harmonic wave group
in the volume pulse wave spectrum,

the processor acquires the viscoelastic characteristics on
the basis of the values corresponding to the maximum
blood pressure and the minimum blood pressure, and
the sum of the intensities of the volume pulse wave
spectra including the intensities of the respective vol-
ume pulse wave spectra of at least the first harmonic
wave group to the third harmonic wave group.
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4. The device according to claim 1, wherein the values
corresponding to the maximum blood pressure and the
minimum blood pressure are a maximum blood pressure
value and a minimum blood pressure value.

5. The device according to claim 1, wherein the values
corresponding to the maximum blood pressure and the
minimum blood pressure are a ratio of a maximum blood
pressure value to a minimum blood pressure value.

6. The device according to claim 1, further comprising: a
blood pressure measurement device configured to measure
the values corresponding to the maximum blood pressure
and the minimum blood pressure of the inspection target,

wherein the blood pressure measurement device outputs

values corresponding to the measured maximum blood
pressure and minimum blood pressure to the processor.

7. The device according to claim 1, wherein the processor
includes an irradiation device configured to irradiate the
inside of a living body with light, and a photodetector
configured to detect the light transmitted through the inside
of the living body.

8. The device according to claim 1,

wherein the processor corrects a time waveform corre-

sponding to the volume pulse wave on the basis of the
viscoelastic characteristics, and

acquires the blood pressure waveform of the inspection

target on the basis of the time waveform.

9. The device according to claim 1, wherein the processor
further acquires a blood vessel age of the inspection target
on the basis of the viscoelastic characteristics.

10. A method of acquiring viscoelastic characteristics of
a blood vessel of an inspection target, the viscoelastic
characteristics acquisition method comprising:

acquiring a time waveform corresponding to a volume

pulse wave of the inspection target;

performing Fourier transform on the time waveform and

acquiring a volume pulse wave spectrum;

of inputting values corresponding to maximum blood

pressure and minimum blood pressure of the inspection
target; and

of acquiring the viscoelastic characteristics on the basis of

the values corresponding to the maximum blood pres-
sure and the minimum blood pressure and the volume
pulse wave spectrum at a frequency equal to or higher
than a frequency corresponding to a pulse of the
inspection target.

11. The method according to claim 10,

when a wave at a frequency corresponding to the pulse is

set as a first harmonic wave, and a wave at a frequency
that is n times (n is a positive integer) the frequency of
the first harmonic wave is set as an n-th harmonic wave
in the volume pulse wave spectrum,

including acquiring the viscoelastic characteristics on the

basis of the values corresponding to the maximum
blood pressure and the minimum blood pressure, and
the sum of the intensities of volume pulse wave spectra
including the intensities of the respective volume pulse
wave spectra of at least the first harmonic wave to a
third harmonic wave.

12. The method according to claim 10,

when a group of waves at a frequency in a predetermined

range of the frequency corresponding to the pulse,
including the frequency corresponding to the pulse, is
set as a first harmonic wave group, and a group of
waves at a frequency in a predetermined range of the
n-times frequency, including the frequency that is n
times (nis a positive integer) the frequency correspond-
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ing to the pulse, is set as an n-th harmonic wave group
in the volume pulse wave spectrum,

including acquiring the viscoelastic characteristics on the

basis of the values corresponding to the maximum
blood pressure and the minimum blood pressure, and
the sum of the intensities of the volume pulse wave
spectra including the intensities of the respective vol-
ume pulse wave spectra of at least the first harmonic
wave group to a third harmonic wave group.

13. The method according to claim 10, wherein the values
corresponding to the maximum blood pressure and the
minimum blood pressure are a maximum blood pressure
value and a minimum blood pressure value.

14. The method according to claim 10, wherein the values
corresponding to the maximum blood pressure and the
minimum blood pressure are a ratio of a maximum blood
pressure value to a minimum blood pressure value.

15. The method according to claim 10, further compris-
ing:

of correcting a time waveform corresponding to a volume

pulse wave on the basis of the viscoelastic character-
istics; and

acquiring the blood pressure waveform of the inspection

target on the basis of the time waveform.

16
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16. The method according to claim 10, further comprising
acquiring a blood vessel age of the inspection target on the
basis of the viscoelastic characteristics.

17. A program for causing a computer to execute vis-
coelastic characteristics acquisition for acquiring viscoelas-
tic characteristics of a blood vessel of an inspection target,
the program causing the computer to function as:

acquiring a time waveform corresponding to a volume

pulse wave of the inspection target;

performing Fourier transform on the time waveform and

acquiring a volume pulse wave spectrum;

inputting values corresponding to maximum blood pres-

sure and minimum blood pressure of the inspection
target; and

calculating the viscoelastic characteristics on the basis of

the values corresponding to the maximum blood pres-
sure and the minimum blood pressure and the volume
pulse wave spectrum at a frequency equal to or higher
than a frequency corresponding to a pulse of the
inspection target.

18. A computer-readable recording medium having the
program according to claim 17 recorded thereon.
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