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(57) ABSTRACT

A blood pressure estimation apparatus includes: a pulse
wave measurement unit measuring a user’s pulse wave
signal; an electrocardiogram signal measurement unit mea-
suring a user’s electrocardiogram signal; and a processing
circuit estimating a user’s blood pressure value by using the
pulse wave and electrocardiogram signals, wherein the pro-
cessing circuit (a) acquires a pulse wave signal feature by
using the pulse wave signal, (b) acquires an electrocardio-
gram signal feature by using the electrocardiogram signal,
(c) acquires a pulse wave propagation time by using the
pulse wave and electrocardiogram signals, (d) selects a
blood pressure group indicating a relationship between a
pulse wave propagation time and blood pressure of the user
by using the pulse wave signal feature, electrocardiogram

(30) Foreign Application Priority Data signal feature, and pulse wave propagation time, and (e)
estimates the blood pressure value by using the blood
May 19, 2016 (JP) .o 2016-100082 pressure group, pulse wave signal feature, electrocardio-
Mar. 1, 2017 (JP) oo, 2017-038668 gram signal feature, and pulse wave propagation time.
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FIG. 4
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FIG. 5A
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FIG. 6A FULSE WAVE PROPAGATION TIME
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FIG. 9
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BLOOD PRESSURE ESTIMATION
APPARATUS, BLOOD PRESSURE
ESTIMATION METHOD, AND
NON-TRANSITORY COMPUTER-READABLE
RECORDING MEDIUM

BACKGROUND

1. Technical Field

[0001] The present disclosure relates to a blood pressure
estimation apparatus, a blood pressure estimation method,
and a non-transitory computer-readable recording medium.

2. Description of the Related Art

[0002] In recent years, attempts to accumulate user’s
health-care related information and manage a user’s health
condition by using an IT device have been increasingly
made. As for measurement of blood pressure, daily mea-
surement and recording are recommended especially to
those who have high blood pressure and require health
management. However, in a current situation in which
cuff-type sphygmomanometers are used, users fail in con-
tinuous recording of blood pressure in many cases, for
example, because of a trouble of attaching a cuff and users’
feel of compression at a cuff attachment part. In order to
address these problems, simplified methods for estimating
blood pressure without attachment of a cuff have been
considered.

[0003] A blood pressure measurement apparatus disclosed
in Japanese Unexamined Patent Application Publication No.
2007-007075 measures a blood pressure value by using a
pulse wave propagation time. The blood pressure measure-
ment apparatus disclosed in Japanese Unexamined Patent
Application Publication No. 2007-007075 utilizing correla-
tion between a blood pressure value and a pulse wave
propagation time that is calculated by using a pulse wave
signal and an electrocardiogram signal included in an elec-
trocardiogram.

[0004] Yoshifumi KISHIMOTO, Haruki KAWANAKA,
and Koji OGURI “Cuflless Blood Pressure Estimation with
Pulse Wave Signal Analysis by Means of Non-linear Regres-
sion Method”, The transactions of The Institute of Electron-
ics, Information and Communication Engineers A, Vol.
J98-A, No. 2, pp. 200-208, 2015 attempts an improvement
of estimation accuracy by using a support vector machine as
a non-linear regression method.

[0005] According to the conventional arts, sufficient accu-
racy cannot be obtained in measurement of a blood pressure
value without a cuff.

SUMMARY

[0006] Inone general aspect, the techniques disclosed here
feature a blood pressure estimation apparatus including: a
pulse wave measurement unit that measures a pulse wave
signal of a user; an electrocardiogram signal measurement
unit that measures an electrocardiogram signal of the user;
and a processing circuit that estimates a blood pressure value
of the user by using the pulse wave signal of the user and the
electrocardiogram signal of the user, wherein the processing
circuit (a) acquires a pulse wave signal feature by using the
pulse wave signal of the user, (b) acquires an electrocardio-
gram signal feature by using the electrocardiogram signal of
the user, (c) acquires a pulse wave propagation time by using
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the pulse wave signal of the user and the electrocardiogram
signal of the user, (d) selects a blood pressure group indica-
tive of a relationship between a pulse wave propagation time
and blood pressure of the user by using the pulse wave signal
feature, the electrocardiogram signal feature, and the pulse
wave propagation time, and (e) estimates the blood pressure
value of the user by using the blood pressure group, the pulse
wave signal feature, the electrocardiogram signal feature,
and the pulse wave propagation time.

[0007] According to the blood pressure estimation appa-
ratus, blood pressure estimation method, and non-transitory
computer-readable recording medium, it is possible to
improve accuracy of estimation of a blood pressure value.
[0008] It should be noted that general or specific embodi-
ments may be implemented as a device, a system, a method,
an integrated circuit, a computer program, a computer-
readable recording medium, or any selective combination
thereof. The computer-readable recording medium includes
non-volatile recording medium such as a compact disc-read
only memory (CD-ROM).

[0009] Additional benefits and advantages of the disclosed
embodiments will become apparent from the specification
and drawings. The benefits and/or advantages may be indi-
vidually obtained by the various embodiments and features
of the specification and drawings, which need not all be
provided in order to obtain one or more of such benefits
and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates a configuration of a blood pres-
sure estimation apparatus according to an embodiment;
[0011] FIG. 2A illustrates external appearance of the blood
pressure estimation apparatus according to the embodiment;
[0012] FIG. 2B illustrates a situation of measurement
using the blood pressure estimation apparatus according to
the embodiment;

[0013] FIG. 3 illustrates a flow of overall processing of a
blood pressure estimation method;

[0014] FIG. 4 illustrates a flow of an experiment of
acquisition of data for evaluation;

[0015] FIG. 5A illustrates an example of a measured
waveform of a pulse wave signal;

[0016] FIG. 5B illustrates an example of a measured
waveform of an electrocardiogram signal;

[0017] FIG. 6A illustrates a relationship between blood
pressure values and pulse wave propagation times;

[0018] FIG. 6B illustrates a relationship between blood
pressure values and pulse wave propagation times;

[0019] FIG. 7 illustrates a processing flow of a first
estimation unit;
[0020] FIG. 8 schematically illustrates a flow of process-

ing performed by the first estimation unit;

[0021] FIG. 9 illustrates a result of grouping based on an
estimation formula of the first estimation unit;

[0022] FIG. 10 illustrates a processing flow of a second
estimation unit;

[0023] FIG. 11 illustrates linear formulas for respective
groups;

[0024] FIG. 12A illustrates a distribution of blood pressure
values estimated by a conventional method and actual
measurement values;

[0025] FIG. 12B illustrates a distribution of blood pressure
values estimated by the present estimation method and
actual measurement values; and
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[0026] FIG. 13 illustrates a relationship between blood
pressure values and ages.

DETAILED DESCRIPTION

[0027] Various aspects of the present disclosure are
described before detailed description of an embodiment
according to the present disclosure.

[0028] A blood pressure estimation apparatus according to
an aspect of the present disclosure includes: a pulse wave
measurement unit that measures a pulse wave signal of a
user; an electrocardiogram signal measurement unit that
measures an electrocardiogram signal of the user; and a
processing circuit that estimates a blood pressure value of
the user by using the pulse wave signal of the user and the
electrocardiogram signal of the user, wherein the processing
circuit (a) acquires a pulse wave signal feature by using the
pulse wave signal of the user, (b) acquires an electrocardio-
gram signal feature by using the electrocardiogram signal of
the user, (c) acquires a pulse wave propagation time by using
the pulse wave signal of the user and the electrocardiogram
signal of the user, (d) selects a blood pressure group indica-
tive of a relationship between a pulse wave propagation time
and blood pressure of the user by using the pulse wave signal
feature, the electrocardiogram signal feature, and the pulse
wave propagation time, and () estimates the blood pressure
value of the user by using the blood pressure group, the pulse
wave signal feature, the electrocardiogram signal feature,
and the pulse wave propagation time.

[0029] The blood pressure estimation apparatus may be
configured such that the blood pressure group includes a first
group having a first blood pressure value with respect to the
pulse wave propagation time and a second group having a
blood pressure value lower than the first blood pressure
value with respect to the pulse wave propagation time; and
in (d), the processing circuit selects the first group or the
second group by using the pulse wave signal feature, the
electrocardiogram signal feature, and the pulse wave propa-
gation time.

[0030] The blood pressure estimation apparatus may be
configured such that the processing circuit acquires a pulse
wave wavelet feature by using the pulse wave signal of the
user in (a) and acquires an electrocardiogram wavelet fea-
ture by using the electrocardiogram signal of the user in (b).
[0031] The blood pressure estimation apparatus may be
configured such that the processing circuit acquires a pulse
wave wavelet feature by using a pulse wave waveform
corresponding to a single heartbeat of the user in (a) and
acquires an electrocardiogram wavelet feature by using an
electrocardiogram waveform corresponding to a single
heartbeat of the user in (b).

[0032] The blood pressure estimation apparatus may be
configured such that in (e), the processing circuit acquires an
estimation rule corresponding to the blood pressure group
and estimates the blood pressure value of the user by using
the estimation rule, the pulse wave signal feature, the
electrocardiogram signal feature, and the pulse wave propa-
gation time.

[0033] The blood pressure estimation apparatus may be
configured such that the estimation rule is an estimation
formula using the pulse wave signal feature, the electrocar-
diogram signal feature, and the pulse wave propagation time
as variables; and in (e), the processing circuit estimates the
blood pressure value of the user by using the pulse wave
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signal feature, the electrocardiogram signal feature, and the
pulse wave propagation time while referring to the estima-
tion formula.

[0034] The blood pressure estimation apparatus may be
configured to further include an output unit that outputs the
estimated blood pressure value.

[0035] A non-transitory computer-readable recording
medium according to an aspect of the present disclosure is
a non-transitory computer-readable recording medium stor-
ing a program for causing a computer to: (f1) acquire a pulse
wave signal of a user and an electrocardiogram signal of the
user, (f2) acquire a pulse wave signal feature by using the
pulse wave signal of the user, (f3) acquire an electrocardio-
gram signal feature by using the electrocardiogram signal of
the user, (f4) acquire a pulse wave propagation time by using
the pulse wave signal of the user and the electrocardiogram
signal of the user, (5) select a blood pressure group indica-
tive of a relationship between a pulse wave propagation time
and blood pressure of the user by using the pulse wave signal
feature, the electrocardiogram signal feature, and the pulse
wave propagation time, and (f6) estimate a blood pressure
value of the user by using the blood pressure group, the pulse
wave signal feature, the electrocardiogram signal feature,
and the pulse wave propagation time.

[0036] A blood pressure estimation method according to
an aspect of the present disclosure includes (f1) acquiring a
pulse wave signal of a user and an electrocardiogram signal
of the user; (2) acquiring a pulse wave signal feature by
using the pulse wave signal of the user; (3) acquiring an
electrocardiogram signal feature by using the electrocardio-
gram signal of the user; (f4) acquiring a pulse wave propa-
gation time by using the pulse wave signal of the user and
the electrocardiogram signal of the user; (f5) selecting a
blood pressure group indicative of a relationship between a
pulse wave propagation time and blood pressure of the user
by using the pulse wave signal feature, the electrocardio-
gram signal feature, and the pulse wave propagation time;
and (f6) estimating a blood pressure value of the user by
using the blood pressure group, the pulse wave signal
feature, the electrocardiogram signal feature, and the pulse
wave propagation time. A blood pressure measurement
apparatus according to an aspect of the present disclosure
includes a pulse wave measurement sensor that measures a
first pulse wave signal of a first user and a second pulse wave
signal of a second user; an electrocardiogram signal mea-
surement sensor that measures a first electrocardiogram
signal of the first user and a second electrocardiogram signal
of the second user, and a processing circuit including a
memory, wherein the memory includes first information
including w1(0), wi(1), . .., wi(j), . . . wl(j+k), second
information including w2(0), w2(1), ..., w1(j), . . . w2(j+k),
third information including w3(0), w3(1), . . ., wl(j), . . .
w3(j+k), and fourth information including w4(0), w4(1), . .
., w1(j), . . . wd(j+k) where j is a natural number and k is
a natural number, wherein the processing circuit (a-1)
acquires pulse wave signal features x1(1), . . ., x1 (j) by
performing wavelet transform of the first pulse wave signal,
(a-2) acquires electrocardiogram features x1(j+1), . . . ,
x1(j+k) by performing wavelet transform of the first elec-
trocardiogram signal, (a-3) calculates a first pulse wave
propagation time x1(0) that is a difference between a first
time of a peak included in a first period of the first pulse
wave signal and a second time of a peak included in a second
period of the first electrocardiogram signal, (a-4) calculates
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WLOXX1(0)+w1(Dxx1(D)+ . . . +w1({xx1(G)+w1(+1)xx1
G+D+ . . . +wl(+xx1(j+k) that is a first result and
determines whether the first result belongs to a first group,
(a-5) calculates w3(0)xX1(0)+w3(1)xx1(1)+ . . . +w3(j)xx1
O+W3IG+Dxx1G+D)+ . . . +w3(+k)xx1(j+k) that is a second
result in a case where the first result belongs to the first
group, (a-6) outputs the second result as a blood pressure
value of the first user, (b-1) acquires pulse wave signal
features x2(1), . . . , x2(j) by performing wavelet transform
of the second pulse wave signal, (b-2) acquires electrocar-
diogram features x2(j+1), . . . , x2(j+k) by performing
wavelet transform of the second electrocardiogram signal,
(b-3) calculates a second pulse wave propagation time x2(0)
that is a different between a third time of a peak included in
a third period of the second pulse wave signal and a fourth
time of a peak included in the fourth period of the second
electrocardiogram signal, (b-4) calculates w1(0)xX2(0)+w1
(Dxx2(D+ . . . +wW1({)x2(D+wW1G+)x2(+D+ . . . +wl
(j+k)xx2(j+k) that is a third result and determines whether
the third result belongs to the first group, (b-5) calculates
W2(0)xX2(0)+w2(Dxx2(1)+ . . . +w2()xx2()+w2(+1)xx2
G+D)+ .. . +wW2(j+k)xx2(j+k) that is a fourth result in a case
where the third result does not belong to the first group, (b-6)
calculates w4(0)xX2(0)+w4(1)xx2(1)+ . . . +wd(j)xx2()+
wa(+Dxx2(+1)+ . . . +wd(j+k)xx2(j+k) that is a fifth result
in a case where the fourth result belongs to the second group,
and (b-7) outputs the fifth result as a blood pressure value of
the second user, and wherein the second result and the fifth
result are different in a case where x1 (0) and x2 (0) are the
same.

[0037] An embodiment of the present disclosure is
described below with reference to the drawings.

Embodiment 1

[0038] FIG. 1 illustrates a configuration of a blood pres-
sure estimation apparatus 100 according to Embodiment 1.
[0039] The blood pressure estimation apparatus 100 illus-
trated in FIG. 1 includes a processing circuit 101, a pulse
wave measurement unit 110, and an electrocardiogram sig-
nal measurement unit 120. The processing circuit 101
includes a pulse wave feature extraction unit 130, a pulse
wave propagation time extraction unit 140, an electrocar-
diogram signal feature extraction unit 150, a first estimation
unit 160, and a second estimation unit 170. A blood pressure
estimation system 10 includes the blood pressure estimation
apparatus 100 and an output unit 180.

Details of Constituent Elements

[0040] Details of constituent elements are described below
with reference to the drawings and results of experiments.

Outline of Apparatus

[0041] FIGS. 2A and 2B illustrate an example of a form in
which the blood pressure estimation apparatus 100 is real-
ized. FIG. 2A illustrates an example of external appearance
of the blood pressure estimation apparatus 100. The blood
pressure estimation apparatus 100 illustrated in FIG. 2A has
a housing. The blood pressure estimation apparatus 100
estimates blood pressure of a user 1 while the user 1 is in
contact with the housing.

[0042] FIG. 2B illustrates how the blood pressure estima-
tion apparatus 100 estimates blood pressure. The blood
pressure estimation apparatus 100 illustrated in FIG. 2B is
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held by a finger 2 and a finger 3 of the user 1. The blood
pressure estimation apparatus 100 illustrated in FIGS. 2A
and 2B includes the pulse wave measurement unit 110 and
the electrocardiogram signal measurement unit 120. The
blood pressure estimation apparatus 100 can estimate blood
pressure of the user 1 without a cuff. This will be described
later in detail.

Pulse Wave Measurement Unit 110

[0043] The pulse wave measurement unit 110 measures a
pulse wave signal of the user 1. The pulse wave signal of the
user 1 includes information on at least one heartbeat. An
example of hardware of the pulse wave measurement unit
110 is a pulse wave sensor.

[0044] The example of the pulse wave measurement unit
110 illustrated in FIG. 2A includes a light emitting unit 111
and light receiving units 112a and 1124. The light emitting
unit 111 is a light source. An example of the light source is
an LED. The light receiving units 112¢ and 1124 are
disposed close to the light emitting unit 111. For example, as
illustrated in FIG. 2A, the light receiving units 112a and
1126 are disposed so as to sandwich the light emitting unit
111.

[0045] In a case where the blood pressure estimation
apparatus 100 is held by the thumb 2 and the thumb 3 of the
user 1 as illustrated in FIG. 2B, the light emitting unit 111
emits light, and the light receiving units 112a and 1125
detects light reflected by the user 1.

[0046] The light detected by the light receiving units 112a
and 1124 has information reflecting a condition of a blood
flow in skin of the user 1. Light during a predetermined
period detected by the light receiving units 112¢ and 1125
includes a change of a condition of a blood flow of the user
1.

Electrocardiogram Signal Measurement Unit 120

[0047] The electrocardiogram signal measurement unit
120 measures an electrocardiogram signal of the user 1. The
electrocardiogram signal of the user 1 is a signal based on a
temporal change of a cardiac potential of the user 1 and
includes information on at least one heartbeat. The electro-
cardiogram may include an electrocardiogram signal. An
example of hardware of the electrocardiogram signal mea-
surement unit 120 is an electrocardiograph sensor.

[0048] The electrocardiogram signal measurement unit
120 illustrated in FIG. 2A includes a plurality of electrodes
121 and 122. An example of the housing has a surface
having recesses. The plurality of electrodes 121 and 122 are
disposed in the recesses.

[0049] InFIG. 2A, the electrode 121 is in contact with the
left hand of the user 1, and the electrode 122 is in contact
with the right hand of the user 1. More specifically, the
thumb 2 of the left hand is in contact with a left recess, and
the thumb 3 of the right hand is in contact with a right recess.
[0050] The electrocardiogram signal measurement unit
120 acquires an electrocardiogram signal of the user 1 by
measuring an electric potential difference between the plu-
rality of electrodes 121 and 122. The electrocardiogram
signal reflects a condition concerning heart movement
(heartbeat).

[0051] Since the electrocardiogram signal measurement
unit 120 and the pulse wave measurement unit 110 are
disposed in the recesses or close to the recesses, the pulse
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wave measurement unit 110 makes contact with the user 1
and the user 1 makes contact with the electrodes 121 and 122
when the user 1 holds the housing.

Processing Circuit 101

[0052] The processing circuit 101 acquires pulse wave
signal features, electrocardiogram signal features, and a
pulse wave propagation time by using a pulse wave signal
and an electrocardiogram signal obtained by measurement.
The processing circuit 101 estimates a user’s blood pressure
group by using the pulse wave signal features, the electro-
cardiogram signal features, and the pulse wave propagation
time. The blood pressure group will be described later.

[0053] The processing circuit 101 includes the pulse wave
feature extraction unit 130, the pulse wave propagation time
extraction unit 140, the electrocardiogram signal feature
extraction unit 150, the first estimation unit 160, and the
second estimation unit 170.

[0054] The pulse wave feature extraction unit 130 extracts
user’s pulse wave signal features by using a user’s pulse
wave signal. An example of the pulse wave signal features
is time-frequency features of a pulse wave signal that are
calculated by wavelet transform of the pulse wave signal.

[0055] The electrocardiogram signal feature extraction
unit 150 extracts user’s electrocardiogram signal features by
using a user’s electrocardiogram signal. An example of the
electrocardiogram signal features is time-frequency features
of an electrocardiogram signal that are calculated by wavelet
transform of the electrocardiogram signal.

[0056] The pulse wave propagation time extraction unit
140 acquires a timing of a pulse wave signal by using the
user’s pulse wave signal and acquires a timing of an elec-
trocardiogram signal by using the user’s electrocardiogram
signal. The pulse wave propagation time extraction unit 140
acquires, as a pulse wave propagation time, a time difference
between the timing of the pulse wave signal and the timing
of the electrocardiogram signal. The pulse wave propagation
time is a period of time taken for movement of a pulse wave
between predetermined portions of a blood vessel. The pulse
wave propagation time is, for example, calculated on the
basis of a time difference between an a-wave of an accel-
eration pulse wave signal obtained by secondary differen-
tiation of a measured plethysmogram signal and an R-wave
of an electrocardiogram signal, for example, between certain
portions (see, for example, Koichi FUIIMOTO, Yuji SANO,
and Fiichi WATANABE “Application of Accelerated
Plethysmography for Measuring Pulse Wave Velocity”,
Ergonomics, The Japan Ergonomics Society, Vol. 48, No. 6,
pp- 285-294, 2012).

[0057] Auser’s pulse wave signal may include a first pulse
wave signal in a first period, . . . an i-th pulse wave signal
in an i-th period, . . . (i is a natural number of 1 or more).
A user’s electrocardiogram signal may include a first elec-
trocardiogram signal in a first period, . . . , an i-th electro-
cardiogram signal in an i-th period, . . . . In a case where the
i-th pulse wave signal corresponds to the i-th electrocardio-
gram signal, the pulse wave propagation time extraction unit
140 may (i) detect, as a first timing, a time of a peak of the
i-th pulse wave signal, (ii) detects, as a second timing, a time
of a peak of the i-th electrocardiogram signal, and (iii)
acquire, as a pulse wave propagation time, a time difference
between the first timing and the second timing.
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[0058] The first estimation unit 160 estimates a user’s
blood pressure group by using the pulse wave signal fea-
tures, the electrocardiogram signal features, and the pulse
wave propagation time.

[0059] The second estimation unit 170 estimates a blood
pressure value of the user 1 by using the pulse wave signal
features, the electrocardiogram signal features, and the pulse
wave propagation time by referring to individual estimation
rules that correspond to respective blood pressure groups.

[0060] The processing circuit 101 is constituted by a
processor and at least one memory. The memory stores
therein processing programs for the pulse wave feature
extraction unit 130, the pulse wave propagation time extrac-
tion unit 140, the electrocardiogram signal feature extraction
unit 150, the first estimation unit 160, and the second
estimation unit 170. The memory may also store therein the
estimation rules and measurement data of the pulse wave
measurement unit 110 and the electrocardiogram signal
measurement unit 120.

[0061] The processor and the memory are connected by a
bus, and the processor performs arithmetic processing by
using the measurement data and the processing programs
stored in the memory and outputs a blood pressure value.
The memory may store therein the output blood pressure
value.

Output Unit 180

[0062] The output unit 180 outputs information concern-
ing a blood pressure value estimated by the processing
circuit 101.

[0063] The output unit 180 may be configured as the blood
pressure estimation system 10 or may be configured as a
receiving device provided outside the blood pressure esti-
mation apparatus 100. In this case, the processing circuit 101
supplies a blood pressure value to the external output unit
180. The output unit 180 acquires information concerning a
blood pressure value from the processing circuit 101 and
outputs the blood pressure value.

[0064] In acase where the output unit 180 is configured as
the external receiving device, the processing circuit 101 and
the output unit 180 include a wireless transmission module.
This allows the processing circuit 101 to transmit and
receive information concerning an estimated blood pressure
value to and from the output unit 180.

[0065] The output unit 180 included in the blood pressure
estimation system 10 is, for example, a display or a speaker.
The receiving device including the output unit 180 is, for
example, a smartphone, a blood pressure display device
including a display, or a data accumulation server connected
over the Internet.

Overall Flow

[0066] FIG. 3 illustrates a flow of an outline of overall
processing of a blood pressure estimation method according
to Embodiment 1.

Step S110

[0067] The pulse wave measurement unit 110 measures a
pulse wave signal of the user 1. The pulse wave measure-
ment unit 110 measures a pulse wave signal of the user 1 for
a period corresponding to at least one heartbeat. The pulse
wave signal of the user 1 includes information on the period
corresponding to at least one heartbeat.
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[0068] The pulse wave measurement unit 110 may acquire
pulse wave information of the user 1 by acquiring pulse
wave signals corresponding to plural heartbeats and aver-
aging the acquired pulse wave signals. This allows the pulse
wave measurement unit 110 to stably acquire pulse wave
information.

Step S120

[0069] The electrocardiogram signal measurement unit
120 measures an electrocardiogram signal. Step S110 and
Step S120 are performed in parallel. In other words, the
pulse wave measurement unit 110 and the electrocardiogram
signal measurement unit 120 measure a pulse wave signal
and an electrocardiogram signal at least for the same period.

[0070] For example, upon receipt of a measurement com-
mand from the processing circuit 101, the pulse wave
measurement unit 110 and the electrocardiogram signal
measurement unit 120 perform measurement for a predeter-
mined period.

[0071] Alternatively, information on a measurement
period of a pulse wave signal and a measurement period of
an electrocardiogram signal is stored in the memory of the
blood pressure estimation apparatus 100, and the pulse wave
measurement unit 110 and the electrocardiogram signal
measurement unit 120 acquire information on the user 1 by
referring to the information on the measurement periods
stored in the memory. The measurement period of the pulse
wave signal and the measurement period of the electrocar-
diogram signal that are stored in the memory overlap at least
partially.

Step S130

[0072] The pulse wave feature extraction unit 130 extracts
pulse wave signal features by using the pulse wave signal
acquired in Step S110. An example of extraction of pulse
wave signal features will be described later.

Step S140

[0073] The electrocardiogram signal feature extraction
unit 150 extracts electrocardiogram signal features by using
the electrocardiogram signal acquired in Step S120. An
example of extraction of electrocardiogram signal features
will be described later.

Step S150

[0074] The pulse wave propagation time extraction unit
140 extracts a pulse wave propagation time from the pulse
wave signal acquired in Step S110 and the electrocardio-
gram signal acquired in Step S120. For example, the pulse
wave propagation time extraction unit 140 extracts a pulse
wave timing by using the pulse wave signal. The pulse wave
propagation time extraction unit 140 extracts an electrocar-
diogram timing by using the electrocardiogram signal.

Step S160

[0075] The first estimation unit 160 estimates a blood
pressure group of the user by using the pulse wave signal
features, the electrocardiogram signal features, and the pulse
wave propagation time.
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Step S170

[0076] The second estimation unit 170 estimates a blood
pressure value of the user 1 by using the pulse wave signal
and the electrocardiogram signal while referring to the
individual estimation rules corresponding to the respective
blood pressure groups. The processing from Step S130 to
Step S170 is also referred to as blood pressure estimation
processing S101.

Step S180

[0077] The output unit 180 outputs the blood pressure
value estimated in Step S170.

[0078] Through the above flow, a blood pressure estima-
tion result based on data obtained by each measurement can
be calculated.

Experiment for Acquisition of Data for Evaluation

[0079] The inventors of the present invention conducted
an experiment for acquisition of data for evaluation in order
to evaluate operation of the blood pressure estimation appa-
ratus 100. Details of the blood pressure estimation process-
ing S101 and a processing result of data are described by
using this data.

[0080] In the experiment, 97 subjects were examined.
Before the experiment, informed consent was obtained from
the subjects.

[0081] Electrocardiogram data and pulse wave data of the
subjects were measured by using a small-size sensor mod-
ule. The small-size sensor module is capable of concurrently
measuring an electrocardiogram signal and a pulse wave
signal. Furthermore, blood pressure values of the subjects
were measured by using a commercially available cuff-type
sphygmomanometer.

[0082] FIG. 4 illustrates a flow of acquisition of data of a
single subject. As for a measurement procedure, the inter-
national standards for non-invasive sphygmomanometers
(TEC 80601-2-30: 2009, Medical electrical equipment—Part
2-30: Particular requirements for basic safety and essential
performance of automated non-invasive sphygmomanom-
eters) were referred to.

Step S121

[0083] The subject was kept at rest for five minutes in
order to acquire stable data.

Step S122

[0084] Ablood pressure value of the subject was measured
by using a reference sphygmomanometer. The blood pres-
sure value measured by using the reference sphygmoma-
nometer was used as a basis of blood pressure data for
creation of an estimation formula. A commercially available
cuff-type sphygmomanometer was used as the reference
sphygmomanometer. It is estimated that a similar result is
obtained even in a case where a blood pressure value is
measured by using other reference blood pressure measure-
ment methods such as a method using a cuff-type mercury
sphygmomanometer performed by a laboratory technician.

Step S123

[0085] The subject was kept at rest for one minute. One
minute was set as a period that is necessary for stabilization
of data after switching from measurement of a blood pres-
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sure value by the cuff-type to measurement of a pulse wave
signal and an electrocardiogram signal.

Step S124

[0086] An electrocardiogram signal and a pulse wave
signal were concurrently measured. FIG. 5A illustrates a
waveform of the measured pulse wave signal, and FIG. 5B
illustrates a waveform of the measured electrocardiogram
signal.

Step S125

[0087] The subject was kept at rest for one minute. One
minute was set as a period that is necessary for stabilization
of data after switching from measurement of a pulse wave
signal and an electrocardiogram signal to measurement of a
blood pressure value by the cuff-type.

Step S126

[0088] Ablood pressure value of the subject was measured
by using the reference sphygmomanometer. This blood
pressure value was used for a basis of blood pressure data for
machine learning.

Step S127

[0089] It was determined whether or not a predetermined
number of pieces (times) of data was acquired. In a case of
NO, the processing proceeds to Step S123. In a case of YES,
data acquisition is finished. In this experiment, acquisition of
three pieces (three times) of data was set as a condition for
completion.

[0090] Measurement of blood pressure using the commer-
cially available cuff-type sphygmomanometer and acquisi-
tion of pulse wave data and electrocardiogram data were
alternately performed in accordance with the flow of FIG. 4.
Since there is a possibility that blood pressure fluctuate with
passage of time, a correct blood pressure value correspond-
ing to the acquired pulse wave data and electrocardiogram
data was calculated by averaging values measured by using
the reference sphygmomanometer at preceding and succeed-
ing timings. In a case where there is a large difference
between the values measured by using the reference sphyg-
momanometer at the preceding and succeeding timings,
these values were regarded as data obtained in the middle of
fluctuation of blood pressure and excluded from data for
creation of an estimation formula.

Acquired Data

[0091] FIG. 5A illustrates a waveform of the measured
pulse wave signal (hereinafter also referred to as a pulse
wave waveform). FIG. 5B illustrates an example of a
waveform of the measured electrocardiogram signal (here-
inafter also referred to as an electrocardiogram waveform).
FIGS. 5A and 5B illustrate waveforms obtained by normal-
izing the pulse wave waveform and the electrocardiogram
waveform, respectively. In FIGS. SA and 5B, the vertical
axis represents an amplitude of a waveform, and the hori-
zontal axis represents time.

[0092] FIG. 6A illustrates a relationship between a pulse
wave propagation time and a systolic blood pressure value.
In FIG. 6A, the horizontal axis represents a pulse wave
propagation time calculated from measurement data, and the
vertical axis represents a systolic blood pressure value
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corresponding to the measurement data. The plots in FIG.
6A were created from the acquired measurement data.

[0093] In FIG. 6A, a tendency corresponding to medical
knowledge that a high blood pressure value is obtained in a
case where a pulse wave propagation time is short can be
seen. However, FIG. 6A shows that systolic blood pressure
values corresponding to points having an identical pulse
wave propagation time are distributed in a wide range.
Specifically, a region 600 surrounded by the dotted line in
FIG. 6A includes points that have pulse wave propagation
times in a range from approximately 145 mSec to 150 mSec
and blood pressure values in a range from approximately
100 mmHg to 170 mmHg. That is, variation of blood
pressure values is very large as compared with variation of
pulse wave propagation times.

[0094] In a case where a linear regression formula (an
estimated value of systolic blood pressure=a*1/pulse wave
propagation time+b; a and b are constants set on the basis of
acquired data) for blood pressure estimation using a pulse
wave propagation time was created for the data in FIG. 6A,
a standard deviation of errors was 18.24 mmHg. The inter-
national standards for cuff-type non-invasive sphygmoma-
nometers require that a standard deviation of errors be 8
mmHg or less. That is, according to the method using a pulse
wave propagation time, a standard deviation of errors is
large.

Details of Blood Pressure Estimation Processing S101

[0095] Next, details of the blood pressure estimation pro-
cessing S101 from Step S130 to Step S170 in FIG. 3 are
described.

Extraction of Features: Extraction of Pulse Wave Signal
Features and Extraction of Electrocardiogram Signal
Features

[0096] The pulse wave features extraction processing in
Step S130 and the electrocardiogram signal features extrac-
tion processing in Step S140 are described below. Both a
pulse wave signal and an electrocardiogram signal are
extracted as an electric fluctuation.

[0097] In this experiment, data to be analyzed (waveforms
at 1024 Hz for ten seconds) was acquired. Since the data to
be analyzed includes a plurality of heartbeats, waveforms
corresponding to a single beat were extracted from the data
to be analyzed on the basis of a peak of an R-wave of the
electrocardiogram signal. That is, a plurality of waveforms
were extracted from the data to be analyzed. Since a
heartbeat interval varies depending on a heart rate, the
extracted plurality of waveforms corresponding to a single
beat were normalized, and then arithmetic mean of the
plurality of waveforms was obtained. This makes it possible
to reduce the influence of fluctuation in a specific part. Two
arithmetic mean waveforms corresponding to a pulse wave
signal and an electrocardiogram signal were created, and
wavelet features of the waveforms were calculated. In a time
direction, the normalized time corresponding to a single beat
was divided into 20 sections. The frequency was divided
into 8 sections on the basis of a maximum frequency 40 Hz.
Wavelet features for each cell were calculated.

[0098] In Step S150. a pulse wave propagation time was
calculated by using a time difference between a peak of a
pulse wave signal and a peak of an electrocardiogram signal.
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[0099] As a result of the processes in Steps S130, S140,
and S150, a lot of candidates features derived from the pulse
wave waveform and/or the electrocardiogram waveform are
prepared in addition to the pulse wave propagation time.
Conventionally, a blood pressure value is sometimes esti-
mated by using a pulse wave propagation time. Improve-
ment of accuracy of blood pressure value estimation can be
anticipated by using these waveform features.

Description About First Estimation Unit 160

[0100] Next, details of processing performed in Step S160
by the first estimation unit 160 are described. The first
estimation unit 160 estimates a blood pressure group by
using pulse wave signal features, electrocardiogram signal
features, and a pulse wave propagation time. The blood
pressure group is a group derived from a relationship
between pulse wave propagation times and blood pressure
values. For example, grouping is performed on the basis of
whether points having the same pulse wave propagation
time have a high blood pressure value or a low blood
pressure value.

[0101] It is generally said that there is high correlation
between a pulse wave propagation time and blood pressure.
However, the inventors of the present invention revealed by
an experiment that blood pressure values that correspond to
the same pulse wave propagation time range widely. That is,
the inventors of the present invention revealed that estima-
tion accuracy is not high in a case where a blood pressure
value is estimated on the basis of a pulse wave propagation
time.

[0102] It may be possible to employ a method for mea-
suring a user’s blood pressure value in advance by using a
cuff type and then determining a user’s group on the basis of
the blood pressure value. However, in the blood pressure
estimation apparatus 100, a user’s blood pressure group is
estimated by using user’s pulse wave signal features, elec-
trocardiogram signal features, and a pulse wave propagation
time instead of the method for measuring a user’s blood
pressure value in advance by using a cuff type and then
determining a user’s group on the basis of the blood pressure
value.

[0103] The first estimation unit 160 estimates a blood
pressure group by using features included in feature candi-
date group obtained in Steps S130, S140, and S150.
[0104] The second estimation unit 170 estimates blood
pressure by referring to a standard corresponding to the
blood pressure group. An example of the standard corre-
sponding to the blood pressure group is a blood pressure
value estimation formula for each group. In this way, it is
possible to increase accuracy of estimation of a blood
pressure value.

[0105] The idea of grouping is described below. The
inventors of the present invention conducted a follow-up
survey on a change in pulse wave propagation time in a case
where blood pressure of an individual fluctuates. As a result,
the inventors of the present invention found that the ten-
dency of the relationship between a change in pulse wave
propagation time and a blood pressure value is kept even in
a case where blood pressure fluctuates. A similar tendency
was seen both in a case where a blood pressure value is high
and in a case where a blood pressure value is low.

[0106] Changes of a pulse wave propagation time and a
blood pressure value are described below with reference to
FIG. 6B. FIG. 6B schematically illustrates changes of a
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pulse wave propagation time and a blood pressure value.
The line 161 illustrated in FIG. 6B indicates changes of a
pulse wave propagation time and a blood pressure value of
a person having a high blood pressure value. The line 162
illustrated in FIG. 6B indicates changes of a pulse wave
propagation time and a blood pressure value of a person
having a low blood pressure value. That is, FIG. 6B shows
that the blood pressure value of the person having tendency
indicated by the line 161 and the blood pressure value of the
person having tendency indicated by the line 162 are mark-
edly different from each other even in a case where the same
pulse wave propagation time is measured.

[0107] Based on this tendency, the inventors of the present
invention thought that a pulse wave waveform or an elec-
trocardiogram waveform includes not only information
related to a blood pressure value itself, but also information
reflecting a relationship between a pulse wave propagation
time and a blood pressure value. In view of this, the first
estimation unit 160 is provided before estimation of a blood
pressure value. For this reason, the first estimation unit is
designed to estimate not a blood pressure value, but a blood
pressure group in order to estimate a relationship like the one
illustrated in FIG. 6B. It is also effective to estimate whether
blood pressure tends to be high or low.

[0108] FIG. 7 illustrates a processing flow of the first
estimation unit 160. FIG. 8 schematically illustrates a flow
of processing performed by the first estimation unit 160.

Step S161

[0109] The first estimation unit 160 acquires pulse wave
signal features extracted in Step S130.

Step S162

[0110] The first estimation unit 160 acquires electrocar-
diogram signal features extracted in Step S140.

Step S163

[0111] The first estimation unit 160 acquires a pulse wave
propagation time extracted in Step S150.

[0112] Steps S161 through S163 need not necessarily be
performed in this order. It is only necessary that the first
estimation unit 160 acquire pulse wave signal features,
electrocardiogram signal features, and a pulse wave propa-
gation time.

[0113] In these steps (Steps S161 through S163), the first
estimation unit 160 acquires features including normalized
pulse wave data and electrocardiogram data ((a) of FIG. 8).
(b) of FIG. 8 illustrates the acquired features, i.e., the pulse
wave signal features, the electrocardiogram signal features,
and the pulse wave propagation time. Note that the features
are the pulse wave signal features and/or the electrocardio-
gram signal features and/or the pulse wave propagation
time.

Step S164

[0114] The first estimation unit 160 selects at least one
feature from a group consisting of the pulse wave signal
features, the electrocardiogram signal features, and the pulse
wave propagation time by referring to an estimation rule for
estimating a group showing relevance between a pulse wave
propagation time and a blood pressure value. An example of
the rule is an estimation formula or an estimation table. The
estimation formula 1s a formula for finding a group on the
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basis of the pulse wave signal features, the electrocardio-
gram signal features, and the pulse wave propagation time.
The estimation table is a table in which the pulse wave signal
features, the electrocardiogram signal features, and the pulse
wave propagation time are associated with groups.

[0115] In (b) of FIG. 8, n features x1 through xn are
selected from a set of features used for an estimation formula
set in advance from data for learning. The pulse wave signal
features and the electrocardiogram signal features are, for
example, time-frequency features.

Step S165

[0116] The first estimation unit 160 estimates a group by
using the selected features and the estimation rule. Specifi-
cally, the first estimation unit 160 calculates a blood pressure
group number by substituting the features into the estimation
formula.

[0117] (c) of FIG. 8 illustrates an example of a formula
corresponding to a boundary between a group 1 and a group
2. In (c¢) of FIG. 8, x1 through xn are features received in
Step S163, and w1 through wn and ¢ are constants that are
determined in advance from the learning data and are
multiplied with the features.

[0118] A group number is determined depending on
whether a calculation result y of this formula is positive or
negative. Since there are five groups, a group to which
measurement data obtained this time belongs is finally
determined by performing similar calculation for each
boundary.

Step S166

[0119] The first estimation unit 160 outputs the group
number calculated in Step S165 and then finishes the pro-
cessing.

Creation of Estimation Rule for First Estimation Unit

[0120] A method for creating an estimation rule used by
the first estimation unit 160 is described with reference to
FIG. 9.

[0121] Data indicating a relationship between pulse wave
propagation times and blood pressure values obtained in
FIG. 6B is divided into groups depending on plotted posi-
tions thereof.

[0122] In the example of FIG. 9, the data is divided into
five blood pressure groups (group 1 through group 5). The
four lines (lines 901 through 904) illustrated in FIG. 9
indicate boundaries between groups. For example, the
boundaries between the groups are set so that a predeter-
mined percentage of measurement data points are included
in each group. Specifically, the data is divided into the group
1 having blood pressure values higher than the boundary
901, the group 2 having blood pressure values between the
boundary 901 and the boundary 902, the group 3 having
blood pressure values between the boundary 902 and the
boundary 903, the group 4 having blood pressure values
between the boundary 903 and the boundary 904, and the
group 5 having blood pressure values lower than the bound-
ary 904.

[0123] In a case where an estimation rule by which each
measurement point is classified into a blood pressure group
can be created, such an estimation rule can be used as an
estimation rule for the first estimation unit 160.
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[0124] Tearning data is prepared for creation of an esti-
mation formula. A correct group number is assigned to each
data point. The estimation formula is expressed, for
example, by a linear sum of the features used in Step S161
through Step S163, and a coefficient is set so that a correct
group number is output for each data point. Since the
number of features is large, selection of a variable is also
effective. The variable can be selected, for example, by
using a forward selection method. In this method, for
example, 10 variables are selected from among several
hundreds of feature candidates. This number need just be
determined in view of calculation load, accuracy, and the
like. Specifically, the inventors of the present invention set
a user’s blood pressure group by using pulse wave signal
features, electrocardiogram signal features, and a pulse wave
propagation time instead of acquiring a blood pressure value
in advance and then acquiring a user’s group.

[0125] Through the above processing, a group that is
related to whether blood pressure is high relative to a pulse
wave propagation time is estimated for measurement data
obtained this time. Therefore, the first estimation unit 160
can obtain a blood pressure group by using time-frequency
features of a pulse wave signal, time-frequency features of
an electrocardiogram signal, and a pulse wave propagation
time by referring to an estimation rule.

[0126] Although there are five blood pressure groups in
FIG. 9, estimation of a blood pressure value can be improved
as long as there are at least two blood pressure groups. The
blood pressure groups are, for example, a first group having
high blood pressure values and a second group having low
blood pressure values. The first group has points having
blood pressure values that are higher than a first blood
pressure value. The second group has points having blood
pressure values that are equal to or lower than the first blood
pressure value.

Description about Second Estimation Unit

[0127] Next, details of processing performed in Step S170
by the second estimation unit 170 are described. The second
estimation unit 170 estimates a blood pressure value by
using an estimation rule prepared for each blood pressure
group. FIG. 10 illustrates a processing flow of the second
estimation unit 170.

Step S171

[0128] The second estimation unit 170 acquires the pulse
wave signal features extracted in Step S130.

Step S172

[0129] The second estimation unit 170 acquires the elec-
trocardiogram signal features extracted in Step S140.

Step S173

[0130] The second estimation unit 170 acquires the pulse
wave propagation time extracted in Step S150.

Step S174

[0131] The second estimation unit 170 acquires a blood
pressure group (e.g., a group number) calculated in Step
5160.
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Step S175

[0132] The second estimation unit 170 acquires an esti-
mation rule corresponding to the group number received in
Step S174. The blood pressure estimation rule is, for
example, stored in a database of the blood pressure estima-
tion apparatus 100. Alternatively, the estimation rule may be
stored in a database provided outside the blood pressure
estimation apparatus 100, and the second estimation umt
170 may acquire the estimation rule wirelessly or through a
wire. An example of the estimation rule is an estimation
formula or an estimation table. The estimation formula is a
formula in which pulse wave signal features, electrocardio-
gram signal features, and a pulse wave propagation time are
used as variables and by which a solution of a blood pressure
value is obtained. The estimation table is a table in which
blood pressure values are associated with the pulse wave
signal features, the electrocardiogram signal features, and
the pulse wave propagation time.

[0133] The estimation formula is set for each blood pres-
sure group, and each estimation formula performs calcula-
tion for blood pressure estimation based on necessary fea-
tures.

Step S176

[0134] The second estimation unit 170 selects features
included in the estimation rule selected in Step S175 from
among feature candidates acquired in Step S171 through
Step S173.

Step S177

[0135] The second estimation unit 170 calculates an esti-
mated blood pressure value by using the selected features
and estimation formula.

Step S178

[0136] The second estimation unit 170 outputs the esti-
mated blood pressure value calculated in Step S177.
[0137] Through the above processing, blood pressure is
estimated by a blood pressure value estimation formula for
each blood pressure group to which measurement data
obtained this time is estimated to belong.

Creation of Estimation Rule for Second Estimation Unit 170

[0138] A method for creating an estimation rule for the
second estimation unit 170 is described below with refer-
ence to FIG. 11. An example of an estimation formula is
described as the estimation rule. As illustrated in FIG. 11,
each group includes a plurality of measurement data points
and includes various pulse wave propagation times and
correct blood pressure values. The second estimation unit
170 creates different estimation formulas for respective
groups. In this example, since there are five groups, five
estimation formulas are created.

[0139] Learning data is prepared for creation of an esti-
mation formula. An estimation formula is created so that
reference blood pressure values are correct for measurement
data having the same group number.

[0140] The estimation formula is expressed, for example,
by a linear sum of the features used in Step S171 through
Step S173, and a coeflicient of the estimation formula is set
so that a correct blood pressure value is output for each data
point. Since the number of features is large, selection of a
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variable is also effective. The variable can be selected, for
example, by using a forward selection method. In this
method, for example, 10 variables are selected from among
several hundreds of feature candidates. This number need
just be determined in view of calculation load, accuracy, and
the like. This estimation formula is created for each group
number. Since the variables are individually selected so that
errors are small in the estimation formula in the first esti-
mation unit 160 and the estimation formulas in the second
estimation unit 170, it is assumed that different results are
obtained. This is considered to reflect characteristics of a
person having high blood pressure or a person having low
blood pressure.

Example of Division in Second Estimation Unit 170

[0141] FIG. 11 illustrates an example of linear formulas
for respective groups. As is clear from FIG. 11, groups can
be estimated from waveform features by using formulas for
linear regression corresponding to the respective five

groups.
Example of Estimation Result

[0142] A standard deviation of errors between estimation
results and measurement results was found in order to
evaluate the estimation method.

[0143] FIG. 12A and 12B illustrate evaluation results of
errors between estimated values and actual measurement
values. FIG. 12A illustrates a result obtained in a case where
a pulse wave propagation time is used (a conventional
method). FIG. 12B illustrates an estimation result obtained
in a case where the method according to the present embodi-
ment is employed.

[0144] In a case where learning data used for creation of
an estimation formula and evaluation data were identical in
the data of FIG. 12B, a standard deviation of errors was 7.64
mmHg. In a case where the learning data and the evaluation
data were different, a standard deviation of errors obtained
by cross-validation was 11.41 mmHg.

Other Examples of Estimation Method

[0145] In the present embodiment, an example in which
the estimation formulas in the first estimation unit 160 and
the second estimation unit 170 are created by linear dis-
crimination has been described. However, any general pat-
tern classifier is applicable. What is important in this case is
to define input data as learning data and a target value, and
this part may be similar to the method described in the
present embodiment. As the pattern classifier, a non-linear
classifier such as a support vector machine and/or a method
based on a neural network such as deep learning are also
effective for improvement of accuracy.

[0146] In the present embodiment, for example, wavelet
features calculated from a shape of a pulse wave waveform
are used as features in the pulse wave feature extraction unit.
However, an acceleration pulse wave is also effective.
Improvement of accuracy can be anticipated by adding, as
candidates, wavelet features of a parameter of a wave height
of an acceleration pulse wave and/or a waveform of the
acceleration pulse wave.

Effects

[0147] According to the above configuration, in which a
group reflecting user’s blood pressure characteristics is first
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estimated by the first estimation unit and then a regression
formula created for each group is applied in the second
estimation unit, accuracy of estimation of a blood pressure
value can be increased. According to the configuration, a
range covered by a single regression method is narrow, and
the covered range matches blood pressure characteristics.
This improves accuracy of regression, resulting in improve-
ment of blood pressure estimation accuracy.

[0148] According to medical knowledge and as is gener-
ally known as knowledge concerning health, blood pressure
tends to become higher with increasing age. In view of this,
it may be possible to employ grouping based on users’ ages
instead of grouping based on users’ blood pressure charac-
teristics in the above blood pressure estimation method.
However, in a case where there are large differences in blood
pressure characteristics among users in close generations, it
is impossible to accurately estimate blood pressure by
employing grouping based on ages, as in the case of regres-
sion of blood pressure estimation based on a pulse wave
propagation time.

[0149] Whether grouping based on ages is appropriate or
not is verified by referring to actual blood pressure data.
FIG. 13 is a graph illustrating correlation between age and
systolic blood pressure. This data is based on a result of
blood pressure measurement conducted on 84 men and
women in their twenties to eighties. The vertical lines given
reference signs indicative of generations each indicate a
width between a maximum value and a minimum value in
the generation.

[0150] It can be seen from the data as a whole that blood
pressure tends to increase with increasing age as indicated
by a regression line in the graph. A width of systolic blood
pressure values in each generation is relatively small (a little
less than 20 mmHg) in the twenties. However, for example,
the difference is close to 70 mmHg indicated by the broken-
like frame in FIG. 6A in the fifties and the sixties, and the
difference is 100 mmHg in the seventies. Since there are
large differences among individuals in older ages in which
blood pressure management is especially needed, the blood
pressure estimation approach based on ages has a large
estimation error. Therefore, according to grouping in the
blood pressure estimation method according to the present
embodiment, blood pressure can be estimated with higher
accuracy than grouping based on generations.

[0151] Inthe present disclosure, all or a part of any of unit,
device, part or portion, or any of functional blocks in the
block diagram illustrated in FIG. 1 may be implemented as
one or more of electronic circuits including a semiconductor
device, a semiconductor integrated circuit (IC) or a large
scale integration (LSI). The LSI or IC can be integrated into
one chip, or also can be a combination of plural chips. For
example, functional blocks other than a memory may be
integrated into one chip. The name used here is LSI or IC,
but it may also be called system LSI, very large scale
integration (VLSI), or ultra large scale integration (ULSI)
depending on the degree of integration. A field program-
mable gate array (FPGA) that can be programmed after
manufacturing an LS or a reconfigurable logic device that
allows reconfiguration of the connection or setup of circuit
cells inside the LSI can be used for the same purpose.
[0152] Furthermore, it is also possible that all or a part of
the functions or operations of the unit, device, part or portion
are implemented by executing software. In such a case, the
software 1is recorded on one or more non-transitory record-
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ing media such as a ROM, an optical disk or a hard disk
drive, and when the software is executed by a processor, the
software causes the processor together with peripheral
devices to execute the functions specified in the software. A
system or apparatus may include such one or more non-
transitory recording media on which the software is recorded
and a processor together with necessary hardware devices
such as an interface.
[0153] A blood pressure estimation apparatus, a blood
pressure estimation method, and a non-transitory computer-
readable recording medium according to the present disclo-
sure are useful for estimation of a blood pressure value in a
cuffless blood pressure estimation system. The blood pres-
sure estimation apparatus, the blood pressure estimation
method, and the non-transitory computer-readable recording
medium according to the present disclosure can also be used,
for example, for continuous estimation of a blood pressure
value and/or simplified estimation of a blood pressure value
not only in a hospital but also in various daily-life situations,
for example, at home and/or a workplace since measurement
of a pulse wave signal and an electrocardiogram signal,
which is needed in this method, causes less burden on a
subject.
What is claimed is:
1. A blood pressure estimation apparatus comprising:
a pulse wave measurement unit that measures a pulse
wave signal of a user;
an electrocardiogram signal measurement unit that mea-
sures an electrocardiogram signal of the user; and
a processing circuit that estimates a blood pressure value
of the user by using the pulse wave signal of the user
and the electrocardiogram signal of the user,
wherein the processing circuit (a) acquires a pulse wave
signal feature by using the pulse wave signal of the
user, (b) acquires an electrocardiogram signal feature
by using the electrocardiogram signal of the user, (c)
acquires a pulse wave propagation time by using the
pulse wave signal of the user and the electrocardiogram
signal of the user, (d) selects a blood pressure group
indicative of a relationship between a pulse wave
propagation time and blood pressure of the user by
using the pulse wave signal feature, the electrocardio-
gram signal feature, and the pulse wave propagation
time, and (e) estimates the blood pressure value of the
user by using the blood pressure group, the pulse wave
signal feature, the electrocardiogram signal feature, and
the pulse wave propagation time.
2. The blood pressure estimation apparatus according to
claim 1, wherein
the blood pressure group includes a first group having a
first blood pressure value with respect to the pulse wave
propagation time and a second group having a blood
pressure value lower than the first blood pressure value
with respect to the pulse wave propagation time; and
in (d), the processing circuit selects the first group or the
second group by using the pulse wave signal feature,
the electrocardiogram signal feature, and the pulse
wave propagation time.
3. The blood pressure estimation apparatus according to
claim 1, wherein
the processing circuit acquires a pulse wave wavelet
feature by using the pulse wave signal of the user in (a)
and acquires an electrocardiogram wavelet feature by
using the electrocardiogram signal of the user in (b).
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4. The blood pressure estimation apparatus according to
claim 1, wherein

the processing circuit acquires a pulse wave wavelet
feature by using a pulse wave waveform corresponding
to a single heartbeat of the user in (a) and acquires an
electrocardiogram wavelet feature by using an electro-
cardiogram waveform corresponding to a single heart-
beat of the user in (b).

5. The blood pressure estimation apparatus according to

claim 1, wherein

in (e), the processing circuit acquires an estimation rule
corresponding to the blood pressure group and esti-
mates the blood pressure value of the user by using the
estimation rule, the pulse wave signal feature, the
electrocardiogram signal feature, and the pulse wave
propagation time.

6. The blood pressure estimation apparatus according to

claim 5, wherein

the estimation rule is an estimation formula using the
pulse wave signal feature, the electrocardiogram signal
feature, and the pulse wave propagation time as vari-
ables; and

in (e), the processing circuit estimates the blood pressure
value of the user by using the pulse wave signal feature,
the electrocardiogram signal feature, and the pulse
wave propagation time while referring to the estimation
formula.

7. The blood pressure estimation apparatus according to
claim 1, further comprising an output unit that outputs the
estimated blood pressure value.

8. A non-transitory computer-readable recording medium
storing a program for causing a computer to:

(1) acquire a pulse wave signal of a user and an electro-

cardiogram signal of the user,

(f2) acquire a pulse wave signal feature by using the pulse
wave signal of the user,

(f3) acquire an electrocardiogram signal feature by using
the electrocardiogram signal of the user,

(f4) acquire a pulse wave propagation time by using the
pulse wave signal of the user and the electrocardiogram
signal of the user,

(15) select a blood pressure group indicative of a relation-
ship between a pulse wave propagation time and blood
pressure of the user by using the pulse wave signal
feature, the electrocardiogram signal feature, and the
pulse wave propagation time, and

(f6) estimate a blood pressure value of the user by using
the blood pressure group, the pulse wave signal feature,
the electrocardiogram signal feature, and the pulse
wave propagation time.

9. The non-transitory computer-readable recording

medium according to claim 8, wherein

the blood pressure group includes a first group having a
first blood pressure value with respect to the pulse wave
propagation time and a second group having a blood
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pressure value lower than the first blood pressure value
with respect to the pulse wave propagation time; and

in (5), the first group or the second group is selected by
using the pulse wave signal feature, the electrocardio-
gram signal feature, and the pulse wave propagation
time.

10. The non-transitory computer-readable recording
medium according to claim 8, wherein

a pulse wave wavelet feature is acquired by using a pulse
wave waveform corresponding to a single heartbeat of
the user in (2); and

an electrocardiogram wavelet feature is acquired by using
an electrocardiogram waveform corresponding to a
single heartbeat of the user in (f3).

11. The non-transitory computer-readable recording

medium according to claim 8, wherein

in (f6), an estimation rule corresponding to the blood
pressure group is acquired, and the blood pressure
value of the user is estimated by using the estimation
rule, the pulse wave signal feature, the electrocardio-
gram signal feature, and the pulse wave propagation
time.

12. The non-transitory computer-readable recording

medium according to claim 11, wherein

the estimation rule is an estimation formula using the
pulse wave signal feature, the electrocardiogram signal
feature, and the pulse wave propagation time as vari-
ables; and

in (f6), the blood pressure value of the user is estimated
by using the pulse wave signal feature, the electrocar-
diogram signal feature, and the pulse wave propagation
time while referring to the estimation formula.

13. The non-transitory computer-readable recording
medium according to claim 8, further causing the computer
to (f7) output the estimated blood pressure value.

14. A blood pressure estimation method comprising:

(f1) acquiring a pulse wave signal of a user and an
electrocardiogram signal of the user;

(f2) acquiring a pulse wave signal feature by using the
pulse wave signal of the user;

(f3) acquiring an electrocardiogram signal feature by
using the electrocardiogram signal of the user;

(f4) acquiring a pulse wave propagation time by using the
pulse wave signal of the user and the electrocardiogram
signal of the user;

(f5) selecting a blood pressure group indicative of a
relationship between a pulse wave propagation time
and blood pressure of the user by using the pulse wave
signal feature, the electrocardiogram signal feature, and
the pulse wave propagation time; and

(f6) estimating a blood pressure value of the user by using
the blood pressure group, the pulse wave signal feature,
the electrocardiogram signal feature, and the pulse
wave propagation time.
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