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BLOOD PRESSURE ESTIMATION METHOD
AND BLOOD PRESSURE MEASUREMENT
DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a blood pressure
estimation method of using an acceleration pulse wave
measured from a subject to estimate a blood pressure value
of the subject, and to a blood pressure measurement device
that uses this blood pressure estimation method.

BACKGROUND ART

[0002] Blood pressure is often measured as biological
information indicating a person’s state of health. One pro-
posed method of measuring blood pressure is a method of
measuring the pulse wave of a subject and calculating blood
pressure on the basis of the measured pulse wave. In Patent
Document 1, the applicant proposed a noninvasive blood
pressure measurement method for estimating the blood
pressure of a subject from the time difference (propagation
velocity) between pulse waves measured by fiber Bragg
grating sensors (referred to below as “FBG sensors™)
attached to multiple locations on the subject.

[0003] Patent Document 2 proposes a method of detecting
a parameter such as the time taken by an arterial waveform
to reach a maximum value from a minimum value, on the
basis of the arterial waveform, and detecting a highest blood
pressure and a lowest blood pressure. Patent Document 3
proposes a method of calculating an acceleration pulse wave
from a measured volume pulse wave, and determining the
highest blood pressure and lowest blood pressure of the
subject from the inflection point of the acceleration pulse
wave.

PRIOR ART DOCUMENTS

Patent Documents

[0004] Patent Document 1: WO 2013/180085
[0005] Patent Document 2: JP-A 2002-320593
[0006] Patent Document 3: JP-A 10-295656
SUMMARY OF THE INVENTION
Problems to be Solved by the Invention
[0007] The method disclosed in Patent Document 1, in

which blood pressure is estimated from the propagation
velocity of the pulse wave of the subject, must use multiple
FBG sensors in order to detect the pulse wave. The methods
disclosed in Patent Documents 2 and 3, in which blood
pressure is estimated on the basis of the characteristics of the
pulse wave waveform and the pulse wave pattern, requires
calculation of the zero cross point of the waveform and
computations such as differential processing of the wave-
form, and blood pressure cannot always be estimated accu-
rately.

[0008] An object of the present invention is to provide a
blood pressure estimation method whereby blood pressure
can be estimated simply and with high accuracy on the basis
of an acceleration pulse wave measured from a subject, and
a blood pressure measurement device that uses this blood
pressure estimation method.

May 18, 2017

Means of Solving the Problems

[0009] The blood pressure estimation method of the pres-
ent invention is characterized in that there is constructed a
calibration model that represents the correlation between
measured waveform data of a measured acceleration pulse
wave and measured blood pressure values measured at
individual measurement time points of the measured wave-
form data, and the calibration model is used to estimate
blood pressure values of a subject at the time of the
acceleration pulse wave measurement, from the waveform
data of the acceleration pulse wave measured from the
subject.

[0010] With the method of the present invention, a cali-
bration model constructed in advance is used to estimate
blood pressure values of the subject at the time of pulse
wave measurement from the waveform data of the accel-
eration pulse wave of the subject. According to verification
tests done by the inventors, it was confirmed that the
international standard, which is that the average range be
within 5 mmg as the target accuracy of prediction, is met by
appropriately constructing a calibration model.

[0011] Blood pressure values include systolic blood pres-
sure (maximum blood pressure) and diastolic blood pressure
(minimum blood pressure). To estimate these types of blood
pressure from the waveform data of the acceleration pulse
wave, a first calibration model representing the correlation
between pulse wave waveform data and systolic blood
pressure values, and a second calibration model representing
the correlation between pulse wave waveform data and
diastolic blood pressure values, are preferably constructed as
the calibration model.

[0012] The calibration model used in the method of the
present invention can be calculated by extracting one-cycle
waveform data from the measured waveform data, standard-
izing each set of the extracted one-cycle waveform data
either so that the amount of wavelength displacement is the
same or so that the amount of wavelength displacement and
the time span are the same, and performing regression
analysis with the standardized one-cycle waveform data as
an explanatory variable and the measured blood pressure
value as an objective variable.

[0013] The calibration model is preferably calculated
using the PLS regression analysis method.

[0014] Next, the blood pressure measurement device of
the present invention is characterized by having:

[0015] a pulse wave measurement unit for measuring an
acceleration pulse wave of a subject; and

[0016] a blood pressure value calculation unit for using a
calibration model representing a correlation between mea-
sured waveform data of an acceleration pulse wave mea-
sured in advance, and measured blood pressure values
measured at individual measurement time points of the
measured waveform data, to estimate a blood pressure value
of the subject at the time of the acceleration pulse wave
measurement from waveform data of the acceleration pulse
wave measured by the pulse wave measurement unit.
[0017] A versatile calibration model that has been con-
structed in advance can be used as the calibration model.
Alternatively, at times such as before measurement is
started, a calibration model can be constructed from the
waveform data of numerous acceleration pulse waves and
numerous measured blood pressure values, and the calibra-
tion model, which represent the correlation between the
waveform data and the blood pressure values, can be used to
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approximate actual blood pressure measurements. The cali-
bration model is reconstructed in cases such as when, e.g.,
calibration is performed periodically.

[0018] In this case, the blood pressure measurement
device of the present invention has a calibration model
construction unit that uses a predetermined number of the
measured waveform data sets and a predetermined number
of the measured blood pressure values measured at each
measurement time point of the measured waveform data to
construct the calibration model.

[0019] Moreover, the calibration model can be calculated
by extracting one-cycle waveform data from the measured
waveform data, and performing regression analysis with the
extracted one-cycle waveform data as an explanatory vari-
able and the measured blood pressure value as an objective
variable.

[0020] In this case, to increase the accuracy of predicting
blood pressure values, the calibration model is preferably
calculated by standardizing each set of the extracted one-
cycle waveform data either so that the amount of wavelength
displacement is the same or so that the amount of wave-
length displacement and the time span are the same, and
using the standardized one-cycle waveform data as the
explanatory variables.

[0021] A method of evening up the lengths of each set of
one-cycle waveform data to the minimum time span of these
one-cycle waveform data sets can be used as the method of
standardization for making the time span the same.

[0022] Various methods could be used as the regression
analysis method for constructing the calibration model, but
the PLS regression analysis method is preferably used.
[0023] The blood pressure value calculation unit may
estimate a systolic blood pressure value and/or a diastolic
blood pressure value of the subject.

[0024] In the present invention, the pulse wave measure-
ment unit preferably has a sensor provided with the required
accuracy as the sensor that acquires the acceleration pulse
wave. Particularly, an FBG sensor that measures the accel-
eration pulse wave is preferably provided as the sensor.
Using this sensor makes it possible to measure the accel-
eration pulse wave with precision, and the accuracy of
measuring (accuracy of estimating) blood pressure values
can therefore be increased.

[0025] Instead of directly detecting the acceleration pulse
wave, a sensor for measuring volume pulse waves can be
arranged, and the measured volume pulse waves can be
subjected to secondary differentiation to calculate the accel-
eration pulse wave.

Effects of the Invention

[0026] The inventors conducted tests to verify the calibra-
tion model, primarily with respect to the following items, as
is described hereinafter.

[0027] (a) Effects from individual differences on blood
pressure value estimation accuracy

[0028] (b) Relationship between measured position of
acceleration pulse wave and blood pressure value estimation
accuracy

[0029] (c) Estimation accuracy for systolic blood pressure
and diastolic blood pressure

[0030] (d) Relationship between standardization of mea-
sured waveform data of acceleration pulse wave and blood
pressure value estimation accuracy
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[0031] (e) Relationship between factor number in PLS
regression analysis and blood pressure value estimation
accuracy

[0032] As a result of the verification tests pertaining to
these matters, it was confirmed that using the blood pressure
estimation method of the present invention made it possible
to estimate blood pressure values with predetermined esti-
mation accuracy, regardless of individual differences, dif-
ferences in the measured positions of pulse waves, and
differences between systolic blood pressure and diastolic
blood pressure. Consequently, with the blood pressure mea-
surement device of the present invention, it is possible to
calculate blood pressure values from acceleration pulse
waves with at least the same degree of accuracy as a
conventional blood pressure gauge. Therefore, it is possible
to achieve a blood pressure measurement device in which
blood pressure values are accurately obtained with a simple
configuration.

[0033] In the blood pressure estimation method of the
present invention, it was confirmed that by appropriately
standardizing waveform data of acceleration pulse waves
obtained through measurement, a calibration model of high
estimation accuracy can be constructed, and when PLS
regression analysis is used, a calibration model of high
estimation accuracy can be constructed by appropriately
setting the factor number of the analysis. Consequently, with
the blood pressure measurement device of the present inven-
tion, blood pressure values can be calculated with high
accuracy from acceleration pulse waves by appropriately
standardizing waveform data and setting an appropriate
factor number in the PLS regression analysis.

[0034] Furthermore, with the blood pressure measurement
device of the present invention, blood pressure values can be
ascertained merely by attaching a pulse wave detection
sensor to a location where pulse waves are easily detected,
such as the elbow or wrist of the subject, and detecting pulse
waves. The sensor need only be attached to one location. In
cases such as when blood pressure is continuously mea-
sured, measurement can continue while body posture
changes, and continuous blood pressure measurement can be
performed with minimal stress imposed on the subject.
Consequently, an easy-to-use blood pressure measurement
device can be achieved. Furthermore, by making the pro-
cessing of pulse wave waveform data into an automatic
program, the calibration model construction can be per-
formed in a simple manner, as can the blood pressure
measurement based on the calibration model, and the device
is easily reduced in size.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1 is a block diagram showing a configuration
example of the blood pressure measurement device, and a
summary flowchart showing the blood pressure estimation
method;

[0036] FIG. 2 is a waveform graph showing measured
waveform data of a pulse wave acquired using an FBG
sensor;

[0037] FIG. 3 is a waveform graph showing one-cycle
waveform data extracted from measured waveform data;

[0038] FIG. 4 is a waveform graph showing one-cycle
waveform data that has undergone a time span standardiza-
tion process;
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[0039] FIG. 5 is a waveform graph showing one-cycle
waveform data that has undergone a time span standardiza-
tion process and a wavelength displacement standardization
process;

[0040] FIG. 6 is a correlation chart showing the correla-
tion between calculated systolic blood pressure, which is
estimated from waveform data obtained from performing the
time span standardization process on a pulse wave measured
at the elbow, and reference systolic blood pressure;

[0041] FIG. 7 is a correlation chart showing the correla-
tion between calculated systolic blood pressure, which is
estimated from waveform data obtained from performing the
time span standardization process on a pulse wave measured
at the wrist, and reference systolic blood pressure;

[0042] FIG. 8 is a correlation chart showing the correla-
tion between calculated systolic blood pressure estimated
from waveform data obtained by performing the time span
standardization process and the wavelength displacement
standardization process on a pulse wave measured at the
elbow, and reference systolic blood pressure;

[0043] FIG. 9 is a correlation chart showing the correla-
tion between calculated systolic blood pressure estimated
from waveform data obtained by performing the time span
standardization process and the wavelength displacement
standardization process on a pulse wave measured at the
wrist, and reference systolic blood pressure;

[0044] FIG. 10 is a waveform graph showing a loading
waveform when a calibration model is constructed from
waveform data of a pulse wave measured at the elbow;
[0045] FIG. 11 is a waveform graph showing waveforms
after performing the time span standardization process and
the wavelength displacement standardization process on
one-cycle waveform data of pulse waves measured at the
wrists of three subjects;

[0046] FIG. 12 is a graph showing PRESS values of each
PLS factor when cross-validation was performed in the
calibration model construction by PLS regression analysis;
[0047] FIG. 13, which is a correlation chart showing the
correlation between predicted systolic blood pressure values
and reference systolic blood pressure, shows construction
data of a calibration model constructed on the basis of
waveform data for the wrists of the three subjects shown in
FIG. 11,

[0048] FIG. 14, which is a correlation chart showing the
correlation between predicted systolic blood pressure and
reference systolic blood pressure, shows the verification
results of a calibration model constructed according to the
construction data shown in FIG. 13;

[0049] FIG. 15 is a waveform graph showing waveforms
after the time span standardization process and the wave-
length displacement standardization process has been per-
formed on one-cycle waveform data of pulse waves mea-
sured on the wrists of three subjects;

[0050] FIG. 16, which is a correlation chart showing the
correlation between predicted systolic blood pressure and
reference systolic blood pressure, shows the verification
results of the calibration model constructed according to the
construction data shown in FIG. 13;

[0051] FIG. 17, which is a correlation chart showing the
correlation between predicted systolic blood pressure and
reference systolic blood pressure, shows the verification
results of a calibration model obtained by reconstructing the
calibration model shown in FIG. 13 using 4 as the factor
number;
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[0052] FIG. 18 is a waveform graph showing the wave-
form obtained after a pulse wave measured using an FBG
sensor is run through a filter in order to remove noise;
[0053] FIG. 19 is a waveform graph showing one-cycle
waveform data of pulse waves obtained when diastolic
blood pressure differs;

[0054] FIG. 20 is a waveform graph showing waveforms
after the wavelength displacement standardization process
has been carried out on the one-cycle waveform data of FIG.
19 so that the height is 1;

[0055] FIG. 21 is a waveform graph showing waveforms
after the time span standardization process has been carried
out on the one-cycle waveform data of FIG. 19 so that the
length is 1;

[0056] FIG. 22 is a waveform graph showing waveforms
after the wavelength displacement standardization process
and the time span standardization process have been carried
out on the one-cycle waveform data of FIG. 19 so that the
height and length are 1;

[0057] FIG. 23 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure estimated from one-cycle
waveform data of pulse waves measured at the wrists of
three subjects;

[0058] FIG. 24 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure estimated from waveform
data after the wavelength displacement standardization pro-
cess had been performed on one-cycle waveform data of
pulse waves measured at the wrists of three subjects;
[0059] FIG. 25 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure estimated from waveform
data after the time span standardization process had been
performed on one-cycle waveform data of pulse waves
measured at the wrists of three subjects;

[0060] FIG. 26 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure estimated from waveform
data after both the wavelength displacement standardization
process and the time span standardization process had been
performed on one-cycle waveform data of pulse waves
measured at the wrists of three subjects;

[0061] FIG. 27 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure estimated from one-cycle
waveform data of pulse waves measured at the elbows of
three subjects;

[0062] FIG. 28 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure in a case of using waveform
data after the wavelength displacement standardization pro-
cess had been performed on the one-cycle waveform data,
shown in FIG. 27, of pulse waves measured at the elbows of
three subjects;

[0063] FIG. 29 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure in a case of using waveform
data after the time span standardization process had been
performed on the one-cycle waveform data, shown in FIG.
27, of pulse waves measured at the elbows of three subjects;
[0064] FIG. 30 is a correlation chart showing the correla-
tion between reference diastolic blood pressure and pre-
dicted diastolic blood pressure estimated from waveform
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data after both the wavelength displacement standardization
process and the time span standardization process had been
performed on the one-cycle waveform data, shown in FIG.
27, of pulse waves measured at the elbows of three subjects;
[0065] FIG. 31 includes waveform graphs showing load-
ing waveforms when a calibration model is constructed from
waveform data of pulse waves;

[0066] FIG. 32 includes waveform graphs showing only
the waveforms of factors 1, 2, and 3 in the loading wave-
forms of FIG. 31;

[0067] FIG. 33 is a waveform graph showing the basic
waveform of one pulse of a pulse wave measured by an FBG
sensor;

[0068] FIG. 34 includes waveform graphs showing the
waveform for one pulse of a pulse wave measured by an
FBG sensor and the waveform of factor 1 shown in FIG. 32;
and

[0069] FIG. 35 includes waveform graphs showing load-
ing waveforms when calibration models are constructed
from waveform data of pulse waves for three subjects.

MODE FOR CARRYING OUT THE INVENTION

[0070] [Blood Pressure Measurement Device]

[0071] FIG. 1(a) is a block diagram showing a configu-
ration example of a blood pressure measurement device to
which the present invention is applied. A blood pressure
measurement device 1 is provided with: an FBG sensor 10
attached to a location where the pulse wave of the subject is
measured, e.g., a location where the pulse wave is easily
measured such as the inside of the wrist or the inside of the
elbow; a light source 12 for reference, shone onto the FBG
sensor 10; a light detector 20 for detecting light reflected
from the FBG sensor 10, and a blood pressure value calcu-
lation unit 30 for calculating a blood pressure value on the
basis of the detection result of the light detector 20. Dis-
posed on the blood pressure value calculation unit 30, as
necessary, are a recording unit for recording the blood
pressure value of the subject, a display unit for displaying
the blood pressure value, and an operating unit provided
with switches and the like for performing various control
operations.

[0072] Inthe FBG sensor 10, diffraction grating structures
are formed at predetermined intervals within one optical
fiber. In a test described hereinafter, the sensor used as the
FBG sensor 10 had a sensor section length of 10 mm, a
wavelength resolution of £0.1 um, and a wavelength range
0t 1550£0.5 nm. The fiber diameter was 145 pum and the core
diameter was 10.5 um. In this test, the wrist and elbow were
the measurement locations, and the FBG sensor 10 was
attached to these measurement locations by medical tape. In
cases where there is a risk of the FBG sensor 10 becoming
positionally misaligned at the attached position, the FBG
sensor 10 is preferably brought in contact with the skin, and
attached by being wound with a bandage with the aid of a
cushioning such as a sponge.

[0073] An amplified spontaneous emission (ASE) light
source having a wavelength range of 1525 to 1570 nm was
used for the light source 12. Outgoing light from the light
source 12 is shone onto the FBG sensor 10 via a circulator
16. Reflected light from the FBG sensor 10 is guided to a
Mach-Zehnder interferometer 18 via the circulator 16, and
output light from the Mach-Zehnder interferometer 18 is
detected by the light detector 20.
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[0074] The Mach-Zehnder interferometer 18 is for divid-
ing the light, using a beam splitter, into two optical paths
having an optical path difference, and superposing the
optical paths together through a beam splitter to produce
interference light. To create an optical path difference, one
optical fiber is lengthened in the present example. In coher-
ent light, an interference fringe occurs in accordance with
the optical path difference, and changes in distortion occur-
ring in the FBG sensor 10, i.e., acceleration pulse waves can
therefore be detected by measuring the pattern of the inter-
ference fringe.

[0075] In the blood pressure measurement device 1, the
section that detects the amount of distortion in the FBG
sensor 10 to detect the waveform of the acceleration pulse
wave is a pulse wave measurement unit 40. The pulse wave
measurement unit 40 includes: an optical system containing
components such as the light source 12, the circulator 16, the
Mach-Zehnder interferometer 18, and a beam splitter; the
light detector 20; and analyzing means or the like, included
in the light detector 20, for analyzing the amount of wave-
length shift.

[0076] The pulse wave measurement unit 40 can be used
with different selections of light sources and bands of light,
in accordance with the characteristics of the FBG sensor 10
being used. Various methods can also be employed for the
analyzing means for the wave detection method or the like.

[0077] The blood pressure value calculation unit 30 is
provided with a function for detecting waveform data of the
acceleration pulse wave on the basis of the result of the light
detector 20 detecting the optic signal from the FBG sensor
10, and predicting (estimating) a blood pressure value on the
basis of the detected waveform data. As will be described
hereinafter, a correlation between waveform data of the
acceleration pulse wave and blood pressure values can be
found by performing specific data processing. Therefore, the
blood pressure of the subject can be continuously measured
by utilizing the blood pressure measurement device 1 shown
in FIG. 1.

[0078] FIG. 1(b) is a summary flowchart showing the
blood pressure estimation method employed in the blood
pressure measurement device 1. First, in preliminary mea-
surement (steps ST1 to ST5), the acceleration pulse wave
and blood pressure value are simultaneously measured as
many times as is needed, and a calibration model is con-
structed, which represents the correlation between measured
waveform data of the measured acceleration pulse waves,
and measured blood pressure values measured at each
measurement point in time of the measured waveform data.
In main measurement (steps ST6 and ST7), during which the
actual blood pressure measurement is performed, the accel-
eration pulse wave of the subject is measured using the FBG
sensor 10, and the blood pressure value calculation unit 30
uses the calibration model to predict (estimate) the blood
pressure value of the subject at the time of acceleration pulse
wave measurement from the obtained waveform data.

[0079] Both a first calibration model representing the
correlation between measured waveform data and systolic
blood pressure values which are measured blood pressure
values, and a second calibration model representing the
correlation between measured waveform data and diastolic
blood pressure values, which are measured blood pressure
values, can be constructed as calibration models. Another
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option is to construct one of these models and to measure
either only systolic blood pressure values or only diastolic
blood pressure values.

[0080] Calibration model construction is specifically per-
formed with the following procedure. First, in preliminary
measurement, the acceleration pulse wave is measured and
blood pressure is measured by an automatic blood pressure
gauge at the time of each acceleration pulse wave measure-
ment, and the required amount of acceleration pulse wave
data and corresponding blood pressure value data are col-
lected (step ST1: data collection). Data can be collected
from the same person or from multiple people.

[0081] For each of a plurality of collected acceleration
pulse waves, data for each cycle, equivalent to one pulse
beat in a point in time corresponding to the blood pressure
measurement time point, is extracted from the waveform
data of the pulse wave, and this data is used as one-cycle
waveform data of each acceleration pulse wave (step ST2:
data extraction).

[0082] Next, a process is performed to standardize the
one-cycle waveform data of each of the plurality of accel-
eration pulse waves (step ST3: data standardization). The
standardization process involves the use of a wavelength
displacement standardization process of standardizing data
so that the amount of wavelength displacement is constant,
and a time span standardization process of standardizing
data so that the time span is constant. As is described
hereinafter, it is preferable to perform the wavelength dis-
placement standardization process, or to perform both the
wavelength displacement standardization process and the
time span standardization process.

[0083] Using multiple sets of standardized one-cycle
waveform data as explanatory variables and measured blood
pressure values corresponding to each set of one-cycle
waveform data as objective variables, a regression analysis
is performed and a calibration model is constructed (step
ST4: PLS regression analysis, step ST5: calibration model
construction). A PSL regression analysis method can be used
as the regression analysis method.

[0084] The blood pressure measurement device 1 in this
embodiment may be provided with a calibration model
construction unit 50 for constructing a calibration model
from waveform data of acceleration pulse waves and actual
measured values of blood pressure, as is shown by the
imaginary lines in FIG. 1(a). The calibration model con-
struction unit 50 can be used to reconstruct or correct the
calibration model as necessary.

[0085] As a result of conducting tests using the blood
pressure measurement device 1 employing the blood pres-
sure estimation method according to the present invention,
the inventors have discovered that blood pressure values can
be estimated (predicted) with sufficiently high accuracy and
the blood pressure measurement device according to the
present invention is sufficiently practical. Three types of
tests, from among the tests conducted by the inventors, are
described below as Test Examples 1, 2, and 3.

[0086] Test Examples 1 to 3 demonstrate that a blood
pressure value can be estimated from a measured pulse
wave, using a calibration model constructed on the basis of
the correlation between a pulse wave waveform and an
actual measured blood pressure value. Test Example 2
demonstrates that a blood pressure value can be estimated
using a calibration model shared among different subjects.
Test Example 3 demonstrates that both systolic blood pres-
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sure and diastolic blood pressure can be estimated as blood
pressure values through the estimation method of the present
invention.

Test Example 1

[0087] A test and an analysis were conducted with the
following procedure in order to examine the correlation
between a subject’s acceleration pulse wave and blood
pressure value, or systolic blood pressure in the present
example.

[0088] To detect the pulse wave using an FBG sensor,
FBG sensors were attached to the location of an artery on the
inside of the writs and to the location of an artery on the
inside of the elbow, and the pulse waves of the wrist and
elbow were detected. To observe the correlation between the
waveform data of the detected pulse waves and blood
pressure values, when pulse wave waveform data was
detected using the FBG sensors, an automatic blood pressure
gauge (electronic blood pressure gauge: HEM-120 made by
Omron corporation) was simultaneously used to monitor
blood pressure values of the subject. Tests were performed
separately for the wrist pulse wave and the elbow pulse
wave. Measurement was conducted with the subject lying
supine, one measurement time span for acquiring data was
15 seconds, and the sampling frequency was 10 kHz.
[0089] The waveforms of pulse waves obtained using
FBG sensors are acceleration pulse waves, equivalent to
second derivatives of volume pulse waves. Specifically,
one-cycle waveform data extracted between peak positions
of'a pulse wave is equivalent to one pulse of a volume pulse
wave. In the following description, the acceleration pulse
wave detected using an FBG sensor is sometimes referred to
simply as the “pulse wave.”

[0090] FIG. 2 is an example of a pulse wave waveform
detected using the blood pressure measurement device 1
shown in FIG. 1. The change in distortion occurring in the
FBG sensor in correspondence with pulsation is captured as
a cyclic pulse wave. To analyze the correlation between the
waveform data of the acquired pulse wave and the blood
pressure value (systolic blood pressure), in the present test,
the PLS regression analysis method was utilized to analyze
the correlation, with an explanatory variable used as wave-
form data of the pulse wave acquired by the FBG sensor, and
an objective variable used as systolic blood pressure mea-
sured by the automatic blood pressure gauge.

[0091] Because the blood pressure value measurement
using an automatic blood pressure gauge is not a continuous
measurement, one set of waveform data of the pulse wave of
the FBG sensor corresponding to the time point of the
reference blood pressure measurement, i.c., one-cycle wave-
form data is used as the explanatory variable. The exact
measurement time point is unknown because blood pressure
measurement using an automatic blood pressure gauge is not
continuous measurement, and an automatic blood pressure
gauge takes measurement using a cuff. In view of this,
one-cycle waveform data of the immediate pulse wave at the
time of the reference blood pressure measurement was
selected as the explanatory variable. In effect, it is possible
that the measurement time point for the reference blood
pressure and the measurement time point for the one-cycle
waveform data, selected as the explanatory variable and
obtained from the FBG sensor, will not strictly coincide.
[0092] The PLS regression analysis method is an analysis
technique that presumes there will be an error in the refer-



US 2017/0135591 Al

ence blood pressure value obtained by the automatic blood
pressure gauge as the reference value, and sequentially
reduces the error in the reference value as the objective
variable. Consequently, this method is effective for analyz-
ing the correlation between pulse wave waveform data and
blood pressure values.

[0093] FIG. 3 is a waveform graph showing one-cycle
waveform data extracted from measured waveform data
obtained by the FBG sensor when the highest blood pressure
value (systolic blood pressure) is 113 mmHg, 123 mmHg,
and 130 mmHg. These sets of waveform data are extracted
as pulse wave waveform data at the measurement time point
corresponding to the reference blood pressure, which was
measured using an automatic blood pressure gauge.

[0094] Observing the one-cycle waveform data of FIG. 3,
it is clear that the time of one pulse wave cycle differs when
the blood pressure value differs. In view of this, to harmo-
nize the cycle time of each one-cycle waveform data to be
processed, a process (time span standardization process) was
performed, within the time span of one-cycle waveform data
having the shortest cycle from among all data being ana-
lyzed, to extract a pulse wave waveform to be analyzed.
[0095] FIG. 4 is a waveform graph showing one-cycle
waveform data obtained by performing the time span stan-
dardization process on the waveform data shown in FIG. 3.
Through this process, data at the final end of each set of
one-cycle waveform data is cut and the time spans of all sets
of one-cycle waveform data are harmonized. Analysis
involves performing the time span standardization process
on all sets of one-cycle waveform data to be analyzed.
Because there is a large difference among the waveform data
sets at the final end of the one-cycle waveform data (the
rising portions at the right ends of the waveforms of FIG. 3)
as shown in FIG. 3, the purpose of performing the time span
standardization process is to remove these portions and
make the main portion of each one-cycle waveform data (the
range preceding the 0.8 second mark) the portion to be
analyzed.

[0096] Observing the amount of wavelength displacement
on the vertical axis for the waveform data that has undergone
the time span standardization process shown in FIG. 4, it is
clear that the amount of displacement differs according to
the blood pressure value. The amount of wavelength dis-
placement is equivalent to the size of distortion in the FBG
sensor, and when the blood pressure differs, the size of the
distortion in the FBG sensor is also shown to differ.
[0097] FIG. 5 is a waveform graph showing one-cycle
waveform data obtained by performing the wavelength
displacement standardization process yet again on the one-
cycle waveform data that has undergone the time span
standardization process shown in FIG. 4. In the wavelength
displacement standardization process of the present test
example, the standardization process was performed so that
the minimum wavelength displacement value was 0 and the
maximum wavelength displacement value was 1. The con-
ditions for standardizing the amount of wavelength displace-
ment can be appropriately set so that, e.g., the minimum
value is -1 and the maximum value is +1.

[0098] (Analysis Results)

[0099] To construct the calibration model in the present
test, analysis was performed for both a case in which the
process of standardizing the amount of wavelength displace-
ment was not performed, and a case in which standardization
was performed on the amount of wavelength displacement.

May 18, 2017

[0100] FIG. 6 is a correlation chart showing the correla-
tion between calculated systolic blood pressure, which is an
estimated blood pressure value estimated from waveform
data after the time span standardization process was per-
formed on a pulse wave measured at the elbow, and refer-
ence systolic blood pressure, which is an actual measured
blood pressure value. FIG. 7 is a correlation chart showing
the correlation between calculated systolic blood pressure,
which is an estimated blood pressure value estimated from
waveform data after the time span standardization process
was performed on a pulse wave measured at the wrist, and
reference systolic blood pressure, which is an actual mea-
sured blood pressure value.

[0101] In these charts, the solid black square marks are
estimated blood pressure values obtained through the PLS
regression analysis method, by estimating (predicting) blood
pressure values from waveform data of measured pulse
waves, and the circle marks are verified values. Among the
measured data points for the elbow, the number of points
that are shown by square marks and used for creating a
calibration model is 75, and the number that are shown by
circle marks and used for verification is 24.

[0102] Table 1 shows the correlation between calibration
results for the elbow and wrist shown in FIGS. 6 and 7, and
measurement results from the automatic blood pressure
gauge. Observing the correlation, the standard estimation
error (SEC), and the standard prediction error (SEP) of Table
1, it is clear that with a method of carrying out only the time
span standardization process to perform regression analysis,
there is a low correlation between estimated values and
actual measured values of blood pressure values based on
the acquired waveform of the pulse wave.

TABLE 1
Factor Correlation SEC SEP
Number Function [mmHg] [mmHg]
Elbow 3 0.36 12 17
Wrist 2 0.11 23 17

[0103] FIG. 8 is a correlation chart showing the correla-
tion between estimated blood pressure values (calculated
systolic blood pressure) estimated by the PLS regression
analysis method, and actual measured blood pressure values
(reference systolic blood pressure) from the automatic blood
pressure gauge, taken from one-cycle waveform data
obtained by performing the time span standardization pro-
cess and the wavelength displacement standardization pro-
cess on a pulse wave measured at the elbow. FIG. 9 is a
correlation chart showing the correlation between estimated
blood pressure values (calculated systolic blood pressure)
estimated by the PLS regression analysis method, and actual
measured blood pressure values (reference systolic blood
pressure) from the automatic blood pressure gauge, taken
from one-cycle waveform data obtained by performing the
time span standardization process and the wavelength dis-
placement standardization process on a pulse wave mea-
sured at the wrist. In these charts, the solid black square
marks are estimated blood pressure values estimated (pre-
dicted) from the pulse wave waveform acquired using the
FBG sensor, and the circle marks are verified values.

[0104] In the present test, the optimal factor number was
4, and errors were minimal in calibration models having 4 as
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the factor number. Therefore, correlations were observed for
cases in which calibration models having factor numbers of
4 were used.

[0105] Table 2 shows the correlations between calibration
results and the measurement results from the automatic
blood pressure gauge, for the elbow and wrist shown in
FIGS. 8 and 9.

TABLE 2
Factor Correlation SEC SEP
Number Function [mmHg] [mmHg]
Elbow 4 0.82 4 4
Wrist 4 0.78 4 4

[0106] As is shown in this table, there is a good correlation
between estimated blood pressure values estimated from the
waveform data acquired from the FBG sensor, and the actual
measured blood pressure values from the automatic blood
pressure gauge. The correlation function, the standard esti-
mation error (SEC), and the standard prediction error (SEP)
have a higher correlation function than the case of data
processing without the wavelength displacement standard-
ization process shown in Table 1. Comparing the waveform
data of the elbow and the waveform data of the wrist, the
waveform data of the pulse wave acquired from the elbow
has the better correlation function.

[0107] The wavelength displacement standardization pro-
cess is believed to have the effect of equalizing nonunifor-
mity in the waveform data caused by factors such as
nonuniformity in push pressure when the FBG sensor is
attached to the measured location, and positional misalign-
ment of the FBG sensor at the time of measurement. The
wavelength displacement standardization process is
believed to be effective in minimizing noise caused by such
nonuniformity during measurement, and improving the
accuracy of the correlation between the waveform data and
the actual measured blood pressure values.

[0108] FIG. 10 is a waveform graph showing a loading
waveform when a calibration model is constructed from
waveform data of the acceleration pulse wave measured at
the elbow. This loading waveform shows that the one-cycle
waveform data of a pulse wave, the data at approximately
0.1 sec and 0.2 sec from the time point when the pulse wave
starts has the greatest effect on the calibration model. The
systolic blood pressure of the heart is measured in the blood
pressure measurement described above. Because the pulse
wave reflects data starting from the time the heart begins to
contract, data near the beginning of the pulse wave is
believed to contribute more to the correlation with the blood
pressure values (systolic blood pressure).

[0109] (Speculations on Test Results)

[0110] The test and analysis results described above show
that a subject’s blood pressure value can be sufficiently
predicted by placing an FBG sensor in a location where the
pulse wave is easily measured, such as the subject’s elbow
or wrist where blood pressure is measured, and acquiring
waveform data of the pulse wave.

[0111] Specifically, a calibration model (a calibration for-
mula or a calibration curve) representing the correlation
between pulse wave waveform data and blood pressure
values is constructed on the basis of the correlation between
pulse wave waveform data acquired using an FBG sensor
and actual measured blood pressure values acquired at the
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same time that the waveform data is acquired, and after the
calibration model has been constructed, pulse wave wave-
form data is acquired from the subject to estimate (predict)
a blood pressure value on the basis of the calibration model.

[0112] If a calibration model is constructed, a subject’s
blood pressure values can be continuously measured by
attaching an FBG sensor to a location such as the subject’s
elbow or wrist where pulse waves are easily detected, and
detecting the waveform data of the pulse wave. The FBG
sensor is preferably fitted to a single location such as the
elbow or wrist. Consequently, sensing of the pulse wave is
not affected even if the subject moves their body, and an
advantage of this method is that blood pressure can be
measured reasonably even when blood pressure is measured
continuously.

[0113] A calibration model based on the correlation
between pulse wave waveform data and actual measured
blood pressure values can be shared among different sub-
jects as shown in Test Example 2 described hereinafter, but
a calibration model may also be constructed for each subject.
For example, in cases such as when the blood pressure
measurement device 1 shown in FIG. 1 is used to continu-
ously measure blood pressure, for each subject, pulse wave
waveform data and actual measured values of blood pressure
are acquired in advance, the operation of constructing a
calibration model is performed, and the constructed calibra-
tion model is used to measure blood pressure values. More-
over, even with the same subject, it is sometimes acceptable
to reconstruct (correct) the calibration model in cases such
as when the subject’s physical condition or the like has
changed over time.

[0114] In the present test, analysis was performed with the
systolic blood pressure (maximum blood pressure) as the
reference blood pressure value. As is shown in Test Example
3 described hereinafter, it is also possible to estimate (pre-
dict) diastolic blood pressure on the basis of waveform data
detected using an FBG sensor, by finding the correlation
with the pulse wave waveform data while using diastolic
blood pressure (minimum blood pressure) as the reference
blood pressure value.

Test Example 2

[0115] Similar to Test Example 1, the pulse wave wave-
forms of different subjects were measured using an FBG
sensor, a calibration model was constructed using the PLS
regression analysis method, and the correlation was exam-
ined between estimated blood pressure values estimated
from the measured waveform data of the pulse waves, and
the actual measured blood pressure values measured with an
automatic blood pressure gauge.

[0116] In the present example, with three men in their
twenties as subjects A, B, and C, FBG sensors were secured
with medical tape to pulse wave detection locations on their
wrists, and pulse waves were measured with the subjects
lying supine. The sampling frequency in the pulse wave
measurements was 10 kHz. At the same time the pulse wave
measurements were taken by the FBG sensors, systolic
blood pressures were measured by an automatic blood
pressure gauge on the upper arm, and these pressures were
used as reference values. For the pulse wave waveform data,
data from the start to end of one measurement taken by the
automatic blood pressure gauge was acquired as one set, and
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the pulse wave waveform data was used after being sub-
jected to an equalizing process. Fifty measurements were
taken with each subject.

[0117] FIG. 11 is a waveform graph showing waveforms
obtained by performing the time span standardization pro-
cess and the wavelength displacement standardization pro-
cess on one-cycle waveform data extracted from processing
pulse waves measured at the wrists of subjects A, B, and C.
Processing the pulse wave waveforms, the purpose of which
was to remove noise, involved running the pulse waves
through a band-pass filter (0.5<f<5), and isolating a pulse
wave for each heartbeat with the peak of the pulse wave as
a reference point to obtain one-cycle waveform data.
[0118] The time span standardization process of isolating
each set of one-cycle waveform data was carried out in
conformity with the time span of the shortest cycle among
the one-cycle waveform data. Furthermore, to reduce noise
caused by body movement, multiple sets of one-cycle wave-
form data (the pulse wave of one heartbeat) appearing within
the pulse wave measurement time were equalized, and to
eliminate the effects of baseline fluctuation, the wavelength
displacement standardization process was performed on
each set of one-cycle waveform data with the starting point
at 1 and minimum value at 0. It is clear from FIG. 11 that the
pulse wave shapes were quite different with each of the
subjects A, B, and C.

[0119] Next, a calibration model was constructed through
the PLS regression analysis method, the explanatory vari-
able being one-cycle waveform data that had been subjected
to the time span standardization process and the wavelength
displacement standardization process shown in FIG. 11, and
the objective variable being reference systolic blood pres-
sure which are actual measured blood pressure values from
the automatic blood pressure gauge. 125 data sets from 150
data sets acquired from the subjects A, B, and C were
randomly assigned to construct a calibration model, and the
remaining 25 data sets were used to verify the calibration
model.

[0120] Leave-one-out cross-validation was used to evalu-
ate the accuracy of the calibration model. The PLS factor
number was increased, and the factor number employed was
the factor number at the time F certification had assessed that
there was no significant difference in the PRESS value (the
sum of squares of the predictive residue).

[0121] Here, the accuracy standard for the automatic
blood pressure gauge (electronic blood pressure gauge) is
stipulated that the average range with auscultation be within
5 mmHg. In the analysis below, the reference value was the
systolic blood pressure measured using an automatic blood
pressure gauge that met the accuracy standard, and the target
was to have the average range with auscultation be within 5
mmHg.

[0122] FIG. 12 is a graph showing PRESS values of each
PLS factor when leave-one-out cross-validation was per-
formed in the calibration model construction by PLS regres-
sion analysis. As a result of F certification, it was determined
that the difference in PRESS value was not significant
between the factor numbers of 8 and 9, and 8 was therefore
used as the PLS factor number.

[0123] FIG. 13, which is a correlation chart showing the
correlation between predicted systolic blood pressure values
and reference systolic blood pressure values, shows con-
struction data of a calibration model constructed on the basis
of waveform data for the wrists of the three subjects A, B,
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and C shown in FIG. 11. FIG. 14 is a correlation chart
showing the correlation between predicted systolic blood
pressure and reference systolic blood pressure, in which the
verification results of the calibration model are plotted.
[0124] Table 3 is a compilation of the construction results
of the calibration model, and Table 4 is a compilation of the
verification results. It is clear from Table 3 that the corre-
lation between the predicted values of the calibration model
and the blood pressure reference values has a high degree of
significance, and the target accuracy was achieved for the
average range. Table 4 yielded the results that the average
range of the verification results was 3 mmHg, and systolic
blood pressure can be estimated (can be predicted) with high
accuracy.

TABLE 3
Average Minimum Maximum
Construction Value Value value
Points (mmHg) (mmHg) (mmHg)
125 112 93 136

Factor number 8
Correlation 0.93
Average range (mmHg) 3

PLS analysis results

TABLE 4
Average Minimum Maximum
Construction Value Value value
Points (mmHg) (mmHg) (mmHg)
25 11 93 131

PLS analysis results Average range (mmHg) 3

[0125] Next, an FBG sensor was used to measure pulse
waves with three subjects D, E, and F other than the subjects
A, B, and C used to construct the calibration model. Twenty-
five measurements were taken with each subject. Using the
waveform data of the measured pulse waves, verification
was performed on the calibration model constructed as
described above.

[0126] FIG. 15 is a waveform graph showing waveforms
obtained by performing the time span standardization pro-
cess and the wavelength displacement standardization pro-
cess on one-cycle waveform data of pulse waves measured
on the wrists of the three subjects D, E, and F. The
correlation chart shown in FIG. 16, showing the difference
between predicted systolic blood pressure and reference
systolic blood pressure, shows the verification results of the
calibration model.

[0127] Table 5 shows the average range of the subjects D,
E, and F and the average range of all of the subjects. In Table
5, although the average range of all of the subjects meets the
target accuracy, the target accuracy is not met with subject
E.

TABLE 5
Subject Subject  Subject All
D E F subjects
Average range (mmHg) 4.8 5.1 34 4.4

[0128] In Table 5, the reason that subject E alone did not
meet the target accuracy was presumably because there were
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numerous instances of a PLS factor number of 8 and there
was a possibility of overfitting. In view of this, the factor
number was changed from 1 to 8, a new calibration model
was constructed, and the pulse waves of subjects D, E, and
F were used to conduct verification. The factor number
verification results are shown in Table 6.

TABLE 6

Average Range [mmHg]

Factor number Subject D Subject E  Subject F All subjects

Factor 1 5.6 12.0 18.0 12.2
Factor 2 4.3 8.9 3.1 55
Factor 3 4.0 6.9 2.7 4.5
Factor 4 35 | 38 | | 23 | | 32 |
Factor 5 3.1 4.7 3.7 38
Factor 6 33 5.0 3.1 38
Factor 7 33 6.6 2.7 4.2
Factor 8 4.8 5.1 34 4.4
[0129] The values inside the rectangular frames in Table 6

are the minimum values in each column. When the factor
number is 4, the average ranges reach a minimum value for
subjects E and F and for all subjects, and when the factor
number is 5, the average range reaches a minimum value for
subject D. The average range of subject D is 3.5 mmHg at
the factor number of 4, which is a sufficiently small range,
and it is therefore possible for 4 to be the optimum factor
number.

[0130] The correlation chart shown in FIG. 17, which
shows the correlation between predicted systolic blood
pressure and reference systolic blood pressure, shows the
verification results when the calibration model is recon-
structed using 4 as the factor number. At 0.95, the correlation
between reference values and predicted values is highly
significant, and the target accuracy is met for all subjects as
well.

[0131] As described above, the reconstructed calibration
model demonstrates that blood pressure values can be esti-
mated with sufficient accuracy, even when a calibration
model (a calibration formula or a calibration curve) con-
structed on the basis of acquired data on the subjects A, B,
and C is applied to other subjects D, E, and F. Consequently,
this demonstrates the possibility that the blood pressure
estimation method of the present invention could be utilized
as a versatile blood pressure measurement method. Specifi-
cally, this suggests the possibility that one calibration model
could be utilized in a versatile manner with no need for an
operation such as correcting the calibration model for each
subject in advance.

Test Example 3

[0132] Test Examples 1 and 2 above are both examples in
which systolic blood pressure was estimated (predicted)
from pulse waves acquired using an FBG sensor. In the
present test example, diastolic blood pressure was estimated
from waveform data of acquired pulse waves.

[0133] Similar to the cases of Test Examples 1 and 2, pulse
waves were measured both from an FBG sensor attached to
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the wrist and an FBG sensor attached to the elbow, and at the
same time, an automatic blood pressure gauge was used to
monitor diastolic blood pressure as the blood pressure values
of the subjects. Pulse waves were measured 100 times, and
the sampling frequency was 10 kHz.

[0134] FIG. 18 is a waveform graph showing the wave-
form obtained after a pulse wave measured using an FBG
sensor is run through a filter in order to remove noise. With
the peak position as a reference, one-cycle waveform data is
extracted in each pulse from one set of pulse wave data
acquired in one blood pressure estimation, these data sets are
averaged to calculate average waveform data, and the cal-
culated one-cycle average waveform data is used as basic
data for analysis.

[0135] FIGS. 19 to 22, which are waveform graphs show-
ing one-cycle waveform data of pulse waves obtained when
the diastolic blood pressure is 63 mmHg, 65 mmHg, and 75
mmHg, each show a case in which a standardization process
is carried out in a different form.

[0136] In FIG. 19, a time span standardization process is
carried out in which the data sets are sectioned by the
minimum time span of the pulse wave. FIG. 20 is a wave-
form graph showing waveforms obtained by carrying out the
wavelength displacement standardization process on the
one-cycle waveform data of FIG. 19, so that the height is 1.
FIG. 21 is a waveform graph showing waveforms in a case
in which the time span standardization process has been
carried out on the one-cycle waveform data so that the length
(time) is 1. FIG. 22 is a waveform graph showing waveforms
in a case in which the wavelength displacement standard-
ization process has been carried out on the waveforms
shown in FIG. 21 so that the height is also 1.

[0137] The method of standardizing the time span could
be a method of extracting pulse wave waveform data in a
minimum time span such as is shown in FIG. 19, or a method
of standardizing the time span to 1 (sec) such as is shown in
FIG. 21, but there was confirmed to be no difference in
estimation accuracy with either method.

[0138] The correlation charts shown in FIGS. 23 to 26,
which show the correlation between predicted diastolic
blood pressure and reference diastolic blood pressure, show
the correlation between estimated values (predicted diastolic
blood pressure) from the calibration model constructed
through the PLS regression analysis method and actual
measured values (reference diastolic blood pressure), in the
following cases of processing waveform data of pulse waves
acquired from the wrists of the subjects A, B, and C,
respectively: a standardization process is not performed
(FIG. 23), only the wavelength displacement standardization
process is performed (FIG. 24), only the time span stan-
dardization process is performed (FIG. 25), and both the
wavelength displacement standardization process and the
time span standardization process are performed (FIG. 26).
[0139] The correlation charts shown in FIGS. 27 to 30,
which show the correlation between predicted diastolic
blood pressure and reference diastolic blood pressure, show
the correlation between estimated values (predicted diastolic
blood pressure) from the calibration model constructed
through the PLS regression analysis method and actual
measured values (reference diastolic blood pressure), in the
following cases of processing waveform data of pulse waves
acquired from the elbows of the subjects A, B, and C,
respectively: a standardization process is not performed
(FIG. 27), only the wavelength displacement standardization
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process is performed (FIG. 28), only the time span stan-
dardization process is performed (FIG. 29), and both the
wavelength displacement standardization process and the
time span standardization process are performed (FIG. 30).
[0140] To examine the correlation between diastolic blood
pressure and estimated values of blood pressure according to
the calibration model constructed through the PLS regres-
sion analysis method, 75 data sets were taken randomly from
among the 100 data sets for the subjects A, B, and C, and a
calibration model was constructed. The remaining 25 data
sets were used to conduct verification on the calibration
model. Tables 7, 8, and 9 show the verification results for the
subjects A, B, and C.

TABLE 7
Construc- Veri-
tion fied
Results Results
Measure- Fac- Av. Av.
Standardizing ment tor  Corre- Range Range
Method Location No. lation (mmHg) (mmHg)
No standardization — wrist 4 0.59 4 5
elbow 4 0.32 8 10
Wave displacement  wrist 4 0.88 2 2
standardization elbow 4 0.85 2 2
Time span wrist 4 0.46 4 6
standardization elbow 4 0.44 8 11
Wave dis./time span  wrist 4 0.85 2 2
standardization elbow 4 0.77 2 2
TABLE 8
Construc- Veri-
tion fied
Results Results
Measure- Fac- Av. Av.
Standardizing ment tor  Corre- Range Range
Method Location No. lation (mmHg) (mmHg)
No standardization — wrist 4 0.49 4 4
elbow 4 0.29 5 7
Wave displacement  wrist 4 0.79 2 3
standardization elbow 4 0.75 2 3
Time span wrist 4 0.43 5 5
standardization elbow 4 0.37 5 6
Wave dis./time span  wrist 4 0.79 2 3
standardization elbow 4 0.78 2 3
TABLE 9
Construc- Veri-
tion fied
Results Results
Measure- Fac- Av. Av.
Standardizing ment tor  Corre- Range Range
Method Location No. lation (mmHg) (mmHg)
No standardization — wrist 4 0.45 9 14
elbow 4 0.32 12 19
Wave displacement  wrist 4 0.85 4 4
standardization elbow 4 0.86 4 4
Time span wrist 4 0.37 9 15
standardization elbow 4 0.35 14 16
Wave dis./time span  wrist 4 0.85 4 5
standardization elbow 4 0.83 4 4

[0141] Tables 7, 8, and 9 show that wavelength displace-
ment standardization is more effective than time span stan-
dardization in improving prediction accuracy. These tables
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also show that the international standard of having an
average range within 5 mmHg is met, i.e., diastolic blood
pressure can be estimated (predicted) with sufficient accu-
racy on the basis of the waveform data of pulse waves, by
performing wavelength displacement standardization or per-
forming both wavelength displacement standardization and
time span standardization.

[0142] FIG. 31 includes waveform graphs showing load-
ing waveforms when a calibration model is constructed from
waveform data of pulse waves. FIG. 31(a) shows loading
waveforms when a calibration model of systole is con-
structed, and FIG. 31(b) shows loading waveforms when a
calibration model of diastole is constructed. Both show
loading waveforms up to the factor 4.

[0143] FIG. 32 includes waveform graphs showing only
the waveforms of factors 1, 2, and 3, respectively, for systole
(SBP) and diastole (DBP) in the loading waveforms of FIG.
31. FIG. 32(a) is a loading waveform of factor 1, FIG. 32(b4)
is a loading waveform of factor 2, and FIG. 32(¢) is a loading
waveform of factor 3.

[0144] The waveforms of the factors are not always con-
stant; therefore, though it is not necessarily always the case,
systole and diastole mostly coincide for factor 1, and for
factors 2 and 3, a difference in waveforms between systole
and diastole is usually observed. Specifically, factors 2 and
3 are believed to contribute to the differences between the
calibration models for systole and diastole.

[0145] FIG. 33 is a waveform graph showing the basic
waveform for one pulse of a pulse wave measured by an
FBG sensor. This basic waveform is equivalent to one pulse
of the waveform shown in FIG. 18. In this graph, the a wave
is a protosystolic positive wave, the b wave is a protosystolic
negative wave, the ¢ wave is a midsystolic re-elevation
wave, the d wave is a late systolic re-descent wave, and the
e wave is a protodiastolic positive wave. The a wave and the
b wave, forward components of systole, are equivalent to
driving pressure waves when the heart contracts and pushes
out blood, and the ¢ wave and the e wave are equivalent to
reflected pressure waves resulting from the driving pressure
propagating to dissolution and being reflected back.

[0146] FIG. 34 is a waveform graph is a waveform graph
showing the waveform for one pulse of a pulse wave
measured by an FBG sensor and the waveform of factor 1
shown in FIG. 32. Observing these two waveforms shows
that the profiles coincide well with each other. Because of
this, factor 1 is believed to have information for both the
driving pressure wave and the reflected pressure wave of the
pulse wave, and the central blood pressure is predicted.
Factors 2, 3, and 4, of which the waveforms differ between
systole and diastole, are believed to relate to predicting
systolic blood pressure and diastolic blood pressure. The e
wave of the pulse wave originates from the diastole of the
heart, and is therefore believed to pertain to diastolic blood
pressure.

[0147] FIGS. 35(a), (b), and (¢) are waveform graphs
showing loading waveforms when calibration models are
constructed from waveform data of pulse waves for the
subjects A, B, and C. In these drawings, the areas indicated
by the letter a are areas having a positive correlation with
many factors, and are believed to include much information
on the protosystolic blood pressure of the heart. The areas
indicated by the letter b are areas where factor 2 has a
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positive correlation, indicating that at mid-systole of the
heart, the reflected wave component contributes to blood
pressure prediction.

[0148] In the loading waveforms in FIG. 35, the positional
relationship in the arrangement of the areas indicated by the
letter a and the areas indicated by the letter b is the same
among the subjects A, B, and C. This common point among
the loading waveforms means that there is commonality in
the potential factors of pulse waves pertaining to blood
pressure, indicating that the results of calibration models
through regression analysis are not greatly affected by
individual people, i.e., it is possible that the method of the
present invention could be utilized in a versatile matter as a
blood pressure estimation method.

[0149] As described above, the results of the present test
indicate that the waveform data of a pulse wave has a
correlation with diastolic blood pressure, and also indicates
that systolic blood pressure and diastolic blood pressure can
both be estimated by acquiring pulse wave data. Specifically,
the results indicate that by performing regression analysis on
the basis of waveform data of an acquired pulse wave, a
calibration model for estimating blood pressure values can
be constructed, and it is possible to predict both systolic
blood pressure and diastolic blood pressure on the basis of
the calibration model.

Other Embodiments

[0150] In the above embodiment, an FBG sensor was used
as the method of acquiring waveform data of pulse waves.
An FBG sensor has extremely high capability to sense
distortion (deformation), and has the feature of being able to
sense minute distortions such as pulse waves with great
accuracy. In the test examples described above, the sampling
frequency was 10 kHz, and using a regression analysis
method, the international standard accuracy of 5 mmHg was
achieved for the average range. The reason such highly
accurate estimation is possible is because an FBG sensor has
a sensing capability that enables highly accurate analysis.
[0151] Therefore, if the sensor has sensing capability
similar to an FBG sensor, a sensor other than an FBG sensor
can be used in the same manner. For example, sheet-shaped
capacitive pressure-sensitive sensors and tactile array sen-
sors are capable of sensing pressure with high accuracy.
Consequently, these sensors could be used in place of the
FBG sensor.

[0152] In the above embodiment, the PLS regression
analysis method was employed as the regression analysis
method. Another regression analysis method can be used to
construct a calibration model, and blood pressure values can
be estimated with predetermined accuracy from the wave-
form data of a pulse wave.

1. A blood pressure estimation method comprising:

constructing a calibration model that represents a corre-
lation between measured waveform data of a measured
acceleration pulse wave and measured blood pressure
values measured at individual measurement time points
of the measured waveform data; and

using the calibration model to estimate blood pressure
values of a subject at a time of an acceleration pulse
wave measurement, from the waveform data of the
acceleration pulse wave measured from the subject.

2. The blood pressure estimation method according to

claim 1,
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wherein the calibration model is either one of a first

calibration model and a second calibration model,

the first calibration model representing a correlation

between the measured waveform data and systolic
blood pressure values as the measured blood pressure
values, and a second calibration model representing a
correlation between the measured waveform data and
diastolic blood pressure values as the measured blood
pressure values.

3. The blood pressure estimation method according to
claim 1,

wherein the calibration model is calculated by:

extracting one-cycle waveform data from the measured

waveform data;

standardizing each set of extracted one-cycle waveform

data either so that an amount of wavelength displace-
ment is the same or so that the amount of wavelength
displacement and a time span are the same; and
performing regression analysis with standardized one-
cycle waveform data as an explanatory variable and the
measured blood pressure value as an objective variable.

4. The blood pressure estimation method according to
claim 3, wherein the calibration model is calculated using a
PLS regression analysis method.

5. A blood pressure measurement device comprising:

a pulse wave measurement unit for measuring an accel-

eration pulse wave of a subject; and

a blood pressure value calculation unit for using a cali-

bration model representing a correlation between mea-
sured waveform data of an acceleration pulse wave
measured in advance, and measured blood pressure
values measured at individual measurement time points
of the measured waveform data, to estimate a blood
pressure value of the subject at the time of the accel-
eration pulse wave measurement from waveform data
of the acceleration pulse wave measured by the pulse
wave measurement unit.

6. The blood pressure measurement device according to
claim 5, further comprising a calibration model construction
unit that uses the measured waveform data and the measured
blood pressure values measured at each measurement time
point of the measured waveform data to construct the
calibration model.

7. The blood pressure measurement device according to
claim 5,

wherein the calibration model is calculated by:

extracting one-cycle waveform data from the measured

waveform data; and

performing regression analysis with extracted one-cycle

waveform data as an explanatory variable and the
measured blood pressure value as an objective variable.

8. The blood pressure measurement device according to
claim 7,

wherein the calibration model is calculated by:

standardizing each set of the extracted one-cycle wave-

form data either so that an amount of wavelength
displacement is the same or so that the amount of
wavelength displacement and a time span are the same;
and

using standardized one-cycle waveform data as an

explanatory variable.

9. The blood pressure measurement device according to
claim 7, wherein the calibration model is calculated using a
PLS regression analysis method.
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10. The blood pressure measurement device according to
claim 5,
wherein the blood pressure value calculation unit esti-
mates at least either one of a systolic blood pressure
value and a diastolic blood pressure value of the
subject.
11. The blood pressure measurement device according to
claim 5, wherein the pulse wave measurement unit has a
fiber Bragg grating sensor.

#* #* #* #* #*



