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57 ABSTRACT

A biological state estimating apparatus includes a pair of
electrocardiographic electrodes, a photoplethysmographic
sensor, and a controller that includes a peak detecting section,
a pulse transmission time measuring section, a correlation
information storing section, and a biological state estimating
section. The electrocardiographic electrodes detect an elec-
trocardiogram signal and the photoplethysmographic sensor,
which has light-emitting and light-receiving elements,
detects a photoplethysmogram signal. The controller detects
peaks ofthe electrocardiogram and photoplethysmogram sig-
nals and determines a pulse transmission time from the time
difference between the respective peaks of the photoplethys-
mogram and the electrocardiogram signal. Memory stores
information determined in advance based on the relationship
between pulse transmission time and biological state. The
controller further estimates the biological state of the user on

Int. Cl. the basis of the pulse transmission time, and the correlation
A61B 5/0205 (2006.01) information stored in the correlation information storing sec-
A6IB 5/16 (2006.01) tion.
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BIOLOGICAL STATE ELIMINATING
APPARATUS AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of PCT/
IP2014/064692 filed Jun. 3, 2014, which claims priority to
Japanese Patent Application No. 2013-136472, filed Jun. 28,
2013, the entire contents of each of which are incorporated
herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to a biological state
estimating apparatus and method that estimates the biological
state of a human.

BACKGROUND OF THE INVENTION

[0003] Itis common to evaluate autonomic function on the
basis of the results of frequency analysis (spectral analysis) of
heart rate variability (variation of R-R interval) on an elec-
trocardiogram (ECG) by using fast Fourier transform and
other techniques. It is known that low frequency components
(LF) up to 0.15 Hz contained in the frequency analysis results
of heart rate variability predominantly reflect sympathetic
function (partially including parasympathetic function),
while high frequency components (HF) equal to or higher
than 0.15 Hz contained in the frequency analysis results
reflect parasympathetic function. The ratio (LF/HF) between
the low frequency components and the high frequency com-
ponents is used as an index of autonomic function.

[0004] Patent Document 1 discloses an autonomic function
evaluating apparatus described below. To evaluate autonomic
function and other information, this autonomic function
evaluating apparatus uses an acceleration plethysmogram
(APG) signal, which is obtained by taking the second deriva-
tive of a photoplethysmogram (PPG) signal, instead of an
electrocardiogram signal. The autonomic function evaluating
apparatus computes an acceleration plethysmogram by tak-
ing the second derivative of the waveform of a plethysmo-
gram measured continuously over a predetermined period of
time. From the obtained waveform of the acceleration
plethysmogram, the autonomic function evaluating apparatus
then determines variation of the a-a interval (interpulse inter-
val) corresponding to variation of the R-R interval on an
electrocardiogram. Subsequently, the autonomic function
evaluating apparatus performs frequency analysis of the tem-
poral variation of the a-a interval, and uses the results to
evaluate autonomic function.

[0005] The autonomic function evaluating apparatus
allows autonomic function to be evaluated by measuring the
plethysmogram of the fingertip of a person in a seated posi-
tion using a photoplethysmographic sensor. This eliminates
the need for, for example, removal of clothing or attachment
of a plurality of electrocardiographic electrodes to take a
measurement, allowing the evaluation results to be obtained
with greater ease compared to those obtained using an elec-
trocardiogram.

[0006] Patent Document 1: Japanese Patent No. 5080550.

[0007] The above conventional approaches to evaluate
autonomic function by heart rate variability analysis (fre-
quency analysis) using data such as an electrocardiogram and
an acceleration plethysmogram require data such as heart rate
to be taken under stable conditions of the autonomic nervous
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system (that is, the sympathetic and parasympathetic nervous
systems). This requires the user (subject) to relax in a resting
seated position for about five minutes, for example, prior to
taking a measurement. After taking sufficient rest, the user is
then required to have his or her electrocardiogram or photop-
lethysmogram continuously measured in that state for the
duration of, for example, three minutes or more (or, for
example, one hundred beats or more).

[0008] Consequently, the conventional heart rate variabil-
ity analysis may fail to correctly evaluate autonomic function
in situations where the sympathetic nerve becomes dominant,
such as when the subject is not allowed sufficient rest prior to
measurement or when the subject is unable to remain at rest
during measurement. For conventional autonomic function
analysis, data such as the amount of autonomic activity (TP)
or autonomic balance (LF/HF) measured after rest is known
to be associated with, for example, the subjective symptoms
of fatigue, the amount of activity during wakefulness, and
sleep efficiency. Unfortunately, the association between auto-
nomic function and these pieces of information is lost if a
measurement is taken immediately without giving the subject
afive-minuterest, seriously undermining the diagnostic value
of such an autonomic function analysis. This has led to a
desire for a technique that, in acquiring biological informa-
tion including an electrocardiogram and a photoplethysmo-
gram (acceleration plethysmogram), allows a biological state
such as autonomic function to be estimated in a shorter time
without requiring the user (subject) to remain at rest.

SUMMARY OF THE INVENTION

[0009] The present invention has been made to address the
problems mentioned above. Accordingly, it is an object of the
invention to provide a biological state estimating apparatus
and method that, in acquiring biological information to esti-
mate biological state, allows the biological state to be esti-
mated in a shorter time without requiring the user to remain at
rest.

[0010] A biological state estimating apparatus according to
the present invention includes a pair of electrocardiographic
electrodes that detects an electrocardiogram signal, a photop-
lethysmographic sensor that detects a photoplethysmogram
signal, the photoplethysmographic sensor having a light-
emitting element and a light-receiving element, peak detect-
ing means for detecting a peak of the electrocardiogram sig-
nal detected by the electrocardiographic electrodes, and a
peak of the photoplethysmogram signal detected by the pho-
toplethysmographic sensor, pulse transmission time calculat-
ing means for calculating a pulse transmission time from a
time difference between the peak of the photoplethysmogram
signal and the peak of the electrocardiogram signal which are
detected by the peak detecting means, correlation informa-
tion storing means for storing correlation information, the
correlation information being determined in advance on a
basis of a relationship between pulse transmission time and
biological state, and biological state estimating means for
estimating a biological state of a user, on a basis of the pulse
transmission time calculated by the pulse transmission time
calculating means and the correlation information stored in
the correlation information storing means.

[0011] With the biological state estimating apparatus
according to the present invention, the correlation informa-
tion indicating the relationship between pulse transmission
time and biological information is acquired and stored in
advance, and the user’s biological state is estimated on the
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basis of the pulse transmission time calculated from the time
difference between the peak of the electrocardiogram signal
and the peak of the photoplethysmogram signal, and the
stored correlation information. That is, pulse transmission
time calculated from the time difference between the peak of
the electrocardiogram signal and the peak of the photopl-
ethysmogram signal is used as an index of biological state.
Pulse transmission time has a correlation with, for example,
mental fatigue and post-rest LF/HF (details in this regard will
be given later). That is, a correlation is observed between
pulse transmission time and, for example, the degree of
fatigue or autonomic function. Further, the detected pulse
transmission time varies little between when measured at rest
and when measured without resting. That is, using pulse
transmission time as an index eliminates the need for the user
to remain at rest prior to and during the measurement (a
detailed description in this regard will be given later). Data for
estimating biological state may be collected for any length of
time that is sufficient to obtain pulse transmission time.
Hence, in theory, the duration of one beat is sufficient to
estimate biological state. Consequently, the measurement
time required for biological state evaluation can be shortened
in comparison to conventional methods using frequency
analysis. As a result, in acquiring biological information for
estimating biological state, the user is not required to remain
at rest, and further, the biological state of the user can be
estimated in a shorter time.

[0012] Depending on the case, the term pulse transmission
time refers to either the time taken for a pulse wave to travel
between two predetermined sites in a living body, or the time
difference between the peak of an electrocardiogram signal
and the peak of a plethysmogram signal. As used herein, the
term pulse transmission time has the latter meaning.

[0013] Preferably, in the biological state estimating appa-
ratus according to the present invention, the correlation infor-
mation storing means stores fatigue correlation information,
the fatigue correlation information being determined in
advance on a basis of a relationship between pulse transmis-
sion time and degree of fatigue, and the biological state esti-
mating means estimates a degree of fatigue of the user, on a
basis of the pulse transmission time and the fatigue correla-
tion information.

[0014] In this case, the fatigue correlation information is
stored, which is determined in advance on the basis of the
relationship between pulse transmission time and degree of
fatigue. Thus, by measuring the pulse transmission time of the
user and using the measured pulse transmission time as an
index, the degree of fatigue can be estimated and evaluated as
a biological state.

[0015] Preferably, in the biological state estimating appa-
ratus according to the present invention, the correlation infor-
mation storing means stores autonomic function correlation
information, the autonomic function correlation information
being determined in advance on a basis of a relationship
between pulse transmission time and autonomic function,
and the biological state estimating means estimates auto-
nomic function of the user, on a basis of the pulse transmis-
sion time and the autonomic function correlation informa-
tion.

[0016] In this case, the autonomic function correlation
information is stored, which is determined in advance on the
basis of the relationship between pulse transmission time and
autonomic function. Thus, by measuring the pulse transmis-
sion time of the user and using the measured pulse transmis-
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sion time as an index, autonomic function can be estimated
and evaluated as a biological state. LF/HF after resting and
autonomic function have correlation. Consequently, pulse
transmission time and autonomic function have correlation.

[0017] Preferably, the biological state estimating apparatus
according to the present invention further includes pulse
transmission time storing means for storing the pulse trans-
mission time calculated by the pulse transmission time cal-
culating means, the correlation information storing means
stores sleep state correlation information, the sleep state cor-
relation information being determined in advance on a basis
of a relationship between pulse transmission time before
sleep, pulse transmission time after sleep, and state of sleep,
and the biological state estimating means estimates a state of
sleep of the user, on a basis of the pulse transmission time
before sleep calculated by the pulse transmission time calcu-
lating means and stored in the pulse transmission time storing
means, the pulse transmission time after sleep calculated by
the pulse transmission time calculating means, and the sleep
state correlation information.

[0018] Inthiscase,the sleep state correlation information is
stored, which is determined in advance on the basis of the
relationship between pulse transmission time before and after
sleep and state of sleep. Thus, by measuring the pulse trans-
mission time of the user before and after sleep and using the
measured pulse transmission time as an index, the state of
sleep (the quality of sleep, thatis, the degree of recovery from
fatigue) can be estimated and evaluated as a biological state.

[0019] Preferably, the biological state estimating apparatus
according to the present invention further includes pulse
transmission time storing means for storing variation of the
pulse transmission time calculated by the pulse transmission
time calculating means, the correlation information storing
means stores sleep state correlation information, the sleep
state correlation information being determined in advance on
a basis of a relationship between variation of pulse transmis-
sion time during sleep and state of sleep, and the biological
state estimating means estimates a state of sleep of the user,
on a basis of the variation of the pulse transmission time
during sleep stored in the pulse transmission time storing
means, and the sleep state correlation information.

[0020] Inthiscase,the sleep state correlation information is
stored, which is determined in advance on the basis of the
relationship between variation of pulse transmission time
during sleep and state of sleep. Thus, by measuring the varia-
tion of pulse transmission time of the user during sleep, the
state of sleep (the quality of sleep, that is, the degree of
recovery from fatigue) can be estimated and evaluated.

[0021] Preferably, the biological state estimating apparatus
according to the present invention further includes variation
calculating means for calculating an amount of variation in
pulse transmission time before and after a predetermined
action that places a load on a heart, the correlation informa-
tion storing means stores blood vessel distensibility correla-
tion information, the blood vessel distensibility correlation
information being determined in advance on a basis of a
relationship between amount of variation in pulse transmis-
sion time before and after the predetermined action, and
blood vessel distensibility, and the biological state estimating
means estimates blood vessel distensibility of the user, on a
basis of the amount of variation in pulse transmission time
calculated by the variation calculating means, and the blood
vessel distensibility correlation information.
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[0022] The biological state estimating apparatus according
to the present invention stores the blood vessel distensibility
correlation information, which is determined in advance on
the basis of the relationship between amount of variation in
pulse transmission time before and after a predetermined
action, and distensibility of the blood vessel. Thus, by mea-
suring the pulse transmission time of the user, the distensibil-
ity of the blood vessel can be estimated and evaluated as a
biological state by using the amount of variation in pulse
transmission time as an index.

[0023] Preferably, in the biological state estimating appa-
ratus according to the present invention, the electrocardio-
graphic electrodes are attached to an identical housing, in
such alocation that when the user grasps the housing with left
and right hands, one of the left and right hands is in contact
with one of the electrocardiographic electrodes, and another
one of the left and right hands is in contact with another one
of the electrocardiographic electrodes, and the photoplethys-
mographic sensor is attached to the housing, in such a loca-
tion that when the user grasps the housing with the left and
right hands, the photoplethysmographic sensor is in contact
with one of the left and right hands.

[0024] Inthis way, grasping the housing allows acquisition
of an electrocardiogram signal between both hands, and a
photoplethysmogram signal of one hand, that is, acquisition
of pulse transmission time. Thus, the biological state can be
estimated and evaluated by the user’s simple action of grasp-
ing the housing.

[0025] Preferably, in the biological state estimating appa-
ratus according to the present invention, one of the electro-
cardiographic electrodes is attached in contact with a site
between a fingertip and a shoulder on one arm, another one of
the electrocardiographic electrodes is attached in contact with
a site between a fingertip and a shoulder on another arm, and
a wiring cable connected to the electrocardiographic elec-
trodes is routed along a surface of a body of the user, and the
photoplethysmographic sensor is attached in contact with a
site between a fingertip and a shoulder on one arm.

[0026] This allows pulse transmission time to be measured
with the pair of electrocardiographic electrodes and the pho-
toplethysmographic sensor placed on the body of the user.
Thus, for example, as the user sleeps while wearing these
components on the body, pulse transmission time during
sleep is acquired to enable estimation/evaluation of the bio-
logical state (for example, the state of sleep). It is also pos-
sible to measure pulse transmission time during active day-
time hours to sequentially estimate/evaluate the biological
state (for example, the degree of fatigue).

[0027] Preferably, in the biological state estimating appa-
ratus according to the present invention, the correlation infor-
mation storing means stores the correlation information
indicative of the relationship between pulse transmission time
and biological information, individually for each age and/or
each sex.

[0028] In this case, the correlation information indicating
the relationship between pulse transmission time and biologi-
cal information is acquired and stored individually for, for
example, each age or each sex. This allows for more accurate
estimation/evaluation of biological state by taking differ-
ences due to, for example, age or sex into account.

[0029] Preferably, in the biological state estimating appa-
ratus according to the present invention, the biological state
estimating means automatically starts the estimating of the
biological state of the user, upon satisfaction of at least one of
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conditions including detection of contact of the user with the
biological state estimating apparatus, acquisition of the elec-
trocardiogram signal and the photoplethysmogram signal
over a predetermined number of beats, and payment of a
consideration.

[0030] In this case, estimation of biological state is auto-
matically started, eliminating the need for an action to start
measurement/detection. This eliminates body motion noise
resulting from such a starting action, and enables measure-
ment/detection under relative resting conditions.

[0031] Preferably, in the biological state estimating appa-
ratus according to the present invention, the biological state
estimating means automatically ends estimation of the bio-
logical state of the user, upon acquisition of the electrocar-
diogram signal and the photoplethysmogram signal over a
predetermined number of beats, and/or upon elapse of a pre-
determined time after the estimating of the biological state is
started.

[0032] In this case, pulse transmission time measurement/
biological state estimation is automatically ended upon its
completion. This enables easier measurement of pulse trans-
mission time to estimate biological state.

[0033] Preferably, the biological state estimating apparatus
according to the present invention further includes presenting
means for presenting guidance by voice and/or an image, ata
time of automatically starting the estimating of the biological
state and/or automatically ending the estimating of the bio-
logical state.

[0034] This makes it possible to inform the user of the
status of measurement, such as start of measurement/estima-
tion or end of measurement/estimation.

[0035] According to the present invention, in acquiring bio-
logical information to estimate biological state, the user is not
required to remain at rest, and further, the biological state of
the user can be estimated in a shorter time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1isablock diagram illustrating a configuration
of a biological state estimating apparatus according to an
embodiment.

[0037] FIG. 2 illustrates the outward appearance of a bio-
logical state estimating apparatus according to an embodi-
ment, and an example of how the biological state estimating
apparatus is used.

[0038] FIG. 3 illustrates an electrocardiogram waveform, a
photoplethysmogram waveform, and pulse transmission
time.

[0039] FIG. 4 illustrates an example of correlation data
between pulse transmission time and mental fatigue.

[0040] FIG. 5 is a flowchart illustrating a procedure of
biological state estimation (fatigue degree/autonomic func-
tion) executed by a biological state estimating apparatus
according to an embodiment.

[0041] FIG. 6 is a flowchart illustrating a procedure of
biological state estimation (blood vessel distensibility)
executed by abiological state estimating apparatus according
to an embodiment.

[0042] FIG. 7 illustrates a general configuration of a bio-
logical state estimating apparatus according to a first modifi-
cation.

[0043] FIG. 8 illustrates an example of how pulse transmis-
sion time changes before and after sleep.
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[0044] FIG. 9 is a flowchart illustrating a procedure of
biological state estimation (quality of sleep) executed by the
biological state estimating apparatus according to the first
modification.

[0045] FIG. 10 illustrates association between LF/HF
before resting (Variable 1) and LF/HF after resting (Variable
2).
[0046] FIG. 11 illustrates association between pulse wave
velocity before resting (Variable 1) and pulse wave velocity
after resting (Variable 2).

DETAILED DESCRIPTION

[0047] Hereinafter, preferred embodiments of the present
invention will be described in detail with reference to the
figures. In the figures, the same elements are denoted by the
same reference signs to avoid repetitive description.

[0048] First, a configuration of a biological state estimating
apparatus 1 according to an embodiment will be described
with reference to FIGS. 1 and 2. FIG. 1 is a block diagram
illustrating a configuration of the biological state estimating
apparatus 1. FIG. 2 illustrates the outward appearance of the
biological state estimating apparatus 1, and an example of
how the biological state estimating apparatus 1 is used.
[0049] The biological state estimating apparatus 1 detects
an electrocardiogram signal and a photoplethysmogram sig-
nal, and measures pulse transmission time from the time
difference between the R-wave peak of the detected electro-
cardiogram signal (electrocardiogram wave) and the peak
(rising edge) of the detected photoplethysmogram signal (pl-
ethysmogram wave). Then, the biological state estimating
apparatus 1 estimates the biological state (for example, the
degree of fatigue, autonomic function, the quality of sleep, or
the distensibility of the blood vessel) of the user on the basis
of the measured pulse transmission time.

[0050] To this end, the biological state estimating apparatus
1 includes a pair of electrocardiographic electrodes (a first
electrocardiographic electrode 11 and a second electrocardio-
graphic electrode 12) for detecting an electrocardiogram sig-
nal, a photoplethysmographic sensor 20 for detecting a pho-
toplethysmogram signal, and a signal processing unit 30 that
measures, for example, pulse transmission time on the basis
of the detected electrocardiogram signal and the detected
photoplethysmogram signal to estimate the biological state.
Hereinafter, these individual components will be described in
detail.

[0051] The first electrocardiographic electrode 11 and the
second electrocardiographic electrode 12 are used to detect
an electrocardiogram signal. As illustrated in F1G. 2, the first
electrocardiographic electrode 11 and the second electrocar-
diographic electrode 12 are respectively attached to the left-
hand and right-hand surfaces of a housing 5 of the biological
state estimating apparatus 1 in such a way that the first elec-
trocardiographic electrode 11 and the second electrocardio-
graphic electrode 12 each come into contact with the user’s
thumb when the user grasps the housing 5 with both hands.
That is, when the user grasps the housing 5 (the biological
state estimating apparatus 1) with both hands, the left and
right hands (thumbs) of the user respectively come into con-
tact with the first electrocardiographic electrode 11 and the
second electrocardiographic electrode 12, thus acquiring an
electrocardiogram signal corresponding to the difference in
potential between the left and right hands of the user. Suitable
examples of the material of the first electrocardiographic
electrode 11 and the second electrocardiographic electrode
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12 include metal (preferably a metal with high corrosion
resistance and relatively low risk of causing metal allergy,
such as stainless or Au), electrically conductive gel, electri-
cally conductive rubber, and electrically conductive cloth.
Other example of the metal of the first electrocardiographic
electrode 11 and the second electrocardiographic electrode
12 include electrically conductive plastic and a capacitively
coupled material. The first electrocardiographic electrode 11
and the second electrocardiographic electrode 12, which are
connected to the signal processing unit 30 through a wiring
cable, each output an electrocardiogram signal to the signal
processing unit 30 by using the wiring cable.

[0052] The photoplethysmographic sensor 20 optically
detects a photoplethysmogram signal by exploiting the light-
absorption characteristics of hemoglobin in the blood.
Accordingly, the photoplethysmographic sensor 20 includes
a light-emitting element 21 and a light-receiving element 22.
The photoplethysmographic sensor 20, which detects a pho-
toplethysmogram signal, is disposed near (for example,
arranged beside or integrated with) the electrocardiographic
electrode 11. That is, the pair of first and second electrocar-
diographic electrodes 11 and 12, and the photoplethysmo-
graphic sensor 20 are attached to the same housing 5, in such
locations that when the user grasps the housing 5 with the left
and right hands, one of the hands (for example, the left hand)
is in contact with the first electrocardiographic electrode 11
and the photoplethysmographic sensor 20, and the other hand
(for example, the right hand) is in contact with the second
electrocardiographic electrode 12.

[0053] The light-emitting element 21 emits light in
response to a pulsed drive signal output from a driving section
380 of the signal processing unit 30. As the light-emitting
element 21, for example, an LED, a Vertical Cavity Surface
Emitting LASER (VCSEL), or a resonant type LED may be
used. The driving section 380 generates and outputs a pulsed
drive signal for driving the light-emitting element 21.
[0054] The light-receiving element 22 outputs a detection
signal corresponding to the intensity with which light emitted
from the light-emitting element 21 is incident on the light-
receiving element 22 after passing through the human body,
for example, the fingertip, or after being reflected by the
human body. As the light-receiving element 22, for example,
a photodiode or a phototransistor is suitable used. In the
embodiment, a photodiode is used as the light-receiving ele-
ment 22. The light-receiving element 22 is connected to the
signal processing unit 30. A detection signal (photoplethys-
mogram signal) obtained by the light-receiving element 22 is
output to the signal processing unit 30.

[0055] As described above, the first electrocardiographic
electrode 11, the second electrocardiographic electrode 12,
and the photoplethysmographic sensor 20 are each connected
to the signal processing unit 30. Thus, a detected electrocar-
diogram signal and a detected photoplethysmogram signal
are input to the signal processing unit 30.

[0056] The signal processing unit 30 processes an input
electrocardiogram signal to measure, for example, heart rate
and interbeat interval. The signal processing unit 30 also
processes an input photoplethysmogram signal to measure,
for example, pulse rate and interpulse interval. Further, the
signal processing unit 30 measures, for example, pulse trans-
mission time from the time difference between the R-wave
peak of a detected electrocardiogram signal (electrocardio-
gram wave) and the peak (rising edge) of a detected photop-
lethysmogram signal (photoplethysmogram wave) (see FIG.
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3). At this time, the signal processing unit 30 corrects a shift
(delay) of the peak in each of a first signal processing section
310 and a second signal processing section 320 described
later, and thus measures pulse transmission time with high
accuracy. Then, the signal processing unit 30 estimates the
user’s biological state on the basis of the measured pulse
transmission time, and correlation information that defines
the relationship between pulse transmission time and biologi-
cal state.

[0057] Accordingly, the signal processing unit 30 has
amplifying sections 311 and 321, the first signal processing
section 310, the second signal processing section 320, peak
detecting sections 316 and 326, and peak correcting sections
318 and 328, as well as a pulse transmission time measuring
section 330, a pulse transmission time storing section 340, a
correlation information storing section 341, a variation cal-
culating section 350, and a biological state estimating section
360. The first signal processing section 310 has an analog
filter 312, an A/D converter 313, and a digital filter 314. The
second signal processing section 320 has an analog filter 322,
an A/D converter 323, a digital filter 324, and a second-
derivative processing section 325.

[0058] Of the various components mentioned above, the
digital filters 314 and 324, the second-derivative processing
section 325, the peak detecting sections 316 and 326, the peak
correcting sections 318 and 328, the pulse transmission time
measuring section 330, the variation calculating section 350,
and the biological state estimating section 360 are imple-
mented by. for example, a CPU or controller that performs
arithmetic processing described herein with respect to the
various “sections”, a ROM that stores a program and data for
causing the CPU to execute various processes, and a RAM
that temporarily stores various data such as computational
results. That is, the functions of the various components men-
tioned above are implemented by execution of a program
stored in the ROM by the CPU.

[0059] The amplifying section 311 is implemented by, for
example, an amplifier such as an operational amplifier. The
amplifying section 311 amplifies an electrocardiogram signal
detected by the first electrocardiographic electrode 11 and the
second electrocardiographic electrode 12. The electrocardio-
gram signal amplified by the amplifying section 311 is output
to the first signal processing section 310. Likewise, the ampli-
fying section 321 is implemented by, for example, an ampli-
fier such as an operational amplifier. The amplifying section
321 amplifies a photoplethysmogram signal detected by the
photoplethysmographic sensor 20. The photoplethysmogram
signal amplified by the amplifying section 321 is output to the
second signal processing section 320.

[0060] As described above, the first signal processing sec-
tion 310 has the analog filter 312, the A/D converter 313, and
the digital filter 314. The first signal processing section 310
applies filtering to the electrocardiogram signal amplified by
the amplifying section 311 to extract pulsatile components
from the electrocardiogram signal.

[0061] As described above, the second signal processing
section 320 has the analog filter 322, the A/D converter 323,
the digital filter 324, and the second-derivative processing
section 325. The second signal processing section 320 applies
filtering and second-order differentiation to the photoplethys-
mogram signal amplified by the amplifying section 321 to
extract pulsatile components from the electrocardiogram sig-
nal.

Apr. 21,2016

[0062] Theanalog filter 312 or 322 and the digital filter 314
or 324 perform a filtering process aimed atimproving S/N by
removing those components (noise) other than frequencies
that characterize an electrocardiogram signal or a photopl-
ethysmogram signal. The above filtering process is described
in more detail below. Generally, the dominant frequency
components of an electrocardiogram signal are those in the
range 0f 0.1 to 200 Hz, and the dominant frequency compo-
nents of a photoplethysmogram signal are those in the vicin-
ity of 0.1 to several tens Hz. Accordingly, for improved S/N,
filtering is applied by using an analog filter and a digital filter
such as a low pass filter and a band pass filter to pass only
those portions of the corresponding signal in the above fre-
quency range.

[0063] Ifthefiltering is only aimed at extraction of pulsatile
components (that 1s, if it is not required to acquire an electro-
cardiogram waveform, for example), the passband of fre-
quencies may be narrowed to cut off components other than
pulsatile components to improve noise resistance. Both of the
analog filter 312 or 322 and the digital filter 314 or 324 may
not necessarily be provided. Only one of the analog filter 312
or 322 and the digital filter 314 or 324 may be provided. The
electrocardiogram signal that has undergone filtering by the
analog filter 312 and the digital filter 314 is output to the peak
detecting section 316. Likewise, the photoplethysmogram
signal that has undergone second derivative by the analog
filter 322 and the digital filter 324 is output to the second-
derivative processing section 325.

[0064] The second-derivative processing section 325 takes
the second derivative of a photoplethysmogram signal to
acquire a second derivative plethysmogram (acceleration
plethysmogram) signal. The acquired acceleration plethys-
mogram signal is output to the peak detecting section 326.
Peaks (rising edges) on a photoplethysmogram are often not
clearly defined and hence difficult to identify. Although this
makes it desirable to convert a photoplethysmogram into an
acceleration plethysmogram for peak detection, the second-
derivative processing section 325 may not necessarily be
provided.

[0065] The peak detecting section 316 detects the peak
(R-wave) of an electrocardiogram signal to which signal pro-
cessing has been applied (from which pulsatile components
have been extracted) by the first signal processing section
310.

[0066] The peak detecting section 326 that is part of the
controller detects the peak (rising edge) of a photoplethys-
mogram signal (acceleration plethysmogram) to which signal
processing has been applied by the second signal processing
section 320. That is, the peak detecting sections 316 and 326
function as peak detecting means. The peak detecting section
316 and the peak detecting section 326 detect the respective
peaks of the interbeat interval and interpulse interval, and
store information such as peak time and peak amplitude in,
for example, the RAM for all of the peaks detected.

[0067] The peak correcting section 318 calculates the time
delay of an electrocardiogram signal in the first signal pro-
cessing section 310 (the analog filter 312 and the digital filter
314). The peak correcting section 318 corrects the peak of the
electrocardiogram signal detected by the peak detecting sec-
tion 316, on the basis of the calculated time delay of the
electrocardiogram signal. Likewise, the peak correcting sec-
tion 328 calculates the time delay of a photoplethysmogram
signal in the second signal processing section 320 (the analog
filter 322, the digital filter 324, and the second-derivative
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processing section 325). The peak correcting section 328
corrects the peak of the photoplethysmogram signal (accel-
eration plethysmogram signal) detected by the peak detecting
section 326, on the basis of the calculated time delay of the
photoplethysmogram signal. The corrected peak of the elec-
trocardiogram signal, and the corrected peak of the photopl-
ethysmogram (acceleration plethysmogram) signal are out-
put to the pulse transmission time measuring section 330. If
the time delay of an electrocardiogram signal and the time
delay of a photoplethysmogram signal can be regarded as
substantially equal, the peak correcting section 318 may not
necessarily be provided.

[0068] The pulse transmission time measuring section 330
of the controller calculates pulse transmission time from the
interval (time difference) between the R-wave (peak) of the
electrocardiogram signal corrected by the peak correcting
section 318, and the peak (rising edge) of the photoplethys-
mogram signal (acceleration plethysmogram) corrected by
the peak correcting section 328. That is, the pulse transmis-
sion time measuring section 330 functions as pulse transmis-
sion time calculating means. FIG. 3 illustrates pulse transmis-
sion time calculated from the interval between the R-wave
(peak) of an electrocardiogram signal and a peak of a pho-
toplethysmogram signal (acceleration plethysmogram). In
FIG. 3, the waveform of the electrocardiogram signal is indi-
cated by a thin solid line, and the waveform ofa photoplethys-
mogram signal is indicated by a dashed line. The waveform of
an acceleration plethysmogram 1s indicated by a thick solid
line.

[0069] In addition to pulse transmission time, the pulse
transmission time measuring section 330 also calculates, for
example, heart rate, interbeat interval, and rate of change in
interbeat interval from the electrocardiogram signal. Like-
wise, the pulse transmission time measuring section 330 cal-
culates, for example, pulse rate, interpulse interval, and rate
of change in interpulse interval from the photoplethysmo-
gram signal (acceleration plethysmogram). The calculated
pulse transmission time, heart rate, interbeat interval, pulse
rate, and interpulse interval, the electrocardiogram, the pho-
toplethysmogram, the acceleration plethysmogram, and
other such measurement data are output to the pulse trans-
mission time storing section 340, the variation calculating
section 350, the biological state estimating section 360, and a
display 50.

[0070] The pulse transmission time storing section 340,
which is implemented by, for example, the backup RAM
mentioned above stores measurement data such as pulse
transmission time calculated by the pulse transmission time
measuring section 330, together with information such as the
date and time of measurement. For estimation/evaluation of
blood vessel distensibility, in particular, the pulse transmis-
sion time storing section 340 stores pulse transmission time
measured before the user performs a predetermined action
(for example, a step exercise or avascularization) that places
aload on the heart. For estimation/evaluation of the quality of
sleep (the degree of recovery from fatigue), the pulse trans-
mission time storing section 340 stores pulse transmission
time measured before and during sleep. That is, the pulse
transmission time storing section 340, which is electronic
memory or ROM, functions as pulse transmission time stor-
ing means.

[0071] The correlation information storing section 341,
which is implemented by, for example, the ROM mentioned
above, stores correlation information determined in advance
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on the basis of the relationship between pulse transmission
time and biological state. More specifically, the correlation
information storing section 341 stores a fatigue table (corre-
sponding to fatigue correlation information, details of which
will be given later), an autonomic function table (correspond-
ing to autonomic function correlation information, details of
which will be given later), and a blood vessel distensibility
table (corresponding to blood vessel distensibility correlation
information, details of which will be given later). The fatigue
table is determined in advance on the basis of the relationship
between pulse transmission time and degree of fatigue. The
autonomic function table is determined in advance on the
basis of the relationship between pulse transmission time and
autonomic function. The blood vessel distensibility table is
determined in advance on the basis of the relationship
between amount of variation in pulse transmission time
before and after a predetermined action that places a load on
the heart (for example, a step exercise or avascularization)
and blood vessel distensibility. At that time, the correlation
information storing section 341 preferably stores correlation
information (the fatigue table, the autonomic function table,
and the blood vessel distensibility table) representing the
relationship between pulse transmission time and biological
information (degree of fatigue, autonomic function, and
blood vessel distensibility), individually for each age and/or
each sex.

[0072] FIGS. 10 and 11 illustrate a comparison between
pre-rest and post-rest results when sufficient resting (a five-
minute rest) is given to 27 subjects, who were not given a
sufficient resting period at the time of autonomic function
evaluation and thus had a LF/HF ratio of two or greater
(indicating the state of relative hypertension of the sympa-
thetic nervous system). First, FIG. 10 illustrates association
between LF/HF before resting (Variable 1) and LF/HF after
resting (Variable 2). A significant positive correlation is
observed between the pre-rest and post-rest values of LF/HF,
which represents the autonomic balance (autonomic func-
tion) between the sympathetic and parasympathetic nervous
systems. In this regard, the mean LF/HF before resting of
5.176 dropped to 2.588 after resting, indicating a statistically
significant decrease.

[0073] FIG. 11 illustrates association between pulse wave
velocity before resting (Variable 1) and pulse wave velocity
after resting (Variable 2). As for the R-a time, which is related
to pulse wave velocity, a very strong positive correlation with
a correlation coefficient close to 1 is observed between the
R-atime before resting and the R-a time after resting. Further,
the mean R-a time is almost the same before resting (193.29)
and after resting (193.35), and hence no statistically signifi-
cant difference is observed. This means that evaluation of the
R-a time does not require resting prior to measurement. The
pulse wave velocity used is calculated by dividing the R-a
time (msec), which is the interval between the R-wave of the
electrocardiogram and the a-wave of the acceleration plethys-
mogram, by the length of the arm of the subject.

[0074] Dilation and constriction of the blood vessel are
regulated by the autonomic nervous system, particularly its
sympathetic division. Thus, a correlation exists between
pulse transmission time, which is closely related with the
dilation and constriction of the blood vessel, and autonomic
function, which indicates the balance between the sympa-
thetic nervous system and the parasympathetic nervous sys-
tem. Accordingly, a correlation equation that defines the rela-
tionship between pulse transmission time and index (LF/HF)



US 2016/0106320 A1

of autonomic function, or the above-mentioned autonomic
function table is created in advance on the basis of an index
(LF/HF) of autonomic function calculated from interbeat
interval or interpulse interval by frequency analysis, and a
measurement of pulse transmission time taken at the same
instant of time. The created correlation equation or autonomic
function table is then stored in the correlation information
storing section 341. In the embodiment, autonomic function
is estimated by using the autonomic function table.

[0075] Next, an example of correlation data between pulse
transmission time and degree of mental fatigue is illustrated
in FIG. 4. In the graph illustrated in FIG. 4, the horizontal axis
represents pulse transmission time (msec), and the vertical
axis represents degree of mental fatigue (results of evaluation
by interview). As is evident from FIG. 4, pulse transmission
time tends to shorten with increasing degree of mental
fatigue. Thus, a correlation equation is obtained from the data
illustrated in FIG. 4, and the obtained correlation equation is
stored in the correlation information storing section 341. The
correlation equation may be a linear approximation. Alterna-
tively, the correlation equation may be, for example, a poly-
nomial approximation or exponential approximation. Instead
of a correlation equation, the results of calculation (degree of
mental fatigue) obtained in advance with respect to pulse
transmission time may be tabulated into a fatigue table for
use. As described above, in the embodiment, the fatigue table
is stored in the correlation information storing section 341,
and used to estimate the degree of fatigue.

[0076] Blood vessel distensibility, which is an index of the
stiffness or aging of the blood vessel, shows a positive corre-
lation with pulse transmission time. Increasing blood vessel
distensibility tends to increase pulse transmission time as
well as the amount of variation in pulse transmission time.
Accordingly, the correlation between amount of variation in
pulse transmission time and blood vessel distensibility is
measured in advance, and based on this correlation data, a
correlation equation that defines the relationship between
amount of variation in pulse transmission time and blood
vessel distensibility is determined. The determined correla-
tion equation is then stored in the correlation information
storing section 341. Instead of a correlation equation, the
results of calculation (blood vessel distensibility) obtained in
advance with respect to the amount of variation in pulse
transmission time may be tabulated into a blood vessel dis-
tensibility table for use. As described above, in the embodi-
ment, the blood vessel distensibility table is stored in the
correlation information storing section 341, and used to esti-
mate blood vessel distensibility.

[0077] Returning to FIG. 1, based on the pulse transmission
time calculated by the pulse transmission time measuring
section 330, the variation calculating section 350, which is a
component of the controller, calculates the amount of varia-
tion in pulse transmission time (and heart rate) before and
after a predetermined action that places a load on the heart
(for example, a step exercise or avascularization). The
amount of variation in pulse transmission time calculated by
the variation calculating section 350 is output to the biologi-
cal state estimating section 360.

[0078] Thebiological state estimating section 360, which is
a component of the controller, estimates the user’s biological
state on the basis of the pulse transmission time obtained by
the pulse transmission time measuring section 330 and the
correlation information stored in the correlation information
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storing section 341. That is, the biological state estimating
section 360 functions as biological state estimating means.
[0079] More specifically, the biological state estimating
section 360 estimates the degree of fatigue of the user on the
basis of the pulse transmission time and the fatigue table
(fatigue correlation information). As described above, the
correlation information storing section 341 stores the fatigue
table, which defines the relationship between pulse transmis-
sion time and degree of fatigue. The biological state estimat-
ing section 360 searches the fatigue table by using the mea-
sured pulse transmission time to estimate the degree of
fatigue.

[0080] Thebiological state estimating section 360 also esti-
mates the autonomic function of the user on the basis of pulse
transmission time and the autonomic function table (auto-
nomic function correlation information). As described above,
the correlation information storing section 341 stores the
autonomic function table that defines the relationship
between pulse transmission time and autonomic function.
Thus, the biological state estimating section 360 searches the
autonomic function table by using the pulse transmission
time to estimate autonomic function.

[0081] Further, the biological state estimating section 360
estimates the blood vessel distensibility of the user, on the
basis of the amount of variation of pulse transmission time
calculated by the variation calculating section 350 and the
blood vessel distensibility table (blood vessel distensibility
correlation information). As described above, the correlation
information storing section 341 stores the blood vessel dis-
tensibility table that defines the relationship between amount
of variation in pulse transmission time and blood vessel dis-
tensibility. The biological state estimating section 360 esti-
mates blood vessel distensibility by searching the blood ves-
sel distensibility table stored in the correlation information
storing section 341, by using the amount of variation in pulse
transmission time calculated by the variation calculating sec-
tion 350.

[0082] The estimated biological state (that is, the degree of
fatigue, autonomic function, and/or blood vessel distensibil-
ity), and measurement data, such as the calculated pulse
transmission time, heart rate, interbeat interval, pulse rate,
interpulse interval, electrocardiogram, photoplethysmogram,
and acceleration plethysmogram are output to, for example,
the display 50. Alternatively, the acquired biological state,
and measurement data such as pulse transmission time, heart
rate, and pulse rate may be accumulated and stored in, for
example, the RAM mentioned above in advance so that after
the measurement, these pieces of data is output to, for
example, a personal computer (PC) and checked.

[0083] The display 50 is implemented by, for example, a
liquid crystal display (LCD). The display 50 displays infor-
mation in real time, such as the estimated biological state, the
acquired pulse transmission time, heart rate, pulse rate, and
other measurement data (measurement results). The above-
mentioned information may be transmitted by a communica-
tion section 60 to, for example, a PC, a portable music player
having a display, or a smart phone, and displayed on such a
device. In that case, preferably, data such as the date and time
of measurement is also transmitted in addition to the results of
measurement and estimation.

[0084] Next, operation of the biological state estimating
apparatus 1 will be described with reference to FIGS. 5and 6.
FIG. 5 is a flowchart illustrating a procedure of fatigue/auto-
nomic function estimation executed by the biological state
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estimating apparatus 1. FIG. 6 is a flowchart illustrating a
procedure of blood vessel distensibility estimation executed
by the biological state estimating apparatus 1. The procedures
illustrated in FIGS. 5 and 6 are mainly executed by the signal
processing unit 30.

[0085] In step S100, an electrocardiogram signal (electro-
cardiogram waveform) detected by the pair of electrocardio-
graphic electrodes 11 and 12, and a photoplethysmogram
signal (photoplethysmogram waveform) detected by the pho-
toplethysmographic sensor 20 are read. Subsequently, in step
S102, filtering is applied to the electrocardiogram signal and
the photoplethysmogram signal read in step S100. Further, an
acceleration plethysmogram is obtained by taking the second
derivative of the photoplethysmogram signal.

[0086] Next, in step S104, peaks in the electrocardiogram
signal and the photoplethysmogram signal (acceleration
plethysmogram signal) are detected. Then, peak time, peak
amplitude, and other such information are stored for all of the
detected peaks.

[0087] Subsequently, in step S106, the time delay (shift) of
the R-wave peak of the electrocardiogram signal and the time
delay (shift) of the peak of the photoplethysmogram signal
(acceleration plethysmogram) are determined. Then, the
R-wave peak of the electrocardiogram signal and the peak of
the photoplethysmogram signal (acceleration plethysmo-
gram) are each corrected on the basis of the determined time
delay. Since the method of correcting each peak is as
described above, a detailed description in this regard is not
provided herein.

[0088] Then, in step S108, pulse transmission time is cal-
culated from the corrected peak of the photoplethysmogram
signal (acceleration plethysmogram), and the corrected
R-wave peak of the electrocardiogram signal.

[0089] Next, in step S110, the fatigue table is searched by
using the pulse transmission time calculated in step S108, and
the degree of fatigue is estimated. Since the fatigue table and
the like are as described above, a detailed description in this
regard is not provided herein.

[0090] Instep S110, autonomic function may be estimated
instead of the degree of fatigue. In this case, in step S110, the
autonomic function table is searched by using the pulse trans-
mission time, and autonomic function is estimated. Since the
autonomic function table and the like are as described above,
a detailed description in this regard is not provided herein.
[0091] Then, in step S112, the degree of fatigue (or auto-
nomic function) estimated in step S110 is output to, for
example, the display 50. Thereafter, the processing tempo-
rarily exits from this procedure.

[0092] Next, a blood vessel distensibility estimation pro-
cess will be described with reference to FIG. 6. First, in step
S120, pulse transmission time is measured prior to, for
example, a step exercise, and the measured pulse transmis-
sion time is then stored in the pulse transmission time storing
section 340.

[0093] Then, after the step exercise is performed, pulse
transmission time is measured in step S122. Subsequently, in
step S124, the pulse transmission time measured prior to the
step exercise, which is stored in the pulse transmission time
storing section 340, is read.

[0094] Next, in step S126, the pulse transmission time after
the step exercise measured in step S122, and the pulse trans-
mission time before the step exercise read in step S124 are
used to calculate the amount of variation in pulse transmis-
sion time before and after the step exercise.
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[0095] Subsequently. in step S128, the blood vessel disten-
sibility table is searched by using the amount of variation in
pulse transmission time calculated in step S126, and blood
vessel distensibility is estimated. Since the blood vessel dis-
tensibility table and the like are as described above, a detailed
description in this regard is not provided herein.

[0096] Then, in step S130, the blood vessel distensibility
estimated in step S128 is output to, for example, the display
50. Thereafter, the processing temporarily exits from this
procedure.

[0097] As described above, in the embodiment, the corre-
lation information indicating the relationship between pulse
transmission time and biological information is acquired and
stored in advance. The biological state of the user is estimated
on the basis of the pulse transmission time, which is obtained
from the time difference between the peak of an electrocar-
diogram signal and the peak ofa photoplethysmogram signal,
and the stored correlation information. That is, the pulse
transmission time calculated from the time difference
between the peak of an electrocardiogram signal and the peak
of a photoplethysmogram signal is used as an index of bio-
logical state. As described above, pulse transmission time has
a correlation with post-rest LF/HF. That is, a correlation is
observed between pulse transmission time and autonomic
function. Further, the detected pulse transmission time varies
little between when measured at rest and when measured
without resting. That is, using pulse transmission time as an
index eliminates the need for the user to remain at rest prior to
and during the measurement. Data for estimating biological
state may be collected for any length of time that is sufficient
to obtain pulse transmission time. Hence, in theory, the dura-
tion of one beat is sufficient to estimate biological state.
Consequently, the measurement time required for biological
state evaluation can be shortened in comparison to conven-
tional methods using frequency analysis. As a result, in
acquiring biological information (pulse transmission time)
for estimating biological state, the user is not required to
remain at rest, and further, the biological state of the user can
be estimated in a shorter time.

[0098] At that time, in the embodiment, grasping the hous-
ing 5 allows acquisition of an electrocardiogram signal
between both hands as well as a photoplethysmogram signal,
that is, acquisition of pulse transmission time. Thus, the bio-
logical state can be estimated and evaluated by the user’s
simple action of grasping the housing 5.

[0099] In the embodiment, the correlation information
indicating the relationship between pulse transmission time
and biological information is acquired and stored individu-
ally for, for example, each age or each sex. This allows for
more accurate estimation/evaluation of biological state by
taking differences due to, for example, age or sex into
account.

[0100] In particular, the fatigue table (fatigue correlation
information) is stored in the embodiment, which is deter-
mined in advance on the basis of the relationship between
pulse transmission time and degree of fatigue. Thus, by mea-
suring the pulse transmission time of the user, the degree of
fatigue can be estimated and evaluated by using the measured
pulse transmission time as an index.

[0101] Further, the autonomic function table (autonomic
fanction correlation information) is stored in the embodi-
ment, which is determined in advance on the basis of the
relationship between pulse transmission time and autonomic
function. Thus, by measuring the pulse transmission time of
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the user, autonomic function can be estimated and evaluated
by using the measured pulse transmission time as an index.
[0102] Furthermore, the blood vessel distensibility table
(blood vessel distensibility correlation information) is stored
in the embodiment, which is determined in advance on the
basis of the relationship between amount of variation in pulse
transmission time before and after a predetermined action
that places a load on the heart (for example, a step exercise or
avascularization), and distensibility of the blood vessel. Thus,
by measuring the pulse transmission time of the user, the
distensibility of the blood vessel can be estimated and evalu-
ated by using the measured pulse transmission time as an
index.

[0103] (First Modification)

[0104] In the above embodiment, the biological state esti-
mating apparatus is of a portable type with components such
as the first electrocardiographic electrode 11, the second elec-
trocardiographic electrode 12, and the photoplethysmo-
graphic sensor 20 attached to the housing 5. Alternatively, for
example, the biological state estimating apparatus may be of
a type that can be worn on the body (that is, a wearable type)
as illustrated in F1G. 7. This allows for easier measurement of
pulse transmission time during sleep, for example.

[0105] Asillustrated in FIG. 7, a biological state estimating
apparatus 2 according to a first modification has the first
electrocardiographic electrode 11, the second electrocardio-
graphic electrode 12, the photoplethysmographic sensor 20,
and other components that are attached to a wearable piece of
fabric running continuously from the tip of each arm to the
shoulder and the back of the user. The piece of fabric may not
be provided for the trunk portion of the body that is not
required for measurement or wiring.

[0106] The biological state estimating apparatus 2 is
attached in such a way that when worn, the electrocardio-
graphic electrode 11 of the pair of electrocardiographic elec-
trodes 11 and 12 is in contact with a site (the back of the hand
in the first modification) between the fingertip and the shoul-
der of one arm (for example, the left arm), and the other
electrocardiographic electrode 12, is in contact with a site (the
back of the hand in the first modification) between the finger-
tip and the shoulder of the other arm (for example, the right
arm).

[0107] A wiring cable 15, which is attached to the electro-
cardiographic electrode 11 and/or the other electrocardio-
graphic electrode 12, is attached to the piece of fabric so as to
run along the user’s body surface. The photoplethysmo-
graphic sensor 20 is preferably attached in contact with a site
(the back of a hand in the first modification) between the
fingertip of the hand and the shoulder.

[0108] Pulse transmission time varies depending on the
time of day. Generally, as illustrated in FIG. 8, pulse trans-
mission time tends to be relatively long in the morning and
relatively short at night. This suggests a shorter pulse trans-
mission time at night when fatigue is elevated than in the
morning when fatigue is comparatively less. The decreased
pulse transmission time increases with recovery from fatigue
by sleep. Thus, the quality of sleep (the degree of recovery
from fatigue) is estimated from the values of pulse transmis-
sion time before and after sleep.

[0109]  Accordingly, in the first modification, a sleep state
table (corresponding to sleep state correlation information) is
stored in the correlation information storing section 341 in
advance to estimate the quality of sleep. The sleep state table
is determined in advance on the basis of the relationship
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between pulse transmission time before sleep (falling asleep),
pulse transmission time after sleep (after waking up), and
quality of sleep (degree of recovery from fatigue).

[0110] The biological state estimating section 360 esti-
mates the quality of sleep (the degree of recovery from
fatigue) on the basis of the pulse transmission time before
sleep (falling asleep) determined by the pulse transmission
time measuring section 330 and stored in the pulse transmis-
sion time storing section 340, pulse transmission time after
sleep (after waking up) determined by the pulse transmission
time measuring section 330, and the sleep state table. The first
modification is otherwise identical or similar in configuration
to the above-mentioned embodiment (the biological state
estimating apparatus 1), and thus a detailed description in this
regard is not provided herein.

[0111] Next, operation of the biological state estimating
apparatus 2 will be described with reference to FIG. 9. F1G. 9
is a flowchart illustrating a procedure of sleep quality estima-
tion executed by the biological state estimating apparatus 2.
The procedure illustrated in FIG. 9 is mainly executed by the
signal processing unit 30.

[0112] Instep S200, astored pulse transmission time before
sleep is read. Subsequently, in step S202, a measured pulse
transmission time after sleep is read.

[0113] Next, in step S204, the sleep state table is searched
by using the pulse transmission time before sleep read in step
S200, and the pulse transmission time after sleep read in step
S202, and the quality of sleep (the degree of recovery from
fatigue) is estimated.

[0114] Then, in step S206, the quality of sleep estimated in
step S204 is output to, for example, the display 50. Thereafter,
the processing temporarily exits from this procedure.

[0115] The first modification allows pulse transmission
time to be measured with the pair of electrocardiographic
electrodes 11 and 12 and the photoplethysmographic sensor
20 placed on the body of the user. Thus, as the user sleeps
while wearing these components on the body, pulse transmis-
sion time during sleep is acquired to enable estimation/evalu-
ation of the quality of sleep (the degree of recovery from
fatigue). Itis also possible to measure pulse transmission time
during active daytime hours to sequentially estimate/evaluate
the biological state (for example, the degree of fatigue).
[0116] In this case, in particular, the sleep state table is
stored, which is determined in advance on the basis of the
relationship between pulse transmission time before and after
sleep and state of sleep. Thus, by measuring the pulse trans-
mission time of the user before and after sleep and using the
measured pulse transmission time as an index, the quality of
sleep can be estimated and evaluated as a biological state.
[0117] This modification enables continuous measurement
of pulse transmission time while the user is asleep, thus
allowing estimation of REM sleep and non-REM sleep as
well as estimation of, for example, sleep efficiency (the ratio
of the effective sleeping time for recovery from fatigue to the
time spent in bed) and the number of arousals during sleep at
night at the same time.

[0118] (Second Modification)

[0119] The acquisition of pulse transmission time, and the
estimation of biological state (such as the degree of fatigue,
autonomic function, blood vessel distensibility, or the quality
of sleep) may be started or ended automatically. Guidance
may be given by voice or an image at the time of automati-
cally starting and/or ending the estimation.
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[0120] In asecond modification, for example, the biologi-
cal state estimating section 360 automatically starts estima-
tion of the biological state upon satisfaction of at least one of
the following conditions: detection of the user’s contact;
acquisition of an electrocardiogram signal and a photopl-
ethysmogram signal over a predetermined number of beats
(for example, several beats); and payment of a consideration.
[0121] In the second modification, for example, the bio-
logical state estimating section 360 automatically ends esti-
mation of biological state upon acquisition of an electrocar-
diogram signal and a photoplethysmogram signal over a
predetermined number of beats (for example, 30 beats), and/
or upon elapse of a predetermined time (for example, 30
seconds) after estimation of biological state is started.
[0122] Further, in the second modification, guidance by
voice and/or an image is presented by, for example, a speaker
70 or the display 50 at the time of automatically starting
and/or ending estimation of the biological state. That is, the
speaker 70 and the display 50 correspond to presenting unit.
[0123] Inthe second modification, estimation of biological
state is automatically started, eliminating the need for an
action to start measurement/detection. This eliminates body
motion noise resulting from such a starting action, and
enables measurement/detection under relative resting condi-
tions.

[0124] Inthe second modification, pulse transmission time
measurement/biological state estimation is automatically
ended upon its completion. This enables easier measurement
of pulse transmission time to estimate biological state.
[0125] Further, the second modification makes it possible
to inform the user of the status of measurement, such as start
of measurement/estimation or end of measurement/estima-
tion.

[0126] While an embodiment of the present invention has
been described above, the present invention is not limited to
the above-mentioned embodiment but can be practiced with
various modifications. For example, although the above
embodiment uses the fatigue table to estimate the degree of
fatigue, the degree of fatigue may be estimated by computa-
tion on the basis of a correlation equation. Likewise, although
the autonomic function table is used to estimate autonomic
function, autonomic function may be estimated by computa-
tion on the basis of a correlation equation. Similarly, the
quality of sleep, and the distensibility of the blood vessel may
be also estimated by computation.

[0127] Inthe aboveembodiment, the user’s biological state
is estimated on the basis of correlation information (such as
the fatigue table) stored in advance. In estimating the biologi-
cal state (such as the degree of fatigue) on the basis of corre-
lation information, the correlation information may be cor-
rected on the basis of, for example, heart rate, blood pressure,
and/or the distance between the site of detection of the pho-
toplethysmogram signal and the heart.

[0128] In the above embodiment, the degree of fatigue is
estimated by searching the fatigue table on the basis of a
measured pulse transmission time. At this time, the degree of
fatigue may be estimated in a comprehensive manner by
further taking the estimated autonomic function, quality of
sleep, and/or blood vessel distensibility into consideration.
[0129] In the above embodiment, the degree of fatigue is
estimated on the basis of pulse transmission time. At this time,
the degree of fatigue may be estimated in a comprehensive
manner by further taking the analysis results of autonomic
function based on interbeat interval or interpulse interval into
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consideration. This allows for comprehensive estimation of
physical fatigue and mental fatigue, which differ in their
cause and symptoms.

[0130] In the above embodiment, the distensibility of the
blood vessel is estimated on the basis of the amount of varia-
tion in pulse transmission time. At this time, the distensibility
of the blood vessel may be estimated in a comprehensive
manner by further taking the peak height ratio of the wave-
form of an acceleration plethysmogram into consideration.
This allows the distensibility of the blood vessel to be esti-
mated with improved accuracy.

[0131] Inthe above embodiment, the first and second elec-
trocardiographic electrodes 11 and 12, and the photoplethys-
mographic sensor 20 are disposed on the upper surface of the
housing 5. Alternatively, for example, these components may
be disposed in locations on the back surface of the housing 5
with which the middle finger or other body part of the user
comes into contact.

[0132] As described above, acquired measurement data
such as a heartbeat signal and a pulse signal may be output to
and displayed on, for example, a PC, a portable music player
having a display, or a smart phone. In that case, estimation of
the biological state may be performed on the PC or smart
phone. Further, data may be transmitted to a server and pro-
cessed on the server. In this case, data such as the correlation
information mentioned above is stored on the PC, smart
phone, or server.

[0133] In the first modification mentioned above, the qual-
ity of sleep is estimated from the values of pulse transmission
time before and after sleep. Alternatively, the quality of sleep
may be estimated by storing a sleep state table (corresponding
to sleep state correlation information) in the correlation infor-
mation storing section 341, which is determined in advance
on the basis of the relationship between variation of pulse
transmission time during sleep and quality of sleep (degree of
recovery from fatigue). In that case, the pulse transmission
time storing section 340 stores variation of pulse transmission
time during sleep, and the biological state estimating section
360 estimates the quality of sleep (the degree of recovery
from fatigue) on the basis of the variation of pulse transmis-
sion time during sleep stored in the pulse transmission time
storing section 340 as well as the sleep state table. In this case,
the user’s sleep state (the quality of sleep, that is, the degree
of recovery from fatigue) can be estimated and evaluated by
measuring variation of pulse transmission time of the user
during sleep.

REFERENCE SIGNS LIST

[0134] 1, 2 biological state estimating apparatus
[0135] 5 housing

[0136] 11 first electrocardiographic electrode
[0137] 12 second electrocardiographic electrode
[0138] 15 wiring cable

[0139] 20 photoplethysmographic sensor
[0140] 21 light-emitting element

[0141] 22 light-receiving element

[0142] 30 signal processing unit

[0143] 300 arithmetic processing device

[0144] 310 first signal processing section
[0145] 320 second signal processing section
[0146] 311, 321 amplifying section

[0147] 312,322 analog filter

[0148] 313,323 A/D converter

[0149] 314, 324 digital filter
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[0150] 325 second-derivative processing section
[0151] 316, 326 peak detecting section

[0152] 318, 328 peak correcting section

[0153] 330 pulse transmission time measuring section
[0154] 340 pulse transmission time storing section
[0155] 341 correlation information storing section
[0156] 350 variation calculating section

[0157] 360 biological state estimating section
[0158] 50 display

[0159] 60 communication section

[0160] 70 speaker

1. A biological state estimating apparatus comprising:
a pair of electrocardiographic electrodes configured to
detect an electrocardiogram signal,
a photoplethysmographic sensor configured to detect a
photoplethysmogram signal, the photoplethysmo-
graphic sensor having a light-emitting element and a
light-receiving element;
electronic memory storing predetermined correlation
information indicating a relationship between pulse
transmission times and a biological state; and
a controller configured to:
detect a peak of the electrocardiogram signal,
detect a peak of the photoplethysmogram signal,
calculate a pulse transmission time based on a time
difference between the respective peaks of the pho-
toplethysmogram signal and the electrocardiogram
signal, and

estimate a biological state of a user based on the calcu-
lated pulse transmission time and the correlation
information stored in the electronic memory.

2. The biological state estimating apparatus according to

claim 1,

wherein the electronic memory further stores fatigue cor-
relation information that is predetermined based on a
relationship between the pulse transmission times and a
degree of fatigue, and

wherein controller is further configured to estimate a
degree of fatigue of the user based on the calculated
pulse transmission time and the fatigue correlation
information.

3. The biological state estimating apparatus according to

claim 1,

wherein the electronic memory further stores autonomic
function correlation information that is predetermined
based on a relationship between the pulse transmission
times and autonomic functions, and

wherein the controller is further configured to estimate an
autonomic function of the user based on the calculated
pulse transmission time and the autonomic function cor-
relation information.

4. The biological state estimating apparatus according to

claim 1,

wherein the electronic memory further stores the calcu-
lated pulse transmission time and sleep state correlation
information that is predetermined based on a relation-
ship between pulse transmission times before sleep,
pulse transmission times after sleep, and a state of'sleep,

wherein the controller is further configured to estimate a
state of sleep of the user based on a calculated pulse
transmission time before sleep of the user, a calculated
pulse transmission time after sleep of the user, and the
sleep state correlation information.
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5. The biological state estimating apparatus according to
claim 1,
wherein the electronic memory is further configured to
store a variation of the calculated pulse transmission
time and sleep state correlation information that is pre-
determined based on a relationship between variation of
pulse transmission times during sleep and a state of
sleep, and
wherein the controller is further configured to estimate a
state of sleep of the user based on a variation of a calcu-
lated pulse transmission time during sleep of the user
and the sleep state correlation information.
6. The biological state estimating apparatus according to
claim 1,
wherein the controller is further configured to calculate an
amount of variation in a calculated pulse transmission
time before and after a predetermined action that places
aload on a heart,
wherein the electronic memory further stores blood vessel
distensibility correlation information that is predeter-
mined based on a relationship between an amount of
variation in pulse transmission time before and after the
predetermined action and blood vessel distensibility,
and
wherein the controller is further configured to estimate
blood vessel distensibility of the user based on an
amount of variation in a calculated pulse transmission
time and the blood vessel distensibility correlation infor-
mation.
7. The biological state estimating apparatus according to
claim 1,
wherein the electrocardiographic electrodes are attached to
ahousing at a location on the housing such that when the
user grasps the housing with left and right hands, one of
the left and right hands is in contact with a first of the
electrocardiographic electrodes and another of the left
and right hands is in contact with a second of the elec-
trocardiographic electrodes, and
wherein the photoplethysmographic sensor is attached to
the housing at a location such that when the user grasps
the housing with the left and right hands, the photopl-
ethysmographic sensor is in contact with one of the left
and right hands of the user.
8. The biological state estimating apparatus according to
claim 1,
wherein one of the electrocardiographic electrodes is con-
figured to be in contact with the user between a fingertip
and a shoulder on one arm of the user, another of the
electrocardiographic electrodes is configured to be in
contact with the user between a fingertip and a shoulder
on another arm of'the user, and a wiring cable connected
to the electrocardiographic electrodes is configured to be
routed along a surface of a body of the user, and
wherein the photoplethysmographic sensor is configured
to be in contact with between the fingertip and the shoul-
der on one ofthe one arm and the another arm of the user.
9. The biological state estimating apparatus according to
claim 1, wherein the electronic memory stores the correlation
information indicative of the relationship between pulse
transmission times and biological information, individually
for at least one of each age and each sex.
10. The biological state estimating apparatus according to
claim 1, wherein the controller automatically starts estimat-
ing the biological state of the user upon satisfaction of at least
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one condition including detecting contact of the user with the
biological state estimating apparatus, acquiring the electro-
cardiogram signal and the photoplethysmogram signal over a
predetermined number of beats, and payment of a consider-
ation.

11. The biological state estimating apparatus according to
claim 10, wherein the controller is further configured to auto-
matically stop estimation of the biological state of the user
upon satisfaction of at least one condition including acquisi-
tion of the electrocardiogram signal and the photoplethysmo-
gram signal over a predetermined number of beats, and laps-
ing of a predetermined time after the estimating of the
biological state is started.

12. The biological state estimating apparatus according to
claim 11, further comprising a presenting unit configured to
present information relating to the estimate biological state of
the user by at least one of guidance by voice and an image, at
a time of automatically starting the estimating of the biologi-
cal state and automatically ending the estimating of the bio-
logical state.

13. A method for estimating a biological state of a user, the
method comprising:

detecting an electrocardiogram signal of the user by a pair

of electrocardiographic electrodes;

detecting a photoplethysmogram signal of the user by a

photoplethysmographic sensor having a light-emitting
element and a light-receiving element;

storing, by electronic memory, predetermined correlation

information indicating a relationship between pulse
transmission times and a biological state;

detecting a peak of the electrocardiogram signal;

detecting a peak of the photoplethysmogram signal,

calculating a pulse transmission time based on a time dif-
ference between the respective peaks of the photopl-
ethysmogram signal and the electrocardiogram signal;
and

estimating a biological state of the user based on the cal-

culated pulse transmission time and the correlation
information stored in the electronic memory.

14. The method for estimating the biological state of the
user according to claim 13, further comprising:

storing, by the electronic memory, fatigue correlation

information that is predetermined based on a relation-
ship between the pulse transmission times and a degree
of fatigue; and

estimating a degree of fatigue of the user based on the

calculated pulse transmission time and the fatigue cor-
relation information.

15. The method for estimating the biological state of the
user according to claim 13, further comprising:

storing, by the electronic memory, autonomic function cor-

relation information that is predetermined based on a
relationship between the pulse transmission times and
autonomic functions; and
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estimating an autonomic function of the user based on the
calculated pulse transmission time and the autonomic
function correlation information.
16. The method for estimating the biological state of the
user according to claim 13, further comprising:
storing, by the electronic memory, the calculated pulse
transmission time and sleep state correlation informa-
tion that is predetermined based on a relationship
between pulse transmission times before sleep, pulse
transmission times after sleep, and a state of sleep; and

estimating a state of sleep of the user based on a calculated
pulse transmission time before sleep of the user, a cal-
culated pulse transmission time after sleep of the user,
and the sleep state correlation information.

17. The method for estimating the biological state of the
user according to claim 13, further comprising:

storing, by the electronic memory, a variation of the calcu-

lated pulse transmission time and sleep state correlation
information that is predetermined based on a relation-
ship between variation of pulse transmission times dur-
ing sleep and a state of sleep; and

estimating a state of sleep of the user based on a variation

of a calculated pulse transmission time during sleep of
the user and the sleep state correlation information.

18. The method for estimating the biological state of the
user according to claim 13, further comprising:

calculating an amount of variation in a calculated pulse

transmission time before and after a predetermined
action that places a load on a heart;
storing, by the electronic memory, blood vessel distensi-
bility correlation information that is predetermined
based on a relationship between an amount of variation
in pulse transmission time before and after the predeter-
mined action and blood vessel distensibility; and

estimating blood vessel distensibility of the user based on
an amount of variationin a calculated pulse transmission
time and the blood vessel distensibility correlation infor-
mation.

19. The method for estimating the biological state of the
user according to claim 13, further comprising storing, by the
electronic memory, the correlation information indicative of
the relationship between pulse transmission times and bio-
logical information, individually for at least one of each age
and each sex.

20. The method for estimating the biological state of the
user according to claim 13, further comprising automatically
starting estimating the biological state of the user upon satis-
faction of at least one condition including detecting contact of
theuser with the biological state estimating apparatus, acquir-
ing the electrocardiogram signal and the photoplethysmo-
gram signal over a predetermined number of beats, and pay-
ment of a consideration.
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