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(57) ABSTRACT

A pulse transmission time measuring apparatus includes a
first photoplethysmographic sensor that includes a first light
emitter and a first light receiver and detects a first photop-
lethysmographic signal, and a second photoplethysmo-
graphic sensor that includes a second light emitter and a
second light receiver and detects a second photoplethysmo-
graphic signal. The first and second photoplethysmographic
sensors are disposed on a contact surface that comes into
contact with the body when the pulse transmission time
measuring apparatus is attached to the body. The spacing
between the second light emitter and the second light
receiver is smaller than the spacing between the first light
emitter and the first light receiver. The second photoplethys-
mographic sensor detects the second photoplethysmo-
graphic signal corresponding to the flow of blood in the
capillaries. The first photoplethysmographic sensor detects
the first photoplethysmographic signal corresponding to the
flow of blood in an artery located deeper than the capillaries
and thicker than the capillaries.
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1
PULSE TRANSMISSION TIME MEASURING
APPARATUS AND BIOLOGICAL STATE
ESTIMATING APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority to Japanese
Patent Application 2014-083234 filed Apr. 14, 2014 and is a
Continuation Application of PCT/JP2015/059887 filed on
Mar. 30, 2015. The entire contents of each of these appli-
cations are hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a pulse transmission time
measuring apparatus that measures pulse transmission time,
and a biological state estimating apparatus including the
pulse transmission time measuring apparatus.

2. Description of the Related Art

Pulse wave velocity measuring apparatuses are known in
the art to measure pulse wave velocity (or pulse transmission
time) as information related to values such as the rate and
time of propagation of a pulse wave in the arteries of a living
body. The pulse wave velocity represents information
related to the rate at which a pulse wave propagates between
two areas of a living body. Thus, measurement of pulse wave
velocity (or pulse transmission time) requires attaching two
sensors to a living body to obtain measurements of a
biological signal, such as an electrocardiographic waveform
(electrocardiogram) and arterial pulse waves, at two differ-
ent locations.

Japanese Unexamined Patent Application Publication No.
2004-321253 discloses a pulse wave velocity measuring
apparatus that enables measurement of central pulse wave
velocity and peripheral pulse wave velocity. The pulse wave
velocity measuring apparatus includes the following com-
ponents on its surface that is pressed toward the wrist: a
semiconductor pressure-sensitive element that is pressed
from above the epidermis toward the radial artery to detect
radial artery pulse waves, and a piezoelectric sheet that is
pressed toward the radial artery. The pulse wave velocity
measuring apparatus also includes a probe attached to the
fingertips to detect peripheral pulse waves. Further, the main
body of a telephone includes a cardiac sound extracting unit
that extracts cardiac sound from a signal output from the
piezoelectric sheet, a central pulse wave velocity calculator
that calculates the pulse wave velocity (central pulse wave
velocity) from the heart to the wrist based on the extracted
cardiac sound and the radial artery pulse waves, and a
peripheral pulse wave velocity calculator that calculates the
pulse wave velocity (peripheral pulse wave velocity) from
the wrist to the fingertips based on the radial artery pulse
waves and the peripheral pulse waves.

In the pulse wave velocity measuring apparatus, after the
probe is attached to the epidermis of the fingertips, the
pressing surface of a biological signal sensor unit is pressed
against the wrist such that the pressure sensitive element
disposed on the pressing surface presses against the radial
artery. and the piezoelectric sheet disposed on the pressing
surface presses against the radius. In this state, radial artery
pulse waves are detected by the pressure sensitive element,
vibrations including cardiac sound are detected by the
piezoelectric sheet, and peripheral pulse waves are detected
by the probe. The radial artery pulse waves, the cardiac
sound, and the peripheral pulse waves are thus measured
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2

simultaneously. Then, the central pulse wave velocity is
calculated from the cardiac sound and the radial artery pulse
waves, and the peripheral pulse wave velocity is calculated
from the radial artery pulse waves and the peripheral pulse
waves.

Pulse wave velocity is measured as described above in the
following manner by using the pulse wave velocity measur-
ing apparatus described in Japanese Unexamined Patent
Application Publication No. 2004-321253 First, the main
body of the probe is attached to the fingertips, and the input
terminal of the probe is inserted into the main body of the
telephone. Then, with the cellular phone gripped in such a
way as to touch a second electrode with one hand (for
example, the right hand), the cellular phone needs to be
pressed against the wrist of the other hand (for example, the
left hand) such that a first pressing surface presses against
the radial artery from above the epidermis and, at the same
time, a second pressing surface presses against the radius
from above the epidermis.

Thus, the pulse wave velocity measuring apparatus
requires use of both hands to measure pulse wave velocity.
This makes it difficult to obtain continuous measurement of
pulse wave velocity during activities (for example, during
daily life). Further. the attachment of the apparatus is
cumbersome as described above, resulting in relatively poor
ease of use.

SUMMARY OF THE INVENTION

Preferred embodiments of the present invention provide a
pulse transmission time measuring apparatus that allows for
easier attachment to the body and enables continuous mea-
surement of pulse transmission time during activities, and a
biological state estimating apparatus including the pulse
transmission time measuring apparatus.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention includes
a first photoplethysmographic sensor that includes a first
light emitter and a first light receiver, and detects a first
photoplethysmographic signal, a second photoplethysmo-
graphic sensor that includes a second light emitter and a
second light receiver, and detects a second photoplethysmo-
graphic signal, a peak detector that detects a peak of the first
photoplethysmographic signal detected by the first photop-
lethysmographic sensor, and a peak of the second photopl-
ethysmographic signal detected by the second photoplethys-
mographic sensor, and a pulse transmission time calculator
that calculates a pulse transmission time from the time
difference between the peak of the first photoplethysmo-
graphic signal detected by the peak detector and the peak of
the second photoplethysmographic signal detected by the
peak detector. The first photoplethysmographic sensor and
the second photoplethysmographic sensor are disposed on a
contact surface of the pulse transmission time measuring
apparatus that, when the pulse transmission time measuring
apparatus is attached to a body, comes into contact with the
body. The second photoplethysmographic sensor detects the
second photoplethysmographic signal corresponding to the
flow of blood in capillaries. The first photoplethysmographic
sensor detects the first photoplethysmographic signal corre-
sponding to the flow of blood in an artery thicker than the
capillaries.

In a pulse transmission time measuring apparatus accord-
ing to a preferred embodiment of the present invention, the
first photoplethysmographic sensor and the second photop-
lethysmographic sensor are disposed on a contact surface of
the pulse transmission time measuring apparatus that, when
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the pulse transmission time measuring apparatus is attached
to the body, comes into contact with the body. Thus, by
simply attaching the pulse transmission time measuring
apparatus to the user such that the contact surface comes into
contact with the body (for example, the wrist), the second
photoplethysmographic signal corresponding to the flow of
blood in the capillaries, and the first photoplethysmographic
signal corresponding to the flow of blood in an artery thicker
than the capillaries are able to be detected. This configura-
tion allows for easier attachment to the body, and enables
continuous measurement of pulse transmission time during
activities (during daily life).

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the second light emitter and the
second light receiver have a spacing that is less than the
spacing between the first light emitter and the first light
receiver.

In this case, the spacing between the second light emitter
and the second light receiver is preferably shorter than the
spacing between the first light emitter and the first light
receiver. This allows the second photoplethysmographic
sensor to detect the second photoplethysmographic signal
corresponding to the flow of blood in the capillaries located
close to the epidermis (that is, at a shallow depth). By
contrast, the first photoplethysmographic sensor is able to
detect the first photoplethysmographic signal corresponding
to the flow of blood in an artery located distant from the
epidermis (that is, at a deep depth) and thicker than the
capillaries.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the first light emitter outputs
light with a wave length of about 800 nm to about 1000 nm,
and the second light emitter outputs light with a wave length
of about 450 nm to about 580 nm, for example.

The blue to yellow-green wave lengths of light in the
range of about 450 nm to about 580 nm are subject to strong
absorption in living bodies. Thus, these wave lengths of light
allow for greater output of the resulting photoplethysmo-
graphic signal but do not allow the optical path length to be
extended. By contrast, near-infrared light with wave lengths
in the range of about 800 nm to about 1000 nm is not subject
to strong absorption in living bodies. Thus, such near-
infrared light provides smaller output of the resulting pho-
toplethysmographic signal but allows for extended optical
path length. Therefore, the above-mentioned configuration
allows for improved S/N compared to when sources of light
of the same wave length are used as the first light emitter and
the second light emitter.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention includes
a first photoplethysmographic sensor that includes a first
light emitter and a first light receiver, and detects a first
photoplethysmographic signal, a second photoplethysmo-
graphic sensor that includes the first light emitter and a
second light receiver, and detects a second photoplethysmo-
graphic signal, a peak detector that detects a peak of the first
photoplethysmographic signal detected by the first photop-
lethysmographic sensor, and a peak of the second photopl-
ethysmographic signal detected by the second photoplethys-
mographic sensor, and a pulse transmission time calculator
that calculates a pulse transmission time from the time
difference between the peak of the first photoplethysmo-
graphic signal detected by the peak detector and the peak of
the second photoplethysmographic signal detected by the
peak detector. The first photoplethysmographic sensor and
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the second photoplethysmographic sensor are disposed on a
contact surface of the pulse transmission time measuring
apparatus that, when the pulse transmission time measuring
apparatus is attached to the body, comes into contact with
the body. The second photoplethysmographic sensor detects
the second photoplethysmographic signal corresponding to
the flow of blood in capillaries. The first photoplethysmo-
graphic sensor detects the first photoplethysmographic sig-
nal carresponding to the flow of blood in an artery thicker
than the capillaries.

In a pulse transmission time measuring apparatus accord-
ing to a preferred embodiment of the present invention, the
first photoplethysmographic sensor and the second photop-
lethysmographic sensor are disposed on a contact surface of
the pulse transmission time measuring apparatus that, when
the pulse transmission time measuring apparatus is attached
to the body, comes into contact with the body. Thus, by
simply attaching the pulse transmission time measuring
apparatus to the user such that the contact surface comes into
contact with the body (for example, the wrist), the second
photoplethysmographic signal corresponding to the flow of
blood in the capillaries, and the first photoplethysmographic
signal corresponding to the flow of blood in an artery thicker
than the capillaries are able to be detected. This configura-
tion allows for easier attachment to the body, and enables
continuous measurement of pulse transmission time during
activities (during daily life). In this case, the sharing of the
same light emitter allows for, for example, reduced size,
weight, and cost of the apparatus.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the first light emitter and the
second light receiver have a spacing that is less than the
spacing between the first light emitter and the first light
receiver.

In this case, the spacing between the first light emitter and
the second light receiver is preferably shorter than the
spacing between the first light emitter and the first light
receiver. This configuration allows the second photoplethys-
mographic sensor to detect the second photoplethysmo-
graphic signal corresponding to the flow of blood in the
capillaries located close to the epidermis (that is, at a
shallow depth). By contrast, the first photoplethysmographic
sensor is able to detect the first photoplethysmographic
signal corresponding to the flow of blood in an artery located
distant from the epidermis (that is, at a deep depth) and
thicker than the capillaries.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention includes
a first photoplethysmographic sensor that includes a first
light emitter and a first light receiver, and detects a first
photoplethysmographic signal, a second photoplethysmo-
graphic sensor that includes a second light emitter and the
first light receiver, and detects a second photoplethysmo-
graphic signal, a peak detector that detects a peak of the first
photoplethysmographic signal detected by the first photop-
lethysmographic sensor, and a peak of the second photopl-
ethysmographic signal detected by the second photoplethys-
mographic sensor, and a pulse transmission time calculator
that calculates a pulse transmission time from the time
difference between the peak of the first photoplethysmo-
graphic signal detected by the peak detector and the peak of
the second photoplethysmographic signal detected by the
peak detector. The first photoplethysmographic sensor and
the second photoplethysmographic sensor are disposed on a
contact surface of the pulse transmission time measuring
apparatus that, when the pulse transmission time measuring
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apparatus is attached to the body, comes into contact with
the body. The second photoplethysmographic sensor detects
the second photoplethysmographic signal corresponding to
the flow of blood in capillaries. The first photoplethysmo-
graphic sensor detects the first photoplethysmographic sig-
nal corresponding to the flow of blood in an artery thicker
than the capillaries.

In a pulse transmission time measuring apparatus accord-
ing to a preferred embodiment of the present invention, the
first photoplethysmographic sensor and the second photop-
lethysmographic sensor are disposed on a contact surface of
the pulse transmission time measuring apparatus that, when
the pulse transmission time measuring apparatus is attached
to the body, comes into contact with the body. Thus, by
simply attaching the pulse transmission time measuring
apparatus to the user such that the contact surface comes into
contact with the body (for example, the wrist), the second
photoplethysmographic signal corresponding to the flow of
blood in the capillaries, and the first photoplethysmographic
signal corresponding to the flow of blood in an artery thicker
than the capillaries are able to be detected. This configura-
tion allows for easier attachment to the body, and enables
continuous measurement of pulse transmission time during
activities (during daily life). In this case, the sharing of the
same light receiver allows for, for example, reduced size,
weight, and cost of the apparatus.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the second light emitter and the
first light receiver have a spacing that is less than the spacing
between the first light emitter and the first light receiver.

In this case, the spacing between the second light emitter
and the first light receiver is preferably shorter than the
spacing between the first light emitter and the first light
receiver. This configuration allows the second photoplethys-
mographic sensor to detect the second photoplethysmo-
graphic signal corresponding to the flow of blood in the
capillaries located close to the epidermis (that is, at a
shallow depth). By contrast, the first photoplethysmographic
sensor is able to detect the first photoplethysmographic
signal corresponding to the flow of blood in an artery located
distant from the epidermis (that is, at a deep depth) and
thicker than the capillaries.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the first light emitter outputs
light with a wave length of about 800 nm to about 1000 nm,
and the second light emitter outputs light with a wave length
of about 450 nm to about 580 nm.

This configuration allows for improved S/N compared to
when sources of light of the same wave length are used as
the first light emitter and the second light emitter.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the peak detector determines
that an error condition exists if the first photoplethysmo-
graphic signal has an amplitude equal to or less than a
predetermined value.

Detection of a photoplethysmographic signal at an artery
located distant from the epidermis (that is, at a deep depth)
and thicker than the capillaries is subject to high dependency
on the detecting location. That is, displacement of the
detecting location from that suitable for detection may make
it impossible to properly detect a photoplethysmographic
signal. In this case, if the amplitude of the first photopl-
ethysmographic signal is equal to or less than a predeter-
mined value, this is determined to be an error, thus allowing
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displacement of the detecting location to be recognized. This
makes it possible to prevent measurements from being taken
with such displacement of the detecting location left as it is.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the first photoplethysmo-
graphic sensor is capable of being varied in location.

This configuration allows the detecting location of the
first photoplethysmographic sensor to be adjusted without
detaching the apparatus from the body.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the first photoplethysmo-
graphic sensor and the second photoplethysmographic sen-
sor are disposed on a contact surface of the pulse transmis-
sion time measuring apparatus that comes into contact with
the wrist when the pulse transmission time measuring appa-
ratus is attached to the body, and the first photoplethysmo-
graphic sensor detects the first photoplethysmographic sig-
nal corresponding to the flow of blood in the radial artery.

Among various arteries, which are thick, the radial artery
in particular is located at a relatively shallow depth from the
epidermis. For this reason, the above-mentioned configura-
tion ensures stable measurement of the first photoplethys-
mographic signal. Furthermore, the apparatus is attached at
the wrist, thus creating relatively less user resistance to
attachment of the apparatus. This allows the apparatus to be
attached on the user’s body for an extended period of time
without giving a sense of discomfort.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the first photoplethysmo-
graphic sensor is disposed on the contact surface such that
when the pulse transmission time measuring apparatus is
attached to the body, the first photoplethysmographic sensor
comes into contact with an area of the epidermis over the
radial artery.

This configuration allows for easy positioning of the first
photoplethysmographic sensor even when the user is unable
to accurately identify where the radial artery is located.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that an area of the contact surface
where the first photoplethysmographic sensor is disposed
has a shape that, when the pulse transmission time measur-
ing apparatus is attached to the body, protrudes in a convex
manner toward the wrist relative to an area of the contact
surface where the first photoplethysmographic sensor is not
disposed.

The radial artery is located deeper from the epidermis
than the capillaries. In this case, the area where the first
photoplethysmographic sensor is disposed protrudes in a
convex shape toward the wrist. This configuration allows the
first photoplethysmographic sensor to be pressed toward the
wrist to ensure more stable measurement of the first pho-
toplethysmographic signal.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention includes
a photoplethysmographic sensor that includes a light emitter
and a light receiver, and detects a photoplethysmographic
signal, a piezoelectric pulse wave sensor that includes a
piezoelectric element and detects a piezoelectric pulse wave
signal, a peak detector that detects a peak of the photopl-
ethysmographic signal detected by the photoplethysmo-
graphic sensor, and a peak of the piezoelectric pulse wave
signal detected by the piezoelectric pulse wave sensor, and
a pulse transmission time calculator that calculates a pulse
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transmission time from the time difference between the peak
of the photoplethysmographic signal detected by the peak
detector and the peak of the piezoelectric pulse wave signal
detected by the peak detector. The photoplethysmographic
sensor and the piezoelectric pulse wave sensor are disposed
on a contact surface of the pulse transmission time measur-
ing apparatus that, when the pulse transmission time mea-
suring apparatus is attached to the body, comes into contact
with the body. The photoplethysmographic sensor detects
the photoplethysmographic signal corresponding to the flow
of blood in capillaries. The piezoelectric pulse wave sensor
detects the piezoelectric pulse wave signal corresponding to
the flow of blood in an artery thicker than the capillaries.

In a pulse transmission time measuring apparatus accord-
ing to a preferred embodiment of the present invention, the
first photoplethysmographic sensor and the piezoelectric
pulse wave sensor are disposed on a contact surface of the
pulse transmission time measuring apparatus that, when the
pulse transmission time measuring apparatus is attached to
the body, comes into contact with the body. Thus, by simply
attaching the pulse transmission time measuring apparatus to
the user such that the contact surface comes into contact with
the body (for example, the wrist), the photoplethysmo-
graphic signal corresponding to the flow of blood in the
capillaries, and the piezoelectric pulse wave signal corre-
sponding to the flow of blood (pulsation) in an artery thicker
than the capillaries are able to be detected. This configura-
tion allows for easier attachment to the body, and enables
continuous measurement of pulse transmission time during
activities (during daily life).

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the peak detector determines
that an error condition exists if the piezoelectric pulse wave
signal has an amplitude equal to or less than a predetermined
value.

As described above, detection of a piezoelectric pulse
wave signal at an artery located distant from the epidermis
(that is, at a deep depth) and thicker than the capillaries is
subject to high dependency on the detecting location. That
is, displacement of the detecting location from that suitable
for detection may make it impossible to properly detect a
piezoelectric pulse wave signal. In this case, if the amplitude
of the piezoelectric pulse wave signal is equal to or less than
a predetermined value, this is determined to be an error, thus
allowing displacement of the detecting location to be rec-
ognized. This makes it possible to prevent measurements
from being taken with such displacement of the detecting
location left as it is.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the piezoelectric pulse wave
sensor is capable of being varied in location.

This configuration allows the detecting location of the
piezoelectric pulse wave sensor to be adjusted without
detaching the apparatus from the body.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the photoplethysmographic
sensor and the piezoelectric pulse wave sensor are disposed
on a contact surface of the pulse transmission time measur-
ing apparatus that comes into contact with the wrist when the
pulse transmission time measuring apparatus is attached to
the body, and the piezoelectric pulse wave sensor detects the
piezoelectric pulse wave signal corresponding to the flow of
blood in the radial artery.
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As described above, among various arteries that are thick,
the radial artery in particular is located at a relatively
shallow depth from the epidermis. For this reason, the
above-mentioned configuration ensures stable measurement
of the piezoelectric pulse wave signal. Furthermore, the
apparatus is attached at the wrist, thus creating relatively less
user resistance to attachment of the apparatus. This allows
the apparatus to be attached on the user’s body for an
extended period of time without giving a sense of discom-
fort.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the piezoelectric pulse wave
sensor is disposed on the contact surface such that when the
pulse transmission time measuring apparatus is attached to
the body, the piezoelectric pulse wave sensor comes into
contact with an area of the epidermis over the radial artery.

This configuration allows for easy positioning of the
piezoelectric pulse wave sensor even when the user is unable
to accurately identify where the radial artery is located.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that an area of the contact surface
where the piezoelectric pulse wave sensor is disposed has a
shape that, when the pulse transmission time measuring
apparatus is attached to the body, protrudes in a convex
manner toward the wrist relative to an area of the contact
surface where the piezoelectric pulse wave sensor is not
disposed.

As described above, the radial artery is located deeper
from the epidermis than the capillaries. In this regard, the
area where the piezoelectric pulse wave sensor is disposed
protrudes in a convex shape toward the wrist, and the
piezoelectric pulse wave sensor is thus pressed toward the
wrist to ensure more stable measurement of the piezoelectric
pulse wave signal.

A pulse transmission time measuring apparatus according
to a preferred embodiment of the present invention is
preferably configured so that the pulse transmission time
calculator determines that an error condition exists if the
pulse transmission time calculated by the pulse transmission
time calculator is equal to or less than a predetermined
value.

This makes it possible to easily and properly discriminate
noise superimposed on the pulse wave signal, for example,
noise resulting from body movements.

A biological state estimating apparatus according to a
preferred embodiment of the present invention includes the
pulse transmission time measuring apparatus according to
any one of the preferred embodiments of the present inven-
tion described above, a pulse interval change rate acquirer
that acquires the rate of change in pulse interval, and a pulse
rhythm abnormality detector that determines a pulse rhythm
abnormality based on the variability of the rate of change in
pulse interval acquired by the pulse interval change rate
acquirer.

A biological state estimating apparatus according to a
preferred embodiment of the present invention makes it
possible to easily and properly determinate a pulse rhythm
abnormality due to arrhythmia or other causes. In this case,
in particular, the biological state estimating apparatus
includes the pulse transmission time measuring apparatus
according to any one of the preferred embodiments of the
present invention described above. This allows for easier
attachment to the body, and also enables continuous detec-
tion of a pulse rhythm abnormality during activities (during
daily life). Further, the variability of rate of change in pulse
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interval is used to enable discrimination from cyclic pulse
interval variation such as respiratory variation. Further, the
noise determination mentioned above may be used in com-
bination to reduce erroneous determination of a pulse
rhythm abnormality as noise such as body movement noise,
thus enabling accurate determination of a pulse rhythm
abnormality.

A biological state estimating apparatus according to a
preferred embodiment of the present invention includes the
pulse transmission time measuring apparatus according to
any one of the preferred embodiments of the present inven-
tion described above, and a sleep state detector that deter-
mines that the body is not in a state suitable for sleep if the
pulse transmission time calculated by the pulse transmission
time calculator is equal to or less than a predetermined
threshold.

A biological state estimating apparatus according to a
preferred embodiment of the present invention determines
that the body is not in a state suitable for sleep if the pulse
transmission time is equal to or less than a predetermined
threshold. It is thus possible to determine whether the user’s
body is in a state suitable for sleep. In particular, in this case,
the biological state estimating apparatus includes the pulse
transmission time measuring apparatus according to any one
of the preferred embodiments of the present invention
described above, thus allowing for easier attachment to the
body.

A biological state estimating apparatus according to a
preferred embodiment of the present invention is preferably
configured to further include a forearm heater that, if it is
determined by the sleep state detector that the body is not in
a state suitable for sleep, raises the temperature of the
forearm.

When one’s fingers are cold and peripheral blood vessels
are constricted, it is difficult to get to sleep (fall asleep)
smoothly, and obtain deep sleep. Accordingly, a biological
state estimating apparatus according to a preferred embodi-
ment of the present invention causes the temperature of the
user’s forearm to rise if the user’s body is not in a state
suitable for sleep. This allows only the forearm to be heated
without raising the temperature of the trunk of the body. This
puts the user’s body in a state in which the forearm is heated
to cause the peripheral blood vessels in the fingers to widen,
with the temperature of the trunk of the body remaining low,
in other words, a state suitable for sleep. It is thus possible
for the user to smoothly get to sleep (fall asleep) and obtain
deep sleep.

A biological state estimating apparatus according to a
preferred embodiment of the present invention includes the
pulse transmission time measuring apparatus according to
any one of the preferred embodiments of the present inven-
tion described above, a correlation information storage that
stores autonomic function correlation information, the auto-
nomic function correlation information being defined in
advance based on the relationship between pulse transmis-
sion time and autonomic function, a biological state estima-
tor that estimates the autonomic function of a user based on
the pulse transmission time calculated by the pulse trans-
mission time calculator, and the autonomic function corre-
lation information stored in the correlation information
storage.

A biological state estimating apparatus according to a
preferred embodiment of the present invention stores the
autonomic function correlation information defined in
advance based on the relationship between pulse transmis-
sion time and autonomic function. Thus, by measuring the
pulse transmission time of the user, and using the measured

10

15

20

25

30

35

40

45

50

55

60

65

10

pulse transmission time as an index, autonomic function as
an example of biological state is able to be estimated for
evaluation. In particular, the time difference between the
respective peaks of pulse waves obtained from the thick
artery and the capillaries is measured. This allows the
influence of the capillaries to be strongly reflected, thus
enabling estimation of autonomic activities, coldness of the
hand/blood circulation, and other conditions related to the
constriction/dilation of blood vessels. Further, in this case,
the biological state estimating apparatus includes the pulse
transmission time measuring apparatus according to any one
of the preferred embodiments of the present invention
described above. This allows for easier attachment to the
body, and also enables continuous estimation and evaluation
of autonomic function during activities (during daily life).

Various preferred embodiments of the present invention
allow for easier attachment to the body, and enable continu-
ous measurement of pulse transmission time during activi-
ties (during daily life).

The above and other elements, features, steps, character-
istics and advantages of the present invention will become
more apparent from the following detailed description of the
preferred embodiments with reference to the attached draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating the configuration of
a biological state estimating apparatus including a pulse
transmission time measuring apparatus according to a pre-
ferred embodiment of the present invention.

FIG. 2 illustrates the outward appearance of a wristwatch-
type biological state estimating apparatus including a pulse
transmission time measuring apparatus according to a pre-
ferred embodiment of the present invention.

FIG. 3 illustrates the relationship between optical path
lengths, and the artery in which to measure a photoplethys-
mographic signal.

FIG. 4 illustrates the sites of photoplethysmogram mea-
surement in the radial artery.

FIG. § illustrates an example of photoplethysmograms
(acceleration plethysmograms) measured in the radial artery
and in the capillaries.

FIG. 6 is a flowchart illustrating the procedure of a
biological state (autonomic function) estimation process
executed by the biological state estimating apparatus accord-
ing to a preferred embodiment of the present invention.

FIG. 7 is a flowchart illustrating the procedure of a sleep
support process executed by the biological state estimating
apparatus according to a preferred embodiment of the pres-
ent invention.

FIG. 8 is a block diagram illustrating the configuration of
a biological state estimating apparatus including a pulse
transmission time measuring apparatus according to a first
modification of a preferred embodiment of the present
invention.

FIG. 9 is a block diagram illustrating the configuration of
a biological state estimating apparatus including a pulse
transmission time measuring apparatus according to a sec-
ond modification of a preferred embodiment of the present
invention.

FIG. 10 is a block diagram illustrating the configuration
of a biological state estimating apparatus including a pulse
transmission time measuring apparatus according to a third
modification of a preferred embodiment of the present
invention.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Hereinafter, preferred embodiments of the present inven-
tion will be described in detail with reference to the figures.
In the figures, portions identical or cotresponding to each
other are denoted by the same reference signs. In the figures,
identical elements are denoted by the same reference signs
to avoid repetitive description.

First, the configuration of a biological state estimating
apparatus 3 including a pulse transmission time measuring
apparatus 1 according to a preferred embodiment of the
present invention will be described with reference to FIGS.
1 and 2. FIG. 1 is a block diagram illustrating the configu-
ration of the biological state estimating apparatus 3 includ-
ing the pulse transmission time measuring apparatus 1. FIG.
2 illustrates the outward appearance of the biological state
estimating apparatus 3 of a wristwatch type that includes the
pulse transmission time measuring apparatus 1.

The biological state estimating apparatus 3 includes the
pulse transmission time measuring apparatus 1 that detects
a first photoplethysmographic signal and a second photop-
lethysmographic signal, and measures pulse transmission
time from the time difference between the respective peaks
of the detected first and second photoplethysmographic
signals. Then, the biological state estimating apparatus 3
estimates the biological state (for example, pulse rhythm
abnormality (arrhythmia), autonomic function, or sleep
state) of the user based on the measured pulse transmission
time.

To this end, the biological state estimating apparatus 3
includes a first photoplethysmographic sensor 10 that detects
the first photoplethysmographic signal, a second photopl-
ethysmographic sensor 20 that detects the second photopl-
ethysmographic signal, and a signal processor 30 that mea-
sures pulse transmission time or other values based on the
detected first and second photoplethysmographic signals,
and estimates biological state. That is, the signal processor
30 is shared by the pulse transmission time measuring
apparatus 1 and the biological state estimating apparatus 3.
Hereinafter, these individual components will be described
in detail.

The first photoplethysmographic sensor 10 is a sensor that
exploits the light-absorption characteristics of hemoglobin
in the blood to optically detect the first photoplethysmo-
graphic signal. Accordingly, the first photoplethysmographic
sensor 10 includes a first light emitter 11 and a first light
receiver 12.

Likewise, the second photoplethysmographic sensor 20 is
a sensor that exploits the light-absorption characteristics of
hemoglobin in the blood to optically detect the second
photoplethysmographic signal. Accordingly, the second
photoplethysmographic sensor 20 includes a second light
emitter 21 and a second light receiver 22.

The first light emitter 11 emits light in response to a
pulsed drive signal output from a driver 381 of the signal
processor 30. As the first light emitter 11, for example, an
LED, a vertical cavity surface emitting laser (VCSEL), or a
resonant-type LED may be used. The driver 381 generates
and outputs a pulsed drive signal to drive the first light
emitter 11.

The first light receiver 12 outputs a detection signal
corresponding to the intensity of light emitted from the first
light emitter 11 and made incident on the first light receiver
12 after passing through the human body, for example, the
wrist. As the first light receiver 12, for example, a photo-
diode or a phototransistor is suitably used. In the present
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preferred embodiment, a photodiode is preferably used as
the first light receiver 12. The first light receiver 12 is
connected to the signal processor 30. A detection signal (first
photoplethysmographic signal) obtained by the first light
receiver 12 is output to the signal processor 30.

Likewise, the second light emitter 21 emits light in
response to a pulsed drive signal output from a driver 382 of
the signal processor 30. As the second light emitter 21, for
example, an LED, a VCSEL, or a resonant-type LED may be
used. The driver 382 generates and outputs a pulsed drive
signal to drive the second light emitter 21.

The second light receiver 22 outputs a detection signal
corresponding to the intensity of light emitted from the
second light emitter 21 and made incident on the second
light receiver 22 after passing through the human body, for
example, the wrist. As the second light receiver 22, for
example, a photodiode or a phototransistor is suitably used.
In the present preferred embodiment, a photodiode is used as
the second light receiver 22. The second light receiver 22 is
connected to the signal processor 30. A detection signal
(second photoplethysmographic signal) obtained by the sec-
ond light receiver 22 is output to the signal processor 30.

The first light emitter 11 preferably outputs near-infrared
light with wave lengths ranging from about 800 nm to about
1000 nm. The first light emitter 11 used in the preferred
embodiment outputs near-infrared light with a wave length
of about 850 nm, for example. By contrast, the second light
emitter 21 preferably outputs light in the blue to yellow-
green wave lengths ranging from about 450 nm to about 580
nm, for example. The first light emitter 11 used in the
preferred embodiment outputs green light with a wave
length of about 525 nm, for example. The spacing between
the second light emitter 21 and the second light receiver 22
is set less than the spacing between the first light emitter 11
and the first light receiver 12.

Blue to yellow-green wave lengths of light are subject to
large absorption in living bodies, and thus the magnitude of
the resulting photoplethysmographic signal is also large.
However, these wave lengths of light immediately decay
within living bodies, making it impossible to obtain
extended optical path lengths. By contrast, near-infrared
light is not subject to very large absorption in living bodies,
and although the magnitude of the resulting photoplethys-
mographic signal is thus not very large, extended optical
path lengths are able to be obtained. For these reasons,
although it is possible to measure the first photoplethysmo-
graphic signal and the second photoplethysmographic signal
by using the same wave length of light, it is preferred to use
near-infrared light for the first photoplethysmographic sen-
sor 10 with a large optical path length, and use blue to
yellow-green wave lengths of light for the second photop-
lethysmographic sensor 20 with a small optical path length.

Examples of suitable methods for isolating the first pho-
toplethysmographic signal and the second photoplethysmo-
graphic signal from each other include those based on time
division (causing detected beams of light to be emitted in a
pulsed fashion and shifting the timing of their emissions
relative to each other), those based on wave length division
(disposing a wave filter corresponding to each individual
wave length in front of the light receiver), and those based
on space division (spacing the detected beams of light apart
to avoid their mutual interference).

As a result of the configuration mentioned above, the
second photoplethysmographic sensor 20 with a small opti-
cal path length detects the second photoplethysmographic
signal corresponding to the flow of blood in capillaries
located relatively close to (that is, at a shallow depth from)
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the epidermis as illustrated in FIG. 3. By contrast, the first
photoplethysmographic sensor 10 with a large optical path
length detects the first photoplethysmographic signal corre-
sponding to the flow of blood in an artery located relatively
distant from the epidermis (that is, at a deep depth) and
thicker than the capillaries. FIG. 3 illustrates the relationship
between optical path lengths (the relative placement of the
light emitters 11 and 12 and the light receivers 21 and 22),
and the artery in which to detect a photoplethysmographic
signal.

The first photoplethysmographic sensor 10 is preferably
attached at a site where a thick artery is located relatively
close to the epidermis, for example, the wrist where the
radial artery is located, the neck where the carotid artery is
located, the elbow where the brachial artery is located, or the
temple where the superficial temporal artery is located. The
following description of the preferred embodiment will be
directed to a case in which the biological state estimating
apparatus 3 (the pulse transmission time measuring appara-
tus 1) is attached at the wrist.

The outward appearance of the biological state estimating
apparatus 3 (the pulse transmission time measuring appara-
tus 1) of a wristwatch type is illustrated in FIG. 2. The
biological state estimating apparatus 3 (the pulse transmis-
sion time measuring apparatus 1) of a wristwatch type
includes a main body 200, a belt 210 attached to the main
body 200, and a pulse wave sensor 100 attached to the belt
210 in a movable fashion.

Components such as the signal processor 30 and batteries
are accommodated inside the main body 200. The second
photoplethysmographic sensor 20 is disposed on the back
surface of the main body 200 (the surface that comes into
contact with the wrist when the biological state estimating
apparatus 3 is attached to the user’s body). A display 50 is
mounted on the outer surface of the main body 200. Alter-
natively, the second photoplethysmographic sensor 20 may
be disposed on the pulse wave sensor 100.

The first photoplethysmographic sensor 10 is disposed on
the inner side of the pulse wave sensor 100. That is, the first
photoplethysmographic sensor 10 and the second photopl-
ethysmographic sensor 20 are disposed on a contact surface
1a that comes into contact with the wrist when the biological
state estimating apparatus 3 is attached to the body, that is,
the inner surfaces of the main body 200 and the belt 210,
respectively. Thus, when the user attaches the biological
state estimating apparatus 3 (the pulse transmission time
measuring apparatus 1) of a wristwatch type over the wrist
of one hand (for example, the left hand), the first photopl-
ethysmographic sensor 10 and the second photoplethysmo-
graphic sensor 20 come into contact with the user’s wrist to
measure pulse transmission time and acquire biological
information.

The pulse wave sensor 100 includes a horizontally elon-
gated belt passage hole 110 through which the belt 210 is
passed. With the belt 210 passed through the belt passage
hole 110, the pulse wave sensor 100 is attached to the belt
210 in a movable fashion. That is, the pulse wave sensor 100
(the first photoplethysmographic sensor 10) is of a movable
type that can be changed (adjusted) in its location. A cable
120 is connected to the pulse wave sensor 100. A connector
130 is connected to the cable 120. When the connector 130
is inserted (connected) to the main body 200, the pulse wave
sensor 100 (the first photoplethysmographic sensor 10) is
connected to the main body 200 (the signal processor 30).

The inner side of the pulse wave sensor 100 (correspond-
ing to an area of the contact surface 1a described in the
claims where the first photoplethysmographic sensor 10 is

10

15

20

25

30

35

40

45

50

55

60

65

14

disposed) is formed in an arcuate shape extending along the
belt 210. That is, the inner surface of the pulse wave sensor
100 has a shape that, when the biological state estimating
apparatus 3 is attached to the body, protrudes in a smooth
convex shape toward the wrist relative to the inner periph-
eral surface of the belt 210 and the back surface of the main
body 200 (each corresponding to an area described in the
claims where the first photoplethysmographic sensor 10 is
not disposed). The area of this convex portion that contacts
the skin preferably is a curved surface with no corners to
ensure that pain due to stress concentration is not caused to
the user or an impression is not left on the skin.

As aresult of the above-mentioned configuration, the first
photoplethysmographic sensor 10 is disposed (adjusted)
such that when the biological state estimating apparatus 3 is
attached to the body, the first photoplethysmographic sensor
10 comes into contact with an area of the epidermis over the
radial artery illustrated in FIG. 4. Then, the first photopl-
ethysmographic sensor 10 detects the first photoplethysmo-
graphic signal corresponding to the flow of blood in the
radial artery. Meanwhile, the second photoplethysmographic
sensor 20 detects a photoplethysmographic signal corre-
sponding to the flow of blood in the capillaries at the wrist.

More specifically, the photoplethysmographic signal
detected by the second photoplethysmographic sensor 20
with a small optical path length contains hardly any infor-
mation about the radial artery, which is thick, but contains a
large amount of information about the capillaries. By con-
trast, the photoplethysmographic signal detected by the first
photoplethysmographic sensor 10 with a large optical path
length contains both information about the thick radial artery
and information about the capillaries. In this case, the
magnitude of the signal obtained from the thick radial artery
is generally greater than that of the signal obtained from the
capillaries. Thus, for large optical path lengths, information
about the thick radial artery becomes more dominant. A
pulse wave sent out from the heart passes through the aorta,
branches out to reach the radial artery, and then further
branches out to reach the capillaries. Thus, the pulse wave
reaches each of these areas with a time difference. Accord-
ingly, by measuring photoplethysmograms in the radial
artery and in the capillaries around the radial artery, it is
possible to measure pulse transmission time at substantially
the same site.

As described above, the first photoplethysmographic sen-
sor 10 and the second photoplethysmographic sensor 20 are
each connected to the signal processor 30, and the first
photoplethysmographic signal and the second photoplethys-
mographic signal detected by these sensors are input to the
signal processor 30. Hereinafter, the first photoplethysmo-
graphic signal and the second photoplethysmographic signal
will be sometimes collectively referred to simply as pho-
toplethysmographic signal.

The signal processor 30 also processes the input first and
second photoplethysmographic signals to measure pulse
rate, pulse interval, and other values. Further, the signal
processor 30 measures pulse transmission time from the
time difference between the respective peaks of the first and
second photoplethysmographic signals detected. At that
time, the signal processor 30 corrects a shift (delay) of the
peak in each of a first signal processor 310 and a second
signal processor 320 described later, and thus measures
pulse transmission time with high accuracy.

Then, the signal processor 30 estimates the user’s auto-
nomic function based on the measured pulse transmission
time, and correlation information that defines the relation-
ship between pulse transmission time and biological state.
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The signal processor 30 also determines a pulse rhythm
abnormality based on the variability of rate of change in
pulse interval acquired. Further, the signal processor 30
determines, based on the measured pulse transmission time,
whether the user’s body is in a state suitable for sleep, and
if it is determined that the user’s body is not in a state
suitable for sleep, causes the user’s body to be put in a state
suitable for sleep.

To this end, the signal processor 30 includes components
such as amplifiers 311 and 321, the first signal processor
310, the second signal processor 320, peak detectors 316 and
326, peak correctors 318 and 328, a pulse transmission time
calculator 330, a pulse transmission time storage 340, a
correlation information storage 341, and a biological state
estimator 350. The first signal processor 310 includes an
analog filter 312, an A/D converter 313, a digital filter 314,
and a second-order differentiator 315. The second signal
processor 320 includes an analog filter 322, an A/D con-
verter 323, a digital filter 324, and a second-order differen-
tiator 325.

Of the various components mentioned above, the digital
filters 314 and 324, the second-order differentiators 315 and
325, the peak detectors 316 and 326, the peak correctors 318
and 328, the pulse transmission time calculator 330, the
pulse transmission time storage 340, the correlation infor-
mation storage 341, and the biological state estimator 350
are implemented by, for example, a CPU that performs
arithmetic processing, 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 compu-
tational results. That is, the functions of the various com-
ponents mentioned above are preferably implemented by
execution of a program stored in the ROM by the CPU.

The amplifier 311 is implemented by, for example, an
amplifier such as an operational amplifier. The amplifier 321
amplifies the first photoplethysmographic signal detected by
the first photoplethysmographic sensor 10. The first photop-
lethysmographic signal amplified by the amplifier 311 is
output to the first signal processor 310. Likewise, the
amplifier 321 is implemented by, for example, an amplifier
such as an operational amplifier. The amplifier 321 amplifies
the second photoplethysmographic signal detected by the
second photoplethysmographic sensor 20. The second pho-
toplethysmographic signal amplified by the amplifier 321 is
output to the second signal processor 320.

As described above, the first signal processor 310
includes the analog filter 312, the A/D converter 313, the
digital filter 314, and the second-order differentiator 315.
The first signal processor 310 applies filtering and second-
order differentiation to the first photoplethysmographic sig-
nal amplified by the amplifier 311 to extract pulsatile com-
ponents.

As described above, the second signal processor 320
includes the analog filter 322, the A/D converter 323, the
digital filter 324, and the second-order differentiator 325.
The second signal processor 320 applies filtering and sec-
ond-order differentiation to the second photoplethysmo-
graphic signal amplified by the amplifier 321 to extract
pulsatile components.

The analog filter 312 or 322 and the digital filter 314 or
324 perform a filtering process aimed at improving S/N by
removing those components (noise) other than frequencies
that characterize a photoplethysmographic signal. The above
filtering process is described in more detail below. Gener-
ally, the dominant frequency components of a photoplethys-
mographic signal are those in the vicinity of about 0.1 Hz to
several tens of Hz, for example. Accordingly, for improved
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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
selectively pass only those portions of the signal in the above
frequency range.

If the filtering is only aimed at extraction of pulsatile
components, the passband of frequencies 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 first photop-
lethysmographic signal that has undergone filtering with the
analog filter 312 and the digital filter 314 is output to the
second-order differentiator 315. Likewise, the photoplethys-
mographic signal that has undergone filtering with the
analog filter 322 and the digital filter 324 is output to the
second-order differentiator 325.

The second-order differentiator 315 performs second-
order differentiation of the first photoplethysmographic sig-
nal to acquire a first second-derivative plethysmographic
(acceleration plethysmographic) signal. The acquired first
acceleration plethysmographic signal is output to the peak
detector 316. Peaks 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-
order differentiator 315 may not necessarily be provided.

Likewise, the second-order differentiator 325 performs
second-order differentiation of the second photoplethysmo-
graphic signal to acquire a second second-derivative
plethysmographic (acceleration plethysmographic) signal.
The acquired second acceleration plethysmographic signal
is output to the peak detector 326. The second-order differ-
entiator 325 may not necessarily be provided.

The peak detector 316 detects a peak of the first photop-
lethysmographic signal (acceleration plethysmogram) to
which filtering has been applied by the first signal processor
310. The peak detector 316 determines that an error condi-
tion exists if the amplitude of the first photoplethysmo-
graphic signal (or acceleration plethysmogram) is equal to or
less than a predetermined value. If it is determined that an
error condition exist, it is preferred to move (adjust) the
location of the pulse wave sensor 100 (the first photopl-
ethysmographic sensor 10) such that the error condition is
eliminated.

The peak detector 326 detects a peak of the second
photoplethysmographic signal (acceleration plethysmo-
gram) to which signal processing has been applied by the
second signal processor 320. That is, the peak detectors 316
and 326 function as peak detector described in the claims.
Each of the peak detector 316 and the peak detector 326
stores, for all of the peaks detected, information such as peak
time and peak amplitude in the RAM or other memory areas.

The peak corrector 318 calculates the time delay of the
first photoplethysmographic signal in the first signal proces-
sor 310 (the analog filter 312, the digital filter 314, and the
second-order differentiator 315). The peak corrector 318
corrects the peak of the first photoplethysmographic signal
(acceleration plethysmographic signal) detected by the peak
detector 316, based on the calculated time delay of the first
photoplethysmographic signal. Likewise, the peak corrector
328 calculates the time delay of the second photoplethys-
mographic signal in the second signal processor 320 (the
analog filter 322, the digital filter 324, and the second-order
differentiator 325). The peak corrector 328 corrects the peak
of the second photoplethysmographic signal (acceleration
plethysmographic signal) detected by the peak detector 326,
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based on the calculated time delay of the second photopl-
ethysmographic signal. The corrected peak of the first pho-
toplethysmographic signal (acceleration plethysmogram),
and the corrected peak of the second photoplethysmographic
signal (acceleration plethysmogram) are output to the pulse
transmission time calculator 330. If the time delay of the first
photoplethysmographic signal (acceleration plethysmo-
graphic signal) and the time delay of the second photopl-
ethysmographic signal (acceleration plethysmographic sig-
nal) can be regarded as substantially equal, the peak
correctors 318 and 328 may not necessarily be provided.

The pulse transmission time calculator 330 calculates
pulse transmission time from the interval (time difference)
between the peak of the first photoplethysmographic signal
(acceleration plethysmogram) corrected by the peak correc-
tor 318, and the peak of the second photoplethysmographic
signal (acceleration plethysmogram) corrected by the peak
corrector 328. That is, the pulse transmission time calculator
330 defines and functions as a pulse transmission time
calculator described in the claims.

FIG. 5 illustrates pulse transmission time calculated from
the interval between a peak of the first photoplethysmo-
graphic signal (acceleration plethysmographic signal) and a
peak of the second photoplethysmographic signal (accelera-
tion plethysmographic signal). In FIG. 5, the waveform of
the first photoplethysmographic signal (acceleration plethys-
mographic signal) is indicated by a solid line, and the
waveform of the second photoplethysmographic signal (ac-
celeration plethysmographic signal) is indicated by a dashed
line. As illustrated in FIG. 5, the time difference between the
alpha-wave peaks of acceleration plethysmograms obtained
from the photoplethysmographic signals detected at two
sites corresponding to the radial artery and the capillaries (at
the center of the wrist’s ventral side in this example (see
FIG. 4)) is on the order of about 0.01 second to about 0.04
second. The pulse transmission time calculator 330 deter-
mines the detected photoplethysmographic signal to be noise
if the calculated pulse transmission time is equal to or less
than a predetermined value (for example, about 0.01 sec-
ond).

In addition to pulse transmission time, the pulse trans-
mission time calculator 330 also calculates, for example,
pulse rate, pulse interval, and the rate of change in pulse
interval from the photoplethysmographic signal (accelera-
tion plethysmogram). The calculated pulse transmission
time, pulse rate, pulse interval, the photoplethysmogram, the
acceleration plethysmogram, and other measurement data
are output to the pulse transmission time storage 340, the
biological state estimator 350, and the display 50.

The pulse transmission time storage 340, which is imple-
mented by, for example, the backup RAM mentioned above
stores measurement data such as pulse transmission time
calculated by the pulse transmission time calculator 330,
together with information such as the date and time of
measurement.

The correlation information storage 341, which is imple-
mented by, for example, the ROM mentioned above, stores
correlation information defined in advance based on the
relationship between pulse transmission time and biological
state. That is, the correlation information storage 341 defines
and functions as a correlation information storage described
in the claims. More specifically, the correlation information
storage 341 stores an autonomic function table (correspond-
ing to autonomic function correlation information) deter-
mined in advance based on the relationship between pulse
transmission time and autonomic function. At that time, the
correlation information storage 341 preferably stores corre-
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lation information (autonomic function table) representing
the relationship between pulse transmission time and bio-
logical information (autonomic function), individually for
each age and/or each sex.

Dilation and constriction of blood vessels are regulated by
the autonomic nervous system, particularly its sympathetic
division. Thus, a correlation exists between pulse transmis-
sion time, which is closely related with the dilation and
constriction of blood vessels, and autonomic function, which
indicates the balance between the sympathetic nervous sys-
tem and the parasympathetic nervous system. Accordingly,
a correlation equation or autonomic function table that
defines the relationship between pulse transmission time and
autonomic function is created in advance based on the
measurements of autonomic function and the measurements
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 storage 341.
Alternatively, a correlation equation or autonomic function
table may be used that defines the relationship between not
only pulse transmission time but also LF/HF, which is
calculated by the frequency analysis of pulse interval, and
autononiic function.

The biological state estimator 350 estimates the user’s
biological state based on the pulse transmission time
obtained by the pulse transmission time calculator 330 and
the correlation information stored in the correlation infor-
mation storage 341. That is, the biological state estimator
350 functions as a biological state estimator described in the
claims.

More specifically, the biological state estimator 350 esti-
mates the autonomic function of the user based on pulse
transmission time and the autonomic function table (auto-
nomic function correlation information). As described
above, the correlation information storage 341 stores the
autonomic function table that defines the relationship
between pulse transmission time and autonomic function.
Thus, the biological state estimator 350 searches the auto-
nomic function table by using the pulse transmission time to
estimate autonomic function.

Further, the biological state estimator 350 acquires the
rate of change in pulse interval. Then, the biological state
estimator 350 determines a pulse rhythm abnormality based
on the variability of rate of change in pulse interval acquired.
That 1s, the biological state estimator 350 functions as a
pulse interval change rate acquirer and a pulse rhythm
abnormality detector that are described in the claims.

Further, the biological state estimator 350 determines that
the body is not in a state suitable for sleep if the pulse
transmission time calculated by the pulse transmission time
calculator 330 is equal to or less than a predetermined
threshold. That is, the biological state estimator 350 defines
and functions as a sleep state detector described in the
claims. The predetermined threshold is set to decrease with
increasing pulse interval. Thus, the biological state estimator
350 determines that the body is not in a state suitable for
sleep if the pulse transmission time is equal to or less than
a predetermined threshold corresponding to the pulse inter-
val, that is, the combination of pulse interval and pulse
transmission time is not within a range suitable for sleep.
Alternatively, the biological state estimator 350 may deter-
mine that the body is not in a state suitable for sleep if the
pulse transmission time is equal to or less than a predeter-
mined threshold, irrespective of the pulse interval.

Pulse transmission time tends to decrease when the sym-
pathetic division of the autonomic nervous system is active
(dominant), for example, when one is nervous, when tension
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builds up in the body, or when blood circulation is poor due
to constriction of blood vessels (that is, when the body is not
in a state suitable for sleep). Further, correlation is consid-
ered to exist between the length of pulse interval and the
strength of sleepiness. Therefore, when the pulse transmis-
sion time is short and the pulse interval is short, such a state
is determined to be not suitable for sleep. Conversely, when
the pulse transmission time is long and the pulse interval is
long, such a state is determined to be suitable for sleep.

A forearm heater 51 heats the forearm (including a part of
the forearm (for example, the wrist); the same applies
hereinafter) (or increases heat retention in the forearm) to
raise the temperature of the forearm if it is determined by the
biological state estimator 350 that the user’s body is not in
a state suitable for sleep. That is, the forearm heater 51
defines and functions as a forearm heater described in the
claims.

More specifically, the forearm heater 51 is built in the
back side or the belt 210 of the biological state estimating
apparatus 3 attached at the wrist. Further, the forearm heater
51 may not be of a wristwatch type but may be in the form
of, for example, a wrist band, bracelet, shirt, or sleepwear
that includes a heating function. Further, in an alternative
possible implementation, the forearm heating function is
separated from the biological state estimating apparatus 3,
and a component such as a wrist band having such a heating
function is controlled based on the determination result
supplied from the biological state estimating apparatus 3.
The forearm heater 51 heats the forearm (or increases heat
retention in the forearm) if it is determined that the user’s
body is not in a state suitable for sleep. The forearm heater
51 adjusts the output at this time such that the temperature
of the forearm increases as the deviation between the pulse
transmission time and the above-mentioned predetermined
threshold increases. If it is determined that the user’s body
is in a state suitable for sleep, the forearm heater 51
maintains the state at that time, or decreases the intensity of
heating.

Heating may be provided by the forearm heater 51 by, for
example, using an electric heater, or tightening the sleeve’s
edge made of a material with high heat retaining property to
provide increased heat retention. The tightening of the
sleeve’s edge may be varied by, for example, changes in cuff
pressure generated by an air pump, or by use of some
mechanism. To avoid user discomfort, this heating is pref-
erably performed with a limit placed on the extent of
temperature adjustment or with a temperature sensor pro-
vided to apply feedback.

Instead of or in addition to the forearm heater 51 men-
tioned above, the following or similar components may be
used in combination as appropriate: a leg heater that, if it is
determined that the user’s body is not in a state suitable for
sleep, heats the leg (including a part of the leg (for example,
the ankle)) to raise the temperature of the leg, and a neck
cooler that, if it is determined that the user’s body is not in
a state suitable for sleep, cools the neck to lower the
temperature of the neck.

The estimated biological state (that is, autonomic func-
tion, pulse rhythm abnormality, and sleep state), and mea-
surement data such as the calculated pulse transmission
time, pulse rate, pulse interval, photoplethysmogram, and
acceleration plethysmogram are output to a component such
as the display 50. Alternatively, the acquired biological state,
and measurement data such as pulse transmission time and
pulse rate may be accumulated and stored in, for example,
the RAM mentioned above in advance so that after the
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measurement, these pieces of data are output to a smart
phone, a personal computer (PC), or other devices and
checked.

The display 50 is implemented by, for example, a liquid
crystal display (LCD) or an LED. The display 50 displays
the following pieces of information in real time: the acquired
pulse transmission time, the estimated biological state, mea-
surement data (measurement results) such as pulse rate, and
status such as attachment error. The above-mentioned infor-
mation may be transmitted by a communication section 370
to, for example, a PC, a portable music player having a
display, or a smart phone for display on such a device. In that
case, preferably, data such as the date and time of measure-
ment is also transmitted in addition to the results of mea-
surement and estimation.

Next, operation of the biological state estimating appara-
tus 3 will be described with reference to FIGS. 6 and 7. FIG.
6 is a flowchart illustrating the procedure of a biological
state (autonomic function) estimation process executed by
the biological state estimating apparatus 3. FIG. 7 is a
flowchart illustrating the procedure of a sleep support pro-
cess executed by the biological state estimating apparatus 3.
The processes illustrated in FIGS. 6 and 7 are mainly
executed by the signal processor 30 repeatedly at predeter-
mined time intervals. First, the biological state (autonomic
function) estimation process executed by the biological state
estimating apparatus 3 will be described with reference to
FIG. 6.

At step S100, the first photoplethysmographic signal
detected by the first photoplethysmographic sensor 10 and
the second photoplethysmographic signal detected by the
second photoplethysmographic sensor 20 are read. Subse-
quently, at step S102, filtering is applied to the first photop-
lethysmographic signal and the second photoplethysmo-
graphic signal read at step S100. Further, second-order
differentiation is applied to the first photoplethysmographic
signal and the second photoplethysmographic signal to
respectively acquire the first acceleration plethysmogram
and the second acceleration plethysmogram.

Next, at step S104, the respective peaks of the first
photoplethysmographic signal (first acceleration plethysmo-
graphic signal) and the second photoplethysmographic sig-
nal (second acceleration plethysmographic signal) are
detected. Then, peak time, peak amplitude, and other such
information are stored for all of the detected peaks.

Subsequently, at step S106, it is determined whether the
peak of the first photoplethysmographic signal (first accel-
eration plethysmographic signal) detected at step S104 has
an amplitude equal to or greater than a predetermined value.
If the peak of the first photoplethysmographic signal (first
acceleration plethysmographic signal) has an amplitude
equal to or greater than a predetermined value, the process-
ing transfers to step S110. If the peak of the first photopl-
ethysmographic signal (first acceleration plethysmographic
signal) has an amplitude less than a predetermined value,
attachment error information (warning information) is out-
put at step S108. Thereafter, the processing temporarily exits
from this procedure.

Subsequently, at step S110, the time delay (shift) of the
peak of the first photoplethysmographic signal (first accel-
eration plethysmogram) and the time delay (shift) of the
peak of the second photoplethysmographic signal (second
acceleration plethysmogram) are determined. Then, the
respective peaks of the first photoplethysmographic signal
(first acceleration plethysmogram) and the second photopl-
ethysmographic signal (second acceleration plethysmo-
gram) are each corrected based on the determined time
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delay. Since the method of correcting the peaks is the same
as described above, a detailed description in this regard is
not provided herein.

Then, at step S112, the time difference (peak time differ-
ence) between the corrected peak of the first photoplethys-
mographic signal (first acceleration plethysmogram), and
the corrected peak of the second photoplethysmographic
signal (second acceleration plethysmogram) is calculated.

Then, at step S114, it is determined whether the peak time
difference calculated at step S112 is equal to or greater than
a predetermined value (for example, about 0.01 second). If
the peak time difference is equal to or greater than a
predetermined value, the processing transfers to step S118.
If the peak time difference is less than a predetermined
value, error information (noise determination) is output at
step S116. Thereafter, the processing temporarily exits from
this procedure.

At step S118, the peak time difference calculated at step
S112 is determined as the pulse transmission time, and the
pulse interval is acquired.

Next, at step S120, the rate of change in the pulse interval
acquired at step S118 is calculated, and the variability of rate
of change in pulse interval is calculated. Then, at step S122,
it is determined whether the variability of rate of change in
pulse interval calculated in step S120 is within a predeter-
mined range. If the variability of rate of change in pulse
interval is within a predetermined range, the processing
transfers to step S126. If the variability of rate of change in
pulse interval is not within a predetermined range, pulse
rhythm abnormality information is output at step S124.
Further, the pulse interval and the pulse transmission time
are output at the same time.

At step S126, the autonomic function table is searched by
using the pulse transmission time determined at step S118,
and autonomic function is estimated. Since the autonomic
function table and other details are the same as described
above, a detailed description in this regard is not provided
herein.

Then, at step S128, the autonomic function estimated at
step S126 is output. The pulse transmission time, the pulse
interval, and other information are also output at the same
time. Thereafter, the processing temporarily exits from this
procedure.

Next, the sleep support process executed by the biological
state estimating apparatus 3 will be described with reference
to FIG. 7.

At step S200, the first photoplethysmographic signal
detected by the first photoplethysmographic sensor 10 and
the second photoplethysmographic signal detected by the
second photoplethysmographic sensor 20 are read. Subse-
quently, at step S202, filtering is applied to the first photop-
lethysmographic signal and the second photoplethysmo-
graphic signal read at step S200. Further, second-order
differentiation is applied to the first photoplethysmographic
signal and the second photoplethysmographic signal to
respectively acquire the first acceleration plethysmogram
and the second acceleration plethysmogram.

Next, at step S204, the respective peaks of the first
photoplethysmographic signal (first acceleration plethysmo-
graphic signal) and the second photoplethysmographic sig-
nal (second acceleration plethysmographic signal) are
detected. Then, peak time, peak amplitude, and other such
information are stored for all of the detected peaks.

Subsequently, at step S206, it is determined whether the
peak of the first photoplethysmographic signal (first accel-
eration plethysmographic signal) detected at step S204 has
an amplitude equal to or greater than a predetermined value.
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If the peak of the first photoplethysmographic signal (first
acceleration plethysmographic signal) has an amplitude
equal to or greater than a predetermined value, the process-
ing transfers to step S210. If the peak of the first photopl-
ethysmographic signal (first acceleration plethysmographic
signal) has an amplitude less than a predetermined value,
attachment error information (warning information) is out-
put at step S208. Thereafter, the processing temporarily exits
from this procedure.

At step S210, the time delay (shift) of the peak of the first
photoplethysmographic signal (first acceleration plethysmo-
gram) and the time delay (shift) of the peak of the second
photoplethysmographic signal (second acceleration plethys-
mogram) are calculated. Then, the respective peaks of the
first photoplethysmographic signal (first acceleration
plethysmogram) and the second photoplethysmographic sig-
nal (second acceleration plethysmogram) are each corrected
based on the determined time delay. Since the method of
correcting the peaks is the same as described above, a
detailed description in this regard is not provided herein.

Then, at step S212, the time difference (peak time differ-
ence) between the corrected peak of the first photoplethys-
mographic signal (first acceleration plethysmogram), and
the corrected peak of the second photoplethysmographic
signal (second acceleration plethysmogram) is calculated.

Then, at step S214, it is determined whether the peak time
difference calculated at step S212 is equal to or greater than
a predetermined time (for example, about 0.01 second). If
the peak time difference is equal to or greater than a
predetermined value, the processing transfers to step S218.
If the peak time difference is less than a predetermined
value, error information (noise determination) is output at
step S216. Thereafter, the processing temporarily exits from
this procedure.

At step S218, the peak time difference calculated at step
S212 is determined as the pulse transmission time, and the
pulse interval is acquired.

Next, at step 8220, it is determined whether the pulse
transmission time calculated at step S218 (the present mea-
surement) is greater than the criterion value (the maxinum
value of pulse transmission time) currently stored. If the
pulse transmission time (the present measurement) is greater
than the criterion value currently stored, the processing
transfers to step S222. If the pulse transmission time (the
present measurement) is equal to or less than the criterion
value currently stored, the processing transfers to step S224.

At step S222, the criterion value (the maximum value of
pulse transmission time) is updated. That is, the pulse
transmission time obtained at step S218 (the present mea-
surement) is stored as a new criterion value. Further, a
predetermined threshold to determine whether the user’s
body is in a state suitable for sleep is reset based on the new
criterion value. Then, the processing transfers to step S224.

At step S224, it is determined whether the pulse trans-
mission time is greater than a predetermined threshold
corresponding to the pulse interval, that is, whether the
user’s body is in a state suitable for sleep. If the pulse
transmission time is greater than a predetermined threshold
corresponding to the pulse interval, that is, if the user’s body
is in a state suitable for sleep, the processing transfer to step
S228. If the pulse transmission time is equal to or less than
a predetermined threshold corresponding to the pulse inter-
val, that is, if the user’s body is not in a state suitable for
sleep, the processing transfers to step S226.

At step S226, the temperature of the forearm is raised by
heating the forearm (for example, the wrist) (or increasing
heat retention in the forearm). Alternatively, the temperature
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of the neck is lowered by cooling the neck. This puts the
user’s body in a state suitable for sleep. Thereafter, the
processing temporarily exits from this procedure.

At step S228, the operating condition of a component
such as the forearm heater 51 is maintained without being
changed (or the operating condition is relaxed), and the
user’s body is maintained in a state suitable for sleep.
Thereafter, the processing temporarily exits from this pro-
cedure.

As described above, in the present preferred embodiment,
the first photoplethysmographic sensor 10 and the second
photoplethysmographic sensor 20 are disposed on the con-
tact surface 1a that comes into contact with the body when
the biological state estimating apparatus 3 is attached to the
body. Thus, by simply attaching the biological state esti-
mating apparatus 3 to the user such that the contact surface
1a comes into contact with the body, the second photopl-
ethysmographic signal corresponding to the flow of blood in
the capillaries, and the first photoplethysmographic signal
corresponding to the flow of blood in an artery thicker than
the capillaries are able to be detected. This configuration
allows for easier attachment to the body, and enables con-
tinuous measurement of pulse transmission time during
activities (during daily life).

According to the present preferred embodiment, the spac-
ing between the second light emitter 21 and the second light
receiver 22 is preferably shorter than the spacing between
the first light emitter 11 and the first light receiver 12. This
configuration allows the second photoplethysmographic
sensor 20 to detect the second photoplethysmographic signal
corresponding to the flow of blood in the capillaries located
close to the epidermis (that is, at a shallow depth). By
contrast, the first photoplethysmographic sensor 10 is able to
detect the first photoplethysmographic signal corresponding
to the flow of blood in an artery located distant from the
epidermis (that is, at a deep depth) and thicker than the
capillaries.

The blue to yellow-green wave lengths of light in the
range of about 450 nm to about 580 nm are subject to strong
absorption in living bodies. Thus, these wave lengths of light
allow for greater output of the resulting photoplethysmo-
graphic signal but do not allow the optical path length to be
extended. By contrast, near-infrared light with wave lengths
in the range of about 800 nm to about 1000 nm is not subject
to strong absorption in living bodies. Thus, such near-
infrared light provides smaller output of the resulting pho-
toplethysmographic signal but allows for extended optical
path length. Therefore, the present preferred embodiment
allows for improved S/N compared to when sources of light
of the same wave length are used as the first light emitter 11
and the second light emitter 21.

Detection of a photoplethysmographic signal at an artery
located distant from the epidermis (that is, at a deep depth)
and thicker than the capillaries is subject to high dependency
on the detecting location. That is, displacement of the
detecting location from that suitable for detection may make
it impossible to properly detect a photoplethysmographic
signal. According to the present preferred embodiment, if
the amplitude of the first photoplethysmographic signal is
equal to or less than a predetermined value, this is deter-
mined to be an error, thus allowing displacement of the
detecting location to be recognized. This makes it possible
to prevent measurements from being taken with such dis-
placement of the detecting location left as it is.

According to the present preferred embodiment, the pulse
wave sensor 100 (the first photoplethysmographic sensor 10)
is configured to be movable. Thus, if, for example, attach-
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ment error information is output, the location of the pulse
wave sensor 100 (the first photoplethysmographic sensor 10)
is able to be adjusted without detaching the apparatus from
the user’s body.

According to the present preferred embodiment, the first
photoplethysmographic sensor 10 and the second photopl-
ethysmographic sensor 20 are disposed on the contact sur-
face la that comes into contact with the wrist when the
biological state estimating apparatus 3 is attached to the
body, and the first photoplethysmographic sensor 10 detects
the first photoplethysmographic signal corresponding to the
flow of blood in the radial artery. Among various arteries,
which are thick, the radial artery in particular is located at a
relatively shallow depth from the epidermis. Thus, the
configuration according to the present preferred embodi-
ment allows for stable measurement of the first photopl-
ethysmographic signal. Furthermore, the apparatus is
attached at the wrist, thus creating relatively less user
resistance to attachment of the apparatus. This allows the
apparatus to be attached on the user’s body for an extended
period of time without giving a sense of discomfort.

According to the present preferred embodiment, the pulse
wave sensor 100 (the first photoplethysmographic sensor 10)
is disposed on the contact surface 1a such that when the
biological state estimating apparatus 3 is attached to the
body, the pulse wave sensor 100 comes into contact with an
area of the epidermis over the radial artery. This configura-
tion allows for easy positioning of the pulse wave sensor 100
(the first photoplethysmographic sensor 10) even when the
user is unable to accurately identify where the radial artery
is located.

The radial artery is located deeper from the epidermis
than the capillaries. According to the present preferred
embodiment, the area of the contact surface 1a where the
first photoplethysmographic sensor 10 is disposed protrudes
in a smooth convex shape toward the wrist. This configu-
ration allows the first photoplethysmographic sensor 10 to
be pressed toward the wrist to ensure more stable measure-
ment of the first photoplethysmographic signal.

According to the present preferred embodiment, if the
pulse transmission time obtained is equal to or less than a
predetermined value, this is determined as noise. This makes
it possible to easily and properly discriminate noise supet-
imposed on the pulse wave signal, for example, noise
resulting from body movements.

According to the present preferred embodiment, a pulse
rhythm abnormality due to arrhythmia is able to be easily
and properly determined. In this case, in particular, the
biological state estimating apparatus 3 includes the pulse
transmission time measuring apparatus 1 configured as
mentioned above. This allows for easier attachment to the
body, and also enables continuous detection of a pulse
rhythm abnormality during activities (during daily life).

According to the present preferred embodiment, if the
pulse transmission time is equal to or less than a predeter-
mined threshold, it is determined that the user’s body is not
in a state suitable for sleep. It is thus possible to determine
whether the user’s body is in a state suitable for sleep. In
particular, in this case, the biological state estimating appa-
ratus 3 includes the pulse transmission time measuring
apparatus 1 configured as mentioned above, thus allowing
for easier attachment to the body.

According to the present preferred embodiment, if the
user’s body is not in a state suitable for sleep, the tempera-
ture of the user’s forearm is raised. This allows only the
forearm to be heated without raising the temperature of the
trunk of the body. This puts the user’s body in a state in
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which the forearm is heated to cause the peripheral blood
vessels in the fingers to widen, with the temperature of the
trunk of the body remaining low, in other words, a state
suitable for sleep. It is thus possible for the user to smoothly
get to sleep (fall asleep) and obtain deep sleep.

Further, according to the present preferred embodiment,
the autonomic function table (autonomic function correla-
tion information) defined in advance based on the relation-
ship between pulse transmission time and autonomic func-
tion is stored. Thus, by measuring the pulse transmission
time of the user, and using the measured pulse transmission
time as an index, autonomic function as an example of
biological state is able to be estimated for evaluation. In
particular, the time difference between the respective peaks
of pulse waves obtained from the thick artery and the
capillaries is measured. This allows the influence of the
capillaries to be strongly reflected, thus enabling estimation
of autonomic activities, coldness of the hand/blood circula-
tion, and other conditions related to the constriction/dilation
of blood vessels. Further, in this case, the biological state
estimating apparatus 3 includes the pulse transmission time
measuring apparatus 1 configured as mentioned above. This
allows for easier attachment to the body, and also enables
continuous estimation and evaluation of autonomic function
during activities (during daily life).

First Modification

In the preferred embodiment of the present invention
described above, the first photoplethysmographic sensor 10
including the first light emitter 11 and the first light receiver
12, and the second photoplethysmographic sensor 20 includ-
ing the second light emitter 21 and the second light receiver
22 are used to respectively detect the first and second
photoplethysmographic signals. Alternatively, as illustrated
in FIG. 8, the first light emitter 11 and the second light
emitter 21 may be made common (that is, shared by the first
photoplethysmographic sensor 10 and the second photopl-
ethysmographic sensor 20). FIG. 8 is a block diagram
illustrating the configuration of a biological state estimating
apparatus 3B including a pulse transmission time measuring
apparatus 1B according to a first modification of a preferred
embodiment of the present invention. In FIG. 8, components
identical or equivalent to those in the preferred embodiment
mentioned above are denoted by the same reference signs.

In the pulse transmission time measuring apparatus 1B
according to the first modification, the first photoplethys-
mographic sensor 10 includes the first light emitter 11 and
the first light receiver 12, and detects the first photoplethys-
mographic signal as in the preferred embodiments men-
tioned above. A second photoplethysmographic sensor 20B
includes the first light emitter 11 and the second light
receiver 22, and detects the second photoplethysmographic
signal.

The first photoplethysmographic sensor 10 and the second
photoplethysmographic sensor 20B are disposed on the
pulse wave sensor 100. At that time, the spacing between the
first light emitter 11 and the second light receiver 22 is set
less than the spacing between the first light emitter 11 and
the first light receiver 12. The first modification is otherwise
identical or similar in configuration to the biological state
estimating apparatus 3 (the pulse transmission time measur-
ing apparatus 1) mentioned above, and thus a detailed
description in this regard is not provided herein.

Examples of suitable methods to isolate the first photop-
lethysmographic signal and the second photoplethysmo-
graphic signal from each other include those based on time
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division (causing detected beams of light to be emitted in a
pulsed fashion and shifting the timing of their emissions
relative to each other), those based on wave length division
(disposing a wave filter corresponding to each individual
wave length in front of the light receiver), and those based
on space division (spacing the detected beams of light apart
to avoid their mutual interference).

As with the above-mentioned preferred embodiment, the
first modification allows for easier attachment to the body,
and enables continuous measurement of pulse transmission
time during activities (during daily life). In this case, the
sharing of the same light emitter allows for, for example,
reduced size, weight, and cost of the apparatus.

According to the first modification, the spacing between
the first light emitter 11 and the second light receiver 22 is
preferably shorter than the spacing between the first light
emitter 11 and the first light receiver 12. This configuration
allows the second photoplethysmographic sensor 20B to
detect the second photoplethysmographic signal correspond-
ing to the flow of blood in the capillaries located close to the
epidermis (that is, at a shallow depth). By contrast, the first
photoplethysmographic sensor 10 is able to detect the first
photoplethysmographic signal corresponding to the flow of
blood in an artery located distant from the epidermis (that is,
at a deep depth) and thicker than the capillaries.

Second Modification

In the preferred embodiments of the present invention
mentioned above, the first photoplethysmographic sensor 10
including the first light emitter 11 and the first light receiver
12, and the second photoplethysmographic sensor 20 includ-
ing the second light emitter 21 and the second light receiver
22 are used to respectively detect the first and second
photoplethysmographic signals. Alternatively, as illustrated
in FIG. 9, the first light receiver 12 and the second light
receiver 22 may be made common (that is, shared by the first
photoplethysmographic sensor 10 and the second photopl-
ethysmographic sensor 20). FIG. 9 is a block diagram
illustrating the configuration of a biological state estimating
apparatus 3C including a pulse transmission time measuring
apparatus 1C according to a second modification. In FIG. 9,
components identical or equivalent to those in the preferred
embodiments mentioned above are denoted by the same
reference signs. In this case, components such as an ampli-
fier may be shared as well.

In the pulse transmission time measuring apparatus 1C
according to the second modification, the first photoplethys-
mographic sensor 10 includes the first light emitter 11 and
the first light receiver 12, and detects the first photoplethys-
mographic signal as in the preferred embodiment mentioned
above. A second photoplethysmographic sensor 20C
includes the second light emitter 21 and the first light
receiver 12, and detects the second photoplethysmographic
signal.

The first photoplethysmographic sensor 10 and the second
photoplethysmographic sensor 20C are disposed on the
pulse wave sensor 100. At that time, the spacing between the
second light emitter 21 and the first light receiver 12 is set
less than the spacing between the first light emitter 11 and
the first light receiver 12. The second modification is oth-
erwise identical or similar in configuration to the biological
information state apparatus 3 (the pulse transmission time
measuring apparatus 1) mentioned above, and thus a
detailed description in this regard is not provided herein.

Examples of suitable methods to isolate the first photop-
lethysmographic signal and the second photoplethysmo-
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graphic signal from each other include those based on time
division (causing detected beams of light to be emitted in a
pulsed fashion and shifting the timing of their emissions
relative to each other), those based on wave length division
(disposing a wave filter corresponding to each individual
wave length in front of the light receiver), and those based
on space division (spacing the detected beams of light apart
to avoid their mutual interference).

As with the above-mentioned preferred embodiments, the
second modification allows for easier attachment to the
body, and enables continuous measurement of pulse trans-
mission time during activities (during daily life). In this
case, the sharing of the same light receiver allows for, for
example, reduced size, weight, and cost of the apparatus.

According to the second modification, the spacing
between the second light emitter 21 and the first light
receiver 12 is preferably shorter than the spacing between
the first light emitter 11 and the first light receiver 12. This
configuration allows the second photoplethysmographic
sensor 20C to detect the second photoplethysmographic
signal corresponding to the flow of blood in the capillaries
located close to the epidermis (that is, at a shallow depth).
By contrast, the first photoplethysmographic sensor 10 is
able to detect the first photoplethysmographic signal corre-
sponding to the flow of blood in an artery located distant
from the epidermis (that is, at a deep depth) and thicker than
the capillaries.

Third Modification

In the preferred embodiment mentioned above, the first
photoplethysmographic sensor 10 including the first light
emitter 11 and the first light receiver 12 is used to detect the
first photoplethysmographic signal corresponding to the
flow of blood in the radial artery. Alternatively, as illustrated
in FIG. 10, a piezoelectric pulse wave sensor 13 that
includes a piezoelectric element 14 and detects a piezoelec-
tric pulse wave signal may be used instead of the first
photoplethysmographic sensor 10. FIG. 10 is a block dia-
gram illustrating the configuration of a biological state
estimating apparatus 3D including a pulse transmission time
measuring apparatus 1D according to a third modification of
a preferred embodiment of the present invention. In FIG. 10,
components identical or equivalent to those in the preferred
embodiments of the present invention described above are
denoted by the same reference signs.

In the pulse transmission time measuring apparatus 1D
according to the third modification, the piezoelectric pulse
wave sensor 13 detects a piezoelectric pulse wave signal
corresponding to the flow of blood (pulsation) in the radial
artery. A photoplethysmographic sensor 20D includes a light
emitter 21D and a light receiver 22D, and detects a photop-
lethysmographic signal corresponding to the flow of blood
in the capillaries.

The piezoelectric pulse wave sensor 13 is disposed on the
pulse wave sensor 100 mentioned above. The third modifi-
cation is otherwise identical or similar in configuration to the
biological state estimating apparatus 3 (the pulse transmis-
sion time measuring apparatus 1) mentioned above, and thus
a detailed description 1n this regard is not provided herein.
Unlike photoplethysmographic pulse waves, piezoelectric
pulse waves are velocity pulse waves. Accordingly, a (first-
order) differentiator 315B is used instead of the second-
order differentiator 315 mentioned above.

As with the above-mentioned preferred embodiment, the
third modification allows for easier attachment to the body,
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and enables continuous measurement of pulse transmission
time during activities (during daily life).

While preferred embodiments of the present invention has
been described above, the present invention is not limited to
the above-mentioned preferred embodiments but can be
practiced with various modifications. For example, although
the above-mentioned preferred embodiments are preferably
directed to the biological state estimating apparatus 3 of a
wristwatch type, the type of the biological state estimating
apparatus used is not limited to the wristwatch type. For
example, the biological state estimating apparatus 3 may be
of a wrist band type, or may be of a type placed at the edge
of the sleeve of a garment such as a shirt. For example, in
the case of a wrist band-type biological state estimating
apparatus, the first photoplethysmographic sensor 10 and the
second photoplethysmographic sensor 20 are attached on the
inner side of a wrist band made of a stretchable material to
ensure that these sensors come into close contact with the
user’s wrist when the biological state estimating apparatus is
attached to the body.

Although the above-mentioned preferred embodiments
preferably measures pulse transmission time at the wrist
where the radial artery is located, the site to measure pulse
transmission time is not limited to the wrist. For example,
pulse transmission time may be measured at a site such as
the neck where the carotid artery is located, the elbow where
the brachial artery is located, or the temple where the
superficial temporal artery is located.

Although the above-mentioned preferred embodiments
preferably uses the autonomic function table to estimate the
biological state (autonomic function) of the user, the bio-
logical state may be estimated by calculation based on a
correlation equation.

Measurement data such as the pulse signal and pulse
transmission time acquired may be output to and displayed
on a device such as 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 processed
on the server. In this case, data such as the correlation
information mentioned above is stored on the PC, smart
phone, or server.

While preferred embodiments of the present invention
have been described above, it is to be understood that
variations and modifications will be apparent to those skilled
in the art without departing from the scope and spirit of the
present invention. The scope of the present invention, there-
fore, is to be determined solely by the following claims.

What is claimed is:

1. A pulse transmission time measuring apparatus com-

prising:

a first photoplethysmographic sensor that includes a first
light emitter and a first light receiver, and detects a first
photoplethysmographic signal;

a second photoplethysmographic sensor that includes a
second light emitter and a second light receiver, and
detects a second photoplethysmographic signal;

a peak detector that detects a peak of the first photopl-
ethysmographic signal detected by the first photopl-
ethysmographic sensor, and a peak of the second pho-
toplethysmographic signal detected by the second
photoplethysmographic sensor; and

a pulse transmission time calculator that calculates a pulse
transmission time from a time difference between the
peak of the first photoplethysmographic signal detected
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by the peak detector and the peak of the second
photoplethysmographic signal detected by the peak
detector; wherein

the first photoplethysmographic sensor and the second

photoplethysmographic sensor are disposed on a con-
tact surface of the pulse transmission time measuring
apparatus that, when the pulse transmission time mea-
suring apparatus is attached to a body, comes into
contact with the body;

the second photoplethysmographic sensor detects the sec-

ond photoplethysmographic signal corresponding to
flow of blood in capillaries; and

the first photoplethysmographic sensor detects the first

photoplethysmographic signal corresponding to flow of
blood in an artery thicker than the capillaries.

2. The pulse transmission time measuring apparatus
according to claim 1, wherein the second light emitter and
the second light receiver are separated by a spacing that is
less than a spacing between the first light emitter and the first
light receiver.

3. The pulse transmission time measuring apparatus
according to claim 1, wherein the first light emitter outputs
light with a wave length of about 800 nm to about 1000 nm,
and the second light emitter outputs light with a wave length
of about 450 nm to about 580 nm.

4. The pulse transmission time measuring apparatus
according to claim 1, wherein the peak detector determines
that an error condition exists if the first photoplethysmo-
graphic signal has an amplitude equal to or less than a
predetermined value.

5. The pulse transmission time measuring apparatus
according to claim 1, wherein the first photoplethysmo-
graphic sensor is capable of being varied in location.

6. The pulse transmission time measuring apparatus
according to claim 1, wherein

the first photoplethysmographic sensor and the second

photoplethysmographic sensor are disposed on a con-
tact surface of the pulse transmission time measuring
apparatus that comes into contact with a wrist when the
pulse transmission time measuring apparatus is
attached to the body; and

the first photoplethysmographic sensor detects the first

photoplethysmographic signal corresponding to flow of
blood in a radial artery.

7. The pulse transmission time measuring apparatus
according to claim 6, wherein the first photoplethysmo-
graphic sensor is disposed on the contact surface such that
when the pulse transmission time measuring apparatus is
attached to the body, the first photoplethysmographic sensor
comes into contact with an area of an epidermis over the
radial artery.

8. The pulse transmission time measuring apparatus
according to claim 1, wherein an area of the contact surface
where the first photoplethysmographic sensor is disposed
has a shape that, when the pulse transmission time measur-
ing apparatus is attached to the body, protrudes in a convex
manner toward a wrist relative to an area of the contact
surface where the first photoplethysmographic sensor is not
disposed.

9. The pulse transmission time measuring apparatus
according to claim 1, wherein the pulse transmission time
calculator determines that an error condition exists if the
pulse transmission time calculated by the pulse transmission
time calculator is equal to or less than a predetermined
value.
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10. A biological state estimating apparatus comprising:

the pulse transmission time measuring apparatus accord-
ing to claim 1;

a pulse interval change rate acquirer that acquires a rate of
change in pulse interval; and

a pulse rhythm abnormality detector that determines a
pulse rhythm abnormality based on variability of the
rate of change in pulse interval acquired by the pulse
interval change rate acquirer.

11. A biological state estimating apparatus comprising:

the pulse transmission time measuring apparatus accord-
ing to claim 1; and

a sleep state detector that determines that a body is not in
a state suitable for sleep if the pulse transmission time
calculated by the pulse transmission time calculator is
equal to or less than a predetermined threshold.

12. The biological state estimating apparatus according to
claim 11, further comprising a forearm heater that, if it is
determined by the sleep state detector that the body is not in
a state suitable for sleep, raises a temperature of a forearm.

13. A biological state estimating apparatus comprising:

the pulse transmission time measuring apparatus accord-
ing to claim 1;

a correlation information storage that stores autonomic
function correlation information, the autonomic func-
tion correlation information being defined in advance
based on a relationship between pulse transmission
time and autonomic function; and

a biological state estimator that estimates an autonomic
function of a user based on the pulse transmission time
calculated by the pulse transmission time calculator,
and the autonomic function correlation information
stored in the correlation information storage.

14. A pulse transmission time measuring apparatus com-

prising:

a first photoplethysmographic sensor that includes a first
light emitter and a first light receiver, and detects a first
photoplethysmographic signal;

a second photoplethysmographic sensor that includes the
first light emitter and a second light receiver, and
detects a second photoplethysmographic signal;

a peak detector that detects a peak of the first photopl-
ethysmographic signal detected by the first photopl-
ethysmographic sensor, and a peak of the second pho-
toplethysmographic signal detected by the second
photoplethysmographic sensor; and

a pulse transmission time calculator that calculates a pulse
transmission time from a time difference between the
peak of the first photoplethysmographic signal detected
by the peak detector and the peak of the second
photoplethysmographic signal detected by the peak
detector; wherein

the first photoplethysmographic sensor and the second
photoplethysmographic sensor are disposed on a con-
tact surface of the pulse transmission time measuring
apparatus that, when the pulse transmission time mea-
suring apparatus is attached to a body, comes into
contact with the body:

the second photoplethysmographic sensor detects the sec-
ond photoplethysmographic signal corresponding to
flow of blood in capillaries; and

the first photoplethysmographic sensor detects the first
photoplethysmographic signal corresponding to flow of
blood in an artery thicker than the capillaries.

15. The pulse transmission time measuring apparatus

according to claim 14, wherein the first light emitter and the
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second light receiver are separated by a spacing that is less
than a spacing between the first light emitter and the first
light receiver.

16. A pulse transmission time measuring apparatus, com-
prising:

a first photoplethysmographic sensor that includes a first
light emitter and a first light receiver, and detects a first
photoplethysmographic signal;

a second photoplethysmographic sensor that includes a
second light emitter and the first light receiver, and
detects a second photoplethysmographic signal,

a peak detector that detects a peak of the first photopl-
ethysmographic signal detected by the first photopl-
ethysmographic sensor, and a peak of the second pho-
toplethysmographic signal detected by the second
photoplethysmographic sensor; and

apulse transmission time calculator that calculates a pulse
transmission time from a time difference between the
peak of the first photoplethysmographic signal detected
by the peak detector and the peak of the second
photoplethysmographic signal detected by the peak
detector; wherein

the first photoplethysmographic sensor and the second
photoplethysmographic sensor are disposed on a con-
tact surface of the pulse transmission time measuring
apparatus that, when the pulse transmission time mea-
suring apparatus is attached to a body, comes into
contact with the body;

the second photoplethysmographic sensor detects the sec-
ond photoplethysmographic signal corresponding to
flow of blood in capillaries; and

the first photoplethysmographic sensor detects the first
photoplethysmographic signal corresponding to flow of
blood in an artery thicker than the capillaries.

17. The pulse transmission time measuring apparatus
according to claim 16, wherein the second light emitter and
the first light receiver are separated by a spacing that is less
than a spacing between the first light emitter and the first
light receiver.

18. The pulse transmission time measuring apparatus
according to claim 16, wherein

the first light emitter outputs light with a wave length of
about 800 nm to about 1000 nm; and

the second light emitter outputs light with a wave length
of about 450 nm to about 580 nm.

19. A pulse transmission time measuring apparatus com-

prising:

a photoplethysmographic sensor that includes a light
emitter and a light receiver, and detects a photoplethys-
mographic signal;

a piezoelectric pulse wave sensor that includes a piezo-
electric element and detects a piezoelectric pulse wave
signal,

a peak detector that detects a peak of the photoplethys-
mographic signal detected by the photoplethysmo-
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graphic sensor, and a peak of the piezoelectric pulse
wave signal detected by the piezoelectric pulse wave
sensor; and
a pulse transmission time calculator that calculates a pulse
transmission time from a time difference between the
peak of the photoplethysmographic signal detected by
the peak detector and the peak of the piezoelectric pulse
wave signal detected by the peak detector; wherein

the photoplethysmographic sensor and the piezoelectric
pulse wave sensor are disposed on a contact surface of
the pulse transmission time measuring apparatus that,
when the pulse transmission time measuring apparatus
is attached to a body, comes into contact with the body;

the photoplethysmographic sensor detects the photopl-
ethysmographic signal corresponding to flow of blood
in capillaries; and

the piezoelectric pulse wave sensor detects the piezoelec-

tric pulse wave signal corresponding to flow of blood in
an artery thicker than the capillaries.

20. The pulse transmission time measuring apparatus
according to claim 19, wherein the peak detector determines
that an error condition exists if the piezoelectric pulse wave
signal has an amplitude equal to or less than a predetermined
value.

21. The pulse transmission time measuring apparatus
according to claim 19, wherein the piezoelectric pulse wave
sensor is capable of being varied in location.

22. The pulse transmission time measuring apparatus
according to claim 19, wherein

the photoplethysmographic sensor and the piezoelectric

pulse wave sensor are disposed on a contact surface of
the pulse transmission time measuring apparatus that
comes into contact with a wrist when the pulse trans-
mission time measuring apparatus is attached to the
body, and

the piezoelectric pulse wave sensor detects the piezoelec-

tric pulse wave signal corresponding to flow of blood in
a radial artery.

23. The pulse transmission time measuring apparatus
according to claim 22, wherein the piezoelectric pulse wave
sensor is disposed on the contact surface such that when the
pulse transmission time measuring apparatus is attached to
the body, the piezoelectric pulse wave sensor comes into
contact with an area of an epidermis over the radial artery.

24. The pulse transmission time measuring apparatus
according to claim 19, wherein an area of the contact surface
where the piezoelectric pulse wave sensor is disposed has a
shape that, when the pulse transmission time measuring
apparatus is attached to the body, protrudes in a convex
manner toward a wrist relative to an area of the contact
surface where the piezoelectric pulse wave sensor is not
disposed.
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