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BLOOD PRESSURE ESTIMATING
APPARATUS, METHOD FOR ESTIMATING
BLOOD PRESSURE, AND
NON-TRANSITORY COMPUTER-READABLE
RECORDING MEDIUM HAVING STORED
THEREIN PROGRAM FOR ESTIMATING
BLOOD PRESSURE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation application of
International Application PCT/JP2016/083770, filed on
Nov. 15, 2016 and designated the U.S., and this application
is based upon and claims the benefit of priority of the prior
Japanese Patent application No. 2015-224729, filed on Nov.
17, 2015, the entire contents of which are incorporated
herein by references.

FIELD

[0002] The embodiments discussed herein are related to a
blood pressure estimating apparatus, a method for estimat-
ing blood pressure, and a non-transitory computer-readable
recording medium having stored therein a program for
estimating blood pressure.

BACKGROUND

[0003] A blood pressure estimating apparatus has been
known which estimates pressure of the blood flowing the
circulatory system of a living body (i.e., blood pressure)
(e.g., see Patent Document 1). A blood pressure estimating
apparatus detects the artery diameter at two positions on the
surface of a finger and detects the electric impedance of the
living body between the two positions. Further, the blood
pressure estimator estimates the blood pressure based on the
detected artery diameters and electrical impedance, and the
Kalman filter.

LIST OF RELATED ART DOCUMENTS

[0004] [Patent Document 1] Japanese National Publica-
tion of International Patent Application No. 2003-500148
[0005] Incidentally, it is difficult to precisely detect an
artery diameter and an electrical impedance. For this reason,
the above blood pressure estimating apparatus sometimes
fails to precisely estimate blood pressure.

SUMMARY

[0006] As an aspect of the invention, a blood pressure
estimating apparatus including: a detecting unit that detects
a first parameter representing a period length being a length
of a period of a heartbeat of a living body:; a processing unit
that determines, using the detected first parameter, a change
of a volume of at least one vessel among a plurality of
vessels that resiliently deform in a mathematical model with
respect to time, the mathematical model expressing blood
flowing in a circulatory system of the living body with fluid
flowing through a flow path formed by annularly coupling
the plurality of vessels, and estimates pressure of the blood
using the determined change and the mathematical model.
[0007] As an additional aspect of the invention, a method
for estimating blood pressure including: determining, using
a first parameter that is detected and that represents a period
length being a length of a period of a heartbeat of a living

Sep. 20,2018

body, a change of a volume of at least one vessel among a
plurality of vessels that resiliently deform in a mathematical
model with respect to time, the mathematical mode express-
ing blood flowing in a circulatory system of the living body
with fluid flowing through a flow path formed by annularly
coupling the plurality of vessels; and estimating pressure of
the blood using the determined change and the mathematical
model.

[0008] As a further aspect of the invention, a non-transi-
tory computer-readable recording medium having stored
therein a program for estimating blood pressure, the pro-
gram causing a computer to execute a process including:
determining, using a first parameter that is detected and that
represents a period length being a length of a period of a
heartbeat of a living body, a change of a volume of at least
one vessel among a plurality of vessels that resiliently
deform in a mathematical model with respect to time, the
mathematical model expressing blood flowing in a circula-
tory system of the living body with fluid flowing through a
flow path formed by annularly coupling the plurality of
vessels; and estimating pressure of the blood using the
determined change and the mathematical model.

[0009] The object and advantages of the invention will be
realized and attained by means of the elements and combi-
nations particularly pointed out in the claims.

[0010] It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory and are not restrictive of the
invention.

BRIEF DESCRIPTION OF DRAWINGS

[0011] FIG. 1 is a block diagram illustrating the configu-
ration of a blood pressure estimating apparatus according to
a first embodiment.

[0012] FIG. 2 is a block diagram illustrating the configu-
ration of a processing unit of FIG. 1.

[0013] FIG. 3 is an explanatory diagram illustrating a
mathematical model used by a processing unit of FIG. 1.
[0014] FIG. 4 is a graph illustrating a change of a refer-
ence no-load volume stored in a processing unit of FIG. 1
with respect to time.

[0015] FIG. 5 is a graph illustrating a change of a refer-
ence target resistance stored in a processing unit of FIG. 1
with respect to a pulse rate ratio.

[0016] FIG. 6 is a graph illustrating a change of a refer-
ence target resistance ratio stored in a processing unit of
FIG. 1 with respect to a pulse rate ratio.

[0017] FIG. 7 is a block diagram illustrating the function
of a processing unit of FIG. 1.

[0018] FIG. 8 is a flow diagram denoting a process per-
formed by a processing umt of FIG. 1.

[0019] FIG. 9 is a flow diagram denoting a process per-
formed by a processing umt of FIG. 1.

[0020] FIG. 10 is a flow diagram denoting a process
performed by a processing unit of FIG. 1.

[0021] FIG. 11 is a graph illustrating an example of a
change of a pulse rate detected by a detecting unit of FIG.
1 with respect to time.

[0022] FIG. 12 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
FIG. 1 with respect to time.

[0023] FIG. 13 is a graph illustrating an example of a
change of a resistance determined by a processing unit of
FIG. 1 with respect to time.
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[0024] FIG. 14 is a graph illustrating an example of a
relationship between a systolic blood pressure estimated by
a processing unit of FIG. 1 and a pulse rate detected by a
detecting unit of FIG. 1.

[0025] FIG. 15 is a graph illustrating an example of a
change of a pulse rate detected by a detecting unit of FIG.
1 with respect to time.

[0026] FIG. 16 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
FIG. 1 with respect to time.

[0027] FIG. 17 is a graph illustrating a change of a
resistance determined by a processing unit of FIG. 1 with
respect to time.

[0028] FIG. 18 is a graph illustrating an example of a
relationship between a systolic blood pressure estimated by
a processing unit of FIG. 1 and a pulse rate detected by a
detecting unit of FIG. 1.

[0029] FIG. 19 is a graph illustrating an example of a
change of a target amplitude stored in a processing unit of
a first modification to the first embodiment with respect to a
pulse rate ratio.

[0030] FIG. 20 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
the first modification to the first embodiment with respect to
time.

[0031] FIG. 21 is a graph illustrating a change of a
resistance determined by a processing unit of the first
modification to the first embodiment with respect to time.
[0032] FIG. 22 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the first modification to the first
embodiment and a pulse rate detected by a detecting unit of
the first modification to the first embodiment.

[0033] FIG. 23 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
the first modification to the first embodiment with respect to
time.

[0034] FIG. 24 is a graph illustrating a change of a
resistance determined by a processing unit of the first
modification to the first embodiment with respect to time.

[0035] FIG. 25 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the first modification to the first
embodiment and a pulse rate detected by a detecting unit of
the first modification to the first embodiment.

[0036] FIG. 26 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
a second modification to the first embodiment with respect
to time.

[0037] FIG. 27 is a graph illustrating a change of a
resistance determined by a processing unit of the second
modification to the first embodiment with respect to time.

[0038] FIG. 28 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the second modification to the first
embodiment and a pulse rate detected by a detecting unit of
the second modification to the first embodiment.

[0039] FIG. 29 is a graph illustrating an example of a
relationship between blood pressure estimated by a process-
ing unit of the second modification to the first embodiment
and blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example.
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[0040] FIG. 30 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
a third modification to the first embodiment with respect to
time.

[0041] FIG. 31 is a graph illustrating a change of a
resistance determined by a processing unit of the third
modification to the first embodiment with respect to time.

[0042] FIG. 32 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the third modification to the first
embodiment and a pulse rate detected by a detecting unit of
the third modification to the first embodiment.

[0043] FIG. 33 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
the third modification to the first embodiment with respect to
time.

[0044] FIG. 34 is a graph illustrating a change of a
resistance determined by a processing unit of the third
modification to the first embodiment with respect to time.

[0045] FIG. 35 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the third modification to the first
embodiment and a pulse rate detected by a detecting unit of
the third modification to the first embodiment.

[0046] FIG. 36 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
a fourth modification to the first embodiment with respect to
time.

[0047] FIG. 37 is a graph illustrating a change of a
resistance determined by a processing unit of the fourth
modification to the first embodiment with respect to time.

[0048] FIG. 38 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the fourth modification to the first
embodiment and a pulse rate detected by a detecting unit of
the fourth modification to the first embodiment.

[0049] FIG. 39 is a graph illustrating an example of a
change of blood pressure estimated by a processing unit of
the fourth modification to the first embodiment with respect
to time.

[0050] FIG. 40 is a graph illustrating a change of a
resistance determined by a processing unit of the fourth
modification to the first embodiment with respect to time.

[0051] FIG. 41 is a graph illustrating an example of a
relationship between the systolic blood pressure estimated
by a processing unit of the fourth modification to the first
embodiment and a pulse rate detected by a detecting unit of
the fourth medification to the first embodiment.

DESCRIPTION OF EMBODIMENTS

[0052] Hereinafter, description will now be made in rela-
tion to each embodiment related to a blood pressure esti-
mating apparatus, a method for estimating blood pressure,
and a non-transitory computer-readable recording medium
having stored therein a program for estimating blood pres-
sure with reference to FIGS. 1-41.

First Embodiment

[0053] (Configuration)

[0054] Asillustrated in FIG. 1, a blood pressure estimating
apparatus 1 of a first embodiment includes a detecting umt
10 and a processing unit 20. In the present embodiment, the
blood pressure estimating apparatus 1 is a wristwatch type.



US 2018/0263514 Al

Alternatively, the blood pressure estimating apparatus 1 may
be of a different type of a wristwatch (e.g., an adhesive
plaster type).

[0055] The detecting unit 10 detects a first parameter
representing a period length corresponding to the length of
a period of a heartbeat (i.c., a pulse) of a living body. In the
present embodiment, living body is a human living body.
Alternatively, the living body may be that of an animal
except for human.

[0056] In the present embodiment, the first parameter is a
pulse rate. A pulse rate is the number of pulse of the living
body per predetermined unit time (in the present embodi-
ment, one minute). In the present embodiment, a pulse rate
is calculated by dividing the unit time by a period length of
a single pulse. Alternatively, the period length may be
calculated by dividing the unit time by a pulse rate. Alter-
natively, a first parameter may be a period length.

[0057] Further, the detecting unit 10 detects a second
parameter representing a magnitude of a heartbeat of the
living body. In the present embodiment, the second param-
eter is the difference between the minimum value and the
maximum value of a signal representing an amount of blood
in an artery within a single pulse. Altematively, the second
parameter may be the width of an artery, a cross sectional
area of an artery, an amount of blood in artery, a flow amount
of blood in artery, a flow rate of blood in artery, and the
difference between the minimum value and the maximum
value of a signal representing at least one of the above
factors within a single pulse. The second parameter may also
be referred to as a pulse amplitude.

[0058] In the present embodiment, the detecting unit irra-
diates an artery of the living body with light, detects
intensity of the light reflected on the living body, and detects
a pulse rate and a pulse amplitude on the basis of a change
of the detected intensity with respect to time. For example,
the detecting unit 10 detects a pulse rate on the basis of a
time between two continuous peaks in the change of the
detected intensity. For example, the detecting unit 10 detects
a pulse amplitude on the basis of the difference between the
minimum value and the maximum value between two con-
tinuous peaks in the change of the detected intensity.
[0059] Alternatively, the detecting unit 10 may include an
element that depresses the surface of the living body near to
an artery (e.g., the wrist) and detect a pulse rate and a pulse
amplitude through detecting pressure that the element
receives from the surface. In this case, the detecting unit 10
may detect the pressure, using a piezoelectric device.
[0060] The detecting unit 10 may include electrodes
attached to the surface of the living body near to the heart
and detect a first parameter and a second parameter through
detecting an electric potential of the surface via the elec-
trodes. In this case, the detecting unit 10 may be an adhesive
plaster type.

[0061] As illustrated in FIG. 2. the processing unit 20
includes a processor 21, a storage device 22, an input device
23, and an output device 24 that are connected to one another
via a bus BU. The processing unit 20 is an example of an
information processing apparatus.

[0062] The processor 21 controls the devices constituting
the processing unit 20 by executing a program stored in the
storage device 22. Thereby, the processing unit 20 achieves
the functions to be described below. In the present embodi-
ment, the processor 21 includes a Central Processing Unit
(CPU). Alternatively, the processor 21 may include a Micro
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Processing Unit (MPU) or a Digital Signal Processor (DSP)
in place of or in addition to the CPU. Further alternatively,
the processor 21 may be configured by a Large Scale
Integration (LSI).

[0063] The storage device 22 writably and readably stores
information. In the present embodiment, the storage device
22 includes at least one of a Random. Access Memory
(RAM), a semiconductor memory, and an organic memory.
The storage device 22 may include at least one of a Hard
Disk Drive (HDD) and a Solid State Drive (SSD). The
storage device 22 may include a recording medium such as
a flexible disk, an optical disk, a magneto-optical disk, or a
semiconductor memory, and a reading device that is able to
read information from the recording medium.

[0064] The input device 23 inputs information from the
outside of the blood pressure estimating apparatus 1. In the
present embodiment, the input device 23 includes a key-type
button. The input device 23 may include a microphone.
[0065] The output device 24 outputs information to the
outside of the blood pressure estimating apparatus 1. In the
present embodiment, the output device 24 includes a moni-
tor display. The output device 24 may include a speaker.
[0066] The processing unit 20 may include a touch-panel
display serving as both the input device 23 and the output
device 24.

[0067] (Function)

[0068] The processing unit 20 estimates pressure of the
blood flowing in the circulatory system of the living body
(i.e., blood pressure) on the basis of the pulse rate and the
pulse amplitude detected by the detecting unit 10, and a
mathematical model.

[0069] Here, description will now be made in relation to a
mathematical model. In the present embodiment, a math-
ematical model expresses blood flowing in the circulatory
system of a living body with fluid flowing through a flow
path formed by annularly coupling multiple vessels that
resiliently deform.

[0070] As illustrated in FIG. 3, the flow path in the
mathematical model consists of the first to the eighth vessels
FV1-FV8 and the first to the eighth communication pipes
FC1 to FC8. Alternatively, the flow path may be formed of
nine or more vessels. For example, the flow path may consist
of nine or more vessels and communication pipes the same
as the number of vessels.

[0071] The first to the eighth vessels FV1-FV8 are annu-
larly coupled. In the present embodiment, the first to the
seventh vessels FV1-FV7 are coupled to the second to the
eighth vessels FV2 to FV8, respectively, via the second to
the eighth communication pipes FC2 to FC8, respectively.
The eighth vessel FV8 and the first vessel FV1 are coupled
to each other via the first communication pipe FC1.
[0072] In the flow path, fluid flows from the first to the
seventh vessels FV1-FV7 to the second to the eighth vessels
FV2 to FV8, respectively, and further flows from the eighth
vessel FV8 to the first vessel FV1.

[0073] In the present embodiment, the first to the eighth
vessels FV1-FV8 represent the left atrium, the left ventricle,
the aorta and the artery on the downstream side of the aorta,
the vena cava and the vein on the upstream side of the vena
cava, the right atrium, the right ventricle, the pulmonary
artery, and the pulmonary vein, respectively.

[0074] Each of the vessels FV1-FV8 is a spherical shell
that resiliently deforms. The differential dP/dt of pressure P,
of the fluid in the i-th vessel FVi among the first to the eighth
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vessels FV1-FV8 8 with respect to time t is given by
Expression 1. The symbol i represents integers of one to
eight.

dPi(n) dvi( [Expression 1]
= =E{Qin- Q0= ——
where i=1,...,8
[0075] The term Q, represents a flow amount flowing into

the i-th vessel FVi; the term Q,,, represents a flow amount
flowing out from the i-th vessel FVi; the term V, represents
a volume of the i-th vessel FVi when the pressure Pi of the
fluid in the i-th vessel FVi is zero (i.e., Vi represents a
no-load volume). The term F, represents a predetermined
coeflicient associated with the i-th vessel FVi. The coefli-
cient E, may be regarded as a parameter representing a ratio
of a change of the pressure Pi of the fluid in the i-th vessel
FViwith respect to time to a change of the volume of the i-th
vessel FVi with respect to time. The coefficient E;, may be
regarded as a parameter representing a ratio of a change of
the pressure P, of the fluid in the i-th vessel FVi with respect
to time to an amount obtained by subtracting an amount of
the fluid flowing out from the i-th vessel FVi per unit time
and a change of the no-load volume Vi of the i-th vessel FVi
with respect to time from an amount of the fluid flowing into
the i-th vessel FVi per unit time.

[0076] Among the first to the eighth vessels FV1-FV8, the
no-load volumes V|, V-V, V., and V of the vessels FV1,
FV3-FV5,FV7, and FV8 except for the second and the sixth
vessels FV2 and FV6 do not change with respect to time. On
the other hand, the no-loaded volumes V, and V, of the
second and the sixth vessels FV2 and FV6 change with
respect to time as indicated by Expression 2. The changes of
the no-loaded volumes V, and V; of the second and the sixth
vessels FV2 and FV6 with respect to time can be regarded
as pulsation of the left ventricule and the right ventricule,
respectively.

Vi =~fa(0),b(),v(), where i=2,6

[0077] The term a represents a pulse amplitude detected
by the detecting unit 10; the term b represents a pulse rate
detected by the detecting unit 10; and the term T represents
a time from a time point of start a period in a period of a
single pulse (i.e., T represents an intra-period time).

[0078] The term f, represents a no-loaded volume V,,
which has a predetermined value depending on the pulse
amplitude a, the pulse rate b, and the time T. In the present
embodiment, the no-load volume {, is given by Expression 3.
As in the present embodiment, the no-loaded volumes f, and
fs of the second and the sixth vessels FV2 and FV6 are
determined on the basis of the pulse amplitude a and the
pulse rate b.

[Expression 2]

Fla(o. b, 7(0) = %ﬁ,o[bbi?rm} [Expression 3]

where i =2, 6

[0079] The term f, , represents a reference value of a
no-load volume f; when the pulse amplitude a is a reference
value a, (i.e., a reference no-load volume). The reference

no-load volume {; , has a value predetermined on the basis
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of a time T from a time point when the period of a single
pulse starts and a ratio of the pulse rate b to the reference
value b, (i.e., pulse rate ratio b/b,). In the present embodi-
ment, the reference no-load volumes f, , and f; , of the
second and the sixth vessels FV2 FV6 are expressed by
curves VL and VR of FIG. 4, respectively.

[0080] As indicated by Expression 4, a flow amount Q,
flowing out from the eighth vessel FV8 equals a flow amount
Q, flowing into the first vessel FV1. Here, the flow amounts
Q, into the first to the eighth vessels FV1-FV8 can be
regarded as the flow amounts of the first to the eighth
communication pipes FC1 to FC8, respectively.

Qo(0=0,(1)

[0081] The flow amount Q, each of the first to the eighth
communication pipes FC1 to FC8 is given by Expression 5.

[Expression 4]

00 = C(P1 (1), P ([)){7&1(12 (;)Pi([)} (Fxpression 3]
where i=1,...,8
[0082] As indicated by Expression 6, the function C

expresses zero when the pressure P,_; of the upstream vessel
connected to the i-th communication pipe FCi is smaller
than the pressure P, of the downstream vessel connected to
the i-th connection pipe FCi. Furthermore, as indicated by
Expression 6, the function C expresses one when the pres-
sure P,_, of the upstream vessel connected to the i-th
communication pipe FCi is equal to or higher than the
pressure P, of the downstream vessel connected to the i-th
connection pipe FCi. The function C can regarded as a valve
that prevents backflow of the fluid (i.e., a check valve).

0, fx<y [Expression 6]

C(x’y):{L ifxzy

[0083] As indicated by Expression 7, the pressure P, of the
upstream vessel connected to the first communication pipe
FC1 equals to the pressure Py of the downstream vessel
connected to the eighth communication pipe FC8.

Py()=Ps(t)

[0084] The term R, represents a resistance against a flow
of a fluid from the upstream vessel connected to the i-th
communication pipe FCi to the downstream vessel con-
nected to the i-th communication pipe FCi. A resistance Ri
can be regarded as a ratio of a difference of pressure of the
fluid in a vessel between two vessels connected to one
another among the multiple vessels FV1-FV8 to the flow
amount of the fluid between the two vessels.

[0085] Among the first to the eighth communication pipes
FC1 to FC8, the resistances R,-R; and Rs-R, against the
communication pipes FC1-FC3 and FC5-FC7 except for the
fourth and the eighth communication pipes FC4 and FC8 do
not change with respect to time. In contrast, as indicated by
Expression 8, the resistances R, and R, against the fourth
and the eighth communication pipes FC4 and FC8 change
with respect to time. The resistances R, and Ry against the
fourth and eighth communication pipes FC4 and FC8 can be
regarded as peripheral vascular resistances.

[Expression 7]
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dR;(1) _ 1 _ _ [Expression 8]
e f_[g‘(a(f)a b() - R0,
where i =4, 8

[0086] The term g, represent a target value of a resistance

R, (i.e., the target resistance). As indicated by Expression 8,
a resistance R, may be considered to approach the target
resistance g, with a delay. A target resistance g, has a value
predetermined in accordance with a pulse amplitude a and a
pulse rate b. In the present embodiment, a target resistance
g, is given by Expression 9.

1) b(1)
s () )

dg bo

[Expressicn 9]

where i =4, 8

[0087] The term g, , represents a reference value of a
target resistance g, (i.e., a reference target resistance) in
cases where the pulse amplitude a is the reference value a,,.
The reference target resistance g, , has a value predeter-
mined in accordance with the pulse rate ratio b/b,. In the
present embodiment, as indicated by FIG. 5, the reference
target resistance g, , decreases as the pulse rate ratio b/b,
increases.

[0088] The term v, represents a ratio (i.e., reference target
resistance ratio) of a target resistance g, to the reference
target resistance g, . The reference target resistance ratio y,
has a value predetermined in accordance with a ratio (i.e., a
pulse amplitude ratio) a/a, of the pulse amplitude a to the
reference value a,. In the present embodiment, as indicated
by FIG. 6, the reference target resistance ratio y, decreases as
the pulse amplitude ratio a/a, increases and becomes one in
cases where the pulse amplitude ratio a/a, is one.

[0089] The term T, represents a time constant of a change
of a resistance R,. The time constant T, may be considered
to express an extent of a delay of a change of a resistance R,
from a change of a target resistance g,.

[0090] As described above, the resistances R, and R,
against the fourth and the eighth communication pipes FC4
and FC8 are determined on the basis of a pulse amplitude a
and a pulse rate b.

[0091] As illustrated in FIG. 7, the function of the pro-
cessing unit 20 includes a memory 201, a determiner 202,
and an estimator 203.

[0092] The processing unit 20 repeats a process of esti-
mating pressures P, (t+At) to Pg(t+At) of the fluid in the first
to the eighth vessels FV1-FV8 after time t+At when a
predetermined step time At has passed since time t, using the
pressures P, (t) to P4(t) of the fluid of the first to the eighth
vessels FV1-FV8 at the time (i.e., a time point) t on the basis
of the above Expressions 1-9.

[0093] The memory 201 stores a reference no-load volume
f; ; and a reference target resistance g; , in advance. Alter-
natively, the processing unit 20 may store a function to
calculate a reference no-load volume {; , in place of storing
a reference no-load volume f; . Likewise, the processing
unit 20 may store a function to calculate a reference target
resistance g, , in place of storing a reference target resis-
tance g; .
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[0094] In the present embodiment, the memory 201 stores
a reference target resistance ratio y, in advance. Alterna-
tively, the processing unit 20 may store a function to
calculate a reference target resistance ratio y, in place of
storing a reference target resistance ratio v,.

[0095] The estimator 203 sets the time 1, the pressures P,
to Py, and the resistances R, to R, to the respective initial
values t,,,, Pl, i 10 PS, > A Rl, i 1O RS, init

[0096] The estimator 203 obtains the pulse rate b(t) and
the pulse amplitude a(t) at a time t on the basis of the pulse
rate and the pulse amplitude detected by detecting unit 10.
In the present embodiment, the estimator 203 obtains the
pulse rate b(t) and the pulse amplitude a(t) at time t through
interpolation (e.g., linear interpolation) on the basis of the
time when the detecting unit 10 detects the pulse rate and the
pulse amplitude, the time t, and the pulse rate and the pulse
amplitude detected by the detecting unit 10.

[0097] Alternatively, the estimator 203 may obtain, not
through interpolation, the pulse rate and the pulse amplitude
detected by the detecting unit 10 at time closest to the time
tto be the pulse rate b(t) and the pulse amplitude a(t) at time
t.

[0098] The determiner 202 calculates a target resistance g,
on the basis of a reference target resistance g, , stored in the
memory 201, Expression 9, and the pulse rate b(t) and the
pulse amplitude a(t) obtained by the estimator 203. In the
present embodiment, the determiner 202 calculates a target
resistance g, on the basis of a reference target resistance g,
o stored in the memory 201, a reference target resistance
ratio v, stored in the memory 201, Expression 9, and the
pulse rate b(t) and the pulse amplitude a(t) obtained by the
estimator 203. Calculating of a target resistance g, is an
example of determining of a target resistance g;.

[0099] The estimator 203 calculates a period length <, at
the time t on the basis of the obtained pulse rate b(t) and
Expression 10.

60 [Expression 10]

[0100] The estimator 203 sets the period starting time t, to
the time t. The period starting time t, is the time when the
period of each pulse starts.

[0101] The estimator 203 calculates intra-period time T by
subtracting the period starting time t, from the time t.
[0102] The estimator 203 calculates the resistances R,(t+
At) and Rg(t+At) against the forth and the eighth communi-
cation pipes FC4 and FC8 at the time t+At when the step
time At has passed since the time t on the basis of Expression
11, which is the difference equation of Expression 8, and a
target resistance g, calculated by the determiner 202. Cal-
culating of a resistance R, is an example of determining of
a resistance R,.

Rilt+A0 = Ri(0) + %[g:(am, b)) - R (), [Expression L1]

where i =4, 8

[0103] The determiner 202 calculates time derivatives
$,(t) and ¢4(t) of the no-load volumes V, and V, of the
second and the sixth vessels FV2 and FV6 at the time t on
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the basis of the reference no-load volume f; , stored in the
memory 201, Expression 3, Expression 12, the pulse rate
b(t) and the pulse amplitude a (t) obtained by the estimator
203, and the intra-period time t(t) calculated by the estima-
tor 203. A time derivative @, of a no-load volume V;, is an
example of a change of the no-load volume V, with respect
to time. Calculating of a time derivative @, is an example of
determining of the time derivative @,.

o0 = %f.(a(t), b, (1), [Expression 12]

where i =2, 6

[0104] The memory 201 may store a time derivative of a
reference no-load volume f; , in place of or in addition to the
reference no-load volume f; . In this case, the determiner
202 may calculate time derivatives §,(t) and ¢4(t) of the
non-load volumes V, and V, of the second and the sixth
vessels FV2 and FV6 at the time t, on the basis of the time
derivative of the reference no-load volume f; , stored in the
memory 201, the pulse rate b(t) and the pulse amplitude a(t)
obtained bun the estimator 203, and the intra-period time (t)
calculated by the estimator 203. In this case, the processing
unit 20 may store a function to calculate a time derivative of
a reference no-load volume f;  in place of storing a time
derivative of a reference no-load volume f; .

[0105] As described above, in the present embodiment,
among the first to the eighth vessels FV1-FV8, the no-load
volumes V, V5-V,, V., and V, of the vessels FV1, FV3-
FV5, FV7, and FV8 except for the second and the sixth
vessels FV2 and FV6 do not change with respect to time.
Accordingly, the time derivatives @, (t), ®5(t) to D7),
@.(1). and Dy(t) of the no-load volumes V, V5 to Vs, V.,
and V except for the second and the sixth vessels FV2 and
FV6 among the first to the eighth vessels FV1-FV8 are zero.
[0106] The estimator 203 calculates the pressures P, (t+At)
to Pg(t+At) of the fluid in the first to the eighth vessels
FV1-FV8 at the time t+At when the step time At has passed
since the time t on the basis of Expressions 13-21 obtained
through applying the Runge-Kutta fourth-order method to
the differential equation indicated by Expression 1. Calcu-
lating the pressures P, (t+At) to Py(t+At) is an example of
estimating of the pressures P, (t+At) to Pg(t+At).

&r ion 13
P+ A1) = P+ = (Kiy +2Ki2+ 2Kz + Kig). [Expression 13]

where i=1,...,8

Po=Pr),wherei=1,...,8 [Expression 14]

Piio-Pio } _ [Expression 15]
R;(t+An

Pi,o—Pi+1,0}_ .( )]

Ri+An)

where i=1,...,8

Ky = E|C(Pi_y0, P;,o){

C(P; 0, P:+1o){

Ar ion 16
P = PO+ =K1, where i= 1, ... 8 [Expression 16]

P -P }_ [Expression 17]

Ri(t+ A1)

C(Piy, Pi+1,1){%} —®;[T+ %)],

Kir= EI[C(PI—I,la Pi,l){

where i=1,...,8
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-continued
Ar sion 18
Py =P+ EK;'Z’ where i=1,...,8 [Expression 18]
P12 =Pz [Expression 19]
Kis= Ei[C(Pi—l,zv Pi,z){m} -
;
P2 =P Ar
C(Pa, Rﬂ,z){m} - q)i(T + 7)]7

where i=1,...,8

Pi3 = Pi(t) + AtK;3, where i =1, ..., 8 [Expression 20]
_ Pz —Pisy [Expression 21]
Kia= Ei[C(Pi—l,Sa Pi,S){WJ -
Pis=Piis _
C(P;3, Pi+1,3){m} (7 + Al)]-,
where i=1,...,8
[0107] After estimating the pressures P, (t+At) to Py(t+At),

the estimator 203 updates the time t to the time t+At when
the step time At has passed since the time t.

[0108] The estimator 203 repeats an intra-period process
including calculating an intra-period time T, the resistances
R, (t+At) and Rg(t+At), the time derivatives ®@,(t) and @4(t)
of the no-load volumes V, and V,, and the pressures
P,(t+At) to Pg(t+At) and updating the time t as long as the
intra-period time T is equal to or less than the period length

T,.

[0109] In cases where the intra-period time T comes to be
longer than the period length T, the estimator 203 again
obtains the pulse rate b(t) and the pulse amplitude a(t),
calculates a target resistance g, and the period length ., and
sets the period starting time t,, and then carries out the
intra-period process again.

[0110] In the present embodiment, the processing unit 20
stores the time t and the pressures P, (t) to Pg(t) at the time
t in association with each other each time the time t is
updated. Furthermore, in the present embodiment, the pro-
cessing unit 20 outputs (e.g., displaying on the monitor
display) the latest calculated blood pressure via the output
device 24 each time a predetermined displaying period (e.g.,
five minutes) passes. In the present embodiment, the pro-
cessing unit 20 outputs the pressure P, of the fluid in the
third vessel FV3 as the blood pressure.

[0111] Here, the estimator 203 may use constant values
(e.g., time derivatives ®@,(t) in the intra-period time t) as the
time derivatives of the no-load volumes V, and V of the
second and the sixth vessels FV2 and FV6 with respect to a
time period between the intra-period time T and the time t+At
when the step time At has passed since the intra-period time
T.

[0112] Alternatively, the estimator 203 may use Expres-
sions 22-25 in place of Expressions 15, 17, 19, and 21,
respectively. In this case, the estimator 203 may calculate,
on the basis of Expression 26, the resistances R,(t+At/2) and
Rg(t+At/2) against the fourth and the eighth communication
pipes FC4 and FC8 at the time t+At/2 when the half At/2 of
the step time At has passed since the time t.

Pro=Pioy [Expression 22]
R )

Pio— Py

——— %D,
Ripi (1) } ]

K1 = E|C(Pi_10, Pi,o){

CPyo, Proso)|

where i=1,...,8
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-continued

i [Expression 23]
Piii=-FPi
C(Pi_y1, Piy) -

¢ Ar
R‘-\\l‘+ 7)

Ki2=E

P - P Ar
C(Pir, P.H,l){"l—”;;}—@.(n =8
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where i=1,...,8

i [Expression 24]
Piip-Pi2
Kis = E;|C(Pi_y2. Pi2) A~
R,-\\t+ 7)

P; —P; Ar
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where i=1,...,8
_ P3P [Expression 23]
Kia= Ei[C(Pifl,Sa Pi,s){ Rii+h0) }—
Pis—Piys _
C(Pi3, Pi+1,3){m} - Qv+ Al)],
where i=1,...,8
(A A i
Rit+ =)= R0+ melgia. by - Rl reon 2]
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where i =4, 8
[0113] (Operation)
[0114] Next, description will now be made in relation to

operation of the blood pressure estimating apparatus 1.
[0115] The detecting unit 10 detects the pulse rate and the
pulse amplitude each time when a predetermined detecting
period (e.g., one second) passes.

[0116] Specifically, the processing unit 20 carries out the
process of FIG. 8. Hereinafter, description will now be made
in relation to the process of FIG. 8.

[0117] The processing unit 20 sets the time t, the pressures
P, to Py, and the resistances R, to Ry to the respective initial
values t,,;, P, ,,,t0 P andR,; ,.toR; ... (Step 8101 of
FIG. 8).

[0118] Next, the processing unit 20 obtains the pulse rate
b(t) and the pulse amplitude a(t) at the time t on the basis of
the pulse rate and the pulse amplitude detected by the
detecting unit 10 (Step S102 of FIG. 8).

[0119] The processing unit 20 calculates the target resis-
tance g, on the basis of the reference target resistance g,
stored in the memory 201 and the pulse rate b(t) and the
pulse amplitude a(t) obtained in Step S102 (Step S103 of
FIG. 8). In the present embodiment, the processing unit 20
calculates the target resistance g, on the basis of the refer-
ence target resistance g,  stored in the memory 201, the
reference target resistance ratio y, stored in the memory 201,
and the pulse rate b(t) and the pulse amplitude a(t) obtained
in Step S102.

[0120] Next, the processing unit 20 calculates the period
length T, at the time t on the basis of the pulse rate b(t)
obtained in Step S102, and also sets the period start time t,
to the time t (Step S104 of FIG. 8).

[0121] Then the processing unit 20 calculates the value
obtained by subtracting the period start time t, set in Step
S104 from the time t to be the intra-period time T (Step S105

1, ini 8, ini> 1, ini 8, ini
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of FIG. 8). Next, the processor 20 determines whether the
intra-period time T calculated in Step S105 is equal to or less
than the period length T, calculated in Step S104 (Step S106
of FIG. 8).

[0122] First, description will now be made in relation to a
case where the intra-period time T is equal to or less than the
period length <. In this case, the processing unit 20 makes
a “Yes” determination and proceeds to Step S107 of FIG. 8.
Then, the processing unit 20 sets the resistances R, (t+At) to
R;(t+At), and Rs(t+At) to R,(t+At) against the communicat-
ing pipes FC1 to FC3 and FC5 to FC7 except for the fourth
and the eighth communication pipes FC4 and FC8 among
the first to the eighth communication pipes FC1 to FC8 at the
time t+At when the step time At has passed since the time t
to the resistances R (t) to R,(t), and R(t) to R,(t) at the time
t, respectively.

[0123] Furthermore, the processing unit 20 calculates the
resistances R, (t+At) and Rg(t+At) against the fourth and the
eighth communication pipes FC4 and FC8 at the time t+At
when the step time At has passed since the time t on the basis
of the target resistance g; calculated in Step S103. In addi-
tion, the processing unit 20 sets, for convenience, the
resistance Ry(t+At) to be used to the resistance R,(t+At)
against the first communication pipe FC1 in Step S108.
[0124] Next, the processing unit 20 calculates the pres-
sures P, (t+At) to Pg(t+At) of the fluid of the first to the eight
vessels FV1-FV8 at the time t+At when the step time At has
passed since the time t (Step S108 of FIG. 8). The process
of Step S108 will be detailed below.

[0125] After that, the processing unit 20 updates the time
t to the time t+At when the step time At has passed since the
time t (Step S109 of FIG. 8). Then the processing unit 20
returns to Step S105 and repeats the process of from Step
S105 to Step S109 until the intra-period time T comes to be
larger than the period length T,.

[0126] When the intra-period time T comes to be larger
than the period length T,, the processing unit 20 makes a
“No” determination in Step S106 and returns to Step S102
of FIG. 8. After that, the processing unit 20 again carries out
a process of and subsequent to Step S102 on the time t
updated in Step S109. In the present embodiment, when the
procedure proceeds to Step S102 of FIG. 8, the processing
unit 20 waits until the latest time among the times at which
a pulse rate and a pulse amplitude are detected by the
detecting unit 10 comes to be later than (future of) the time
t updated to in Step S109.

[0127] Further description will be made in relation to the
process of Step S108 of FIG. 8.

[0128] The processing unit 20 carries out the process of
FIGS. 9 and 10 for the process of Step S108 of FIG. 8.
Hereinafter, further description will be made in relation to
the process of FIGS. 9 and 10.

[0129] The processing unit 20 sets first provisional pres-
sures P, , to Py ,, which are provisional values of the
pressures of the fluid in the first to the eighth vessels
FV1-FV8, respectively, to the pressures P, (1) to Py(t) of the
fluid in the first to the eighth vessels FV1-FV8 at the time t.

[0130] Furthermore, the processing unit 20 sets, for con-
venience, the first provisional pressures P, . Py that are to
be used to the first provisional pressures Py o, P, q, respec-
tively. In addition, the processing unit 20 calculates first
rates K, , to Ky | of change over time on the basis of the first
provisional pressures P, , to Py , the resistances R, (t+At)
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to Ry(t+At) calculated in Step S107 of FIG. 8, and the time
derivatives @ (1)-Dy(T) at the intra-period time T (step S201
of FIG. 9).

[0131] Next, the processing unit 20 sets second provi-
sional pressures P, | to P, |, which are provisional values
of the pressures of the fluid in the first to the eighth vessels
FV1-FV8, to sums of the pressures P, (t)-P4(1) of the fluid in
the first to the eighth vessels FV1-FV8 at the time t and the
products of the first rates K, | to K, , of change over time
calculated in Step S201 of FIG. 9 and the value obtained by
dividing the step time At by two, respectively.

[0132] Furthermore, the processing unit 20 sets, for con-
venience, the second provisional pressures P, |, P ; thatare
to be used to the second provisional pressures Py |, P, |,
respectively. In addition, the processing unit 20 calculates
second rates K, , to K, , of change over time on the basis
of the second provisional pressures P, | to P, |, resistances
R, (t+At) to Ry(t+At) calculated in Step S107 of FIG. 8, and
time derivatives @, (T+At/2) to O4(T+At/2) at the time T+At/2
after the half of the step time At from the intra-period time
T (Step S202 of FIG. 9).

[0133] Next, the processing unit 20 sets third provisional
pressures P, , to Py ,, which are provisional values of the
pressures of the fluid in the first to the eighth vessels
FV1-FV8, to sums of the pressures P, (t)-P4(1) of the fluid in
the first to the eighth vessels FV1-FV8 at the time t and the
products of the second rates K, , to K, , of change over time
calculated in Step S202 of FIG. 9 and the value obtained by
dividing the step time At by two, respectively.

[0134] Furthermore, the processing unit 20 sets, for con-
venience, the third provisional pressures P, », Py , that are
to be used to the third provisional pressures Py ., P, »,
respectively. In addition, the processing unit 20 calculates
third rates K, ; to K, 5 of change over time on the basis of
the third provisional pressures P, , and P, ,, resistances
R, (t+At) to Ry(t+At) calculated in Step S107 of FIG. 8, and
time derivatives @, (T+At/2) to D4(T+At/2) at the time T+At/2
after the half of the step time At from the intra-period time

7 (Step S203 of FIG. 9).

[0135] Then the processing unit 20 sets fourth provisional
pressures P, ; to Py . that are provisional values of the
pressures of the fluid in the first to the eighth vessels
FV1-FV8 to sums of the pressures P, (t) to Py(t) of the fluid
in the first to the eighth vessels FV1-FV§ at time t and the
product of the third rates K, ; to K, ; of change over time
calculated in Step S203 of FIG. 9, and the step time At,
respectively.

[0136] Furthermore, the processing unit 20 sets the fourth
provisional pressures P, , P, ; that are to be used in the
fourth provisional pressures Py s, P, s, respectively, for
convenience. In addition, the processing unit 20 calculates
fourth rates K, , to K, , of change over time on the basis of
the fourth provisional pressures P, 5, Py 5, resistances
R, (t+At) to Ry(t+At) calculated in Step S107 of FIG. 8, and
time derivatives @, (t+At) to ®4(T+At) at the time T+At after
the step time At from the intra-period time t (Step S204 of
FIG. 10).

[0137] Then the processing unit 20 calculates the pres-
sures P, (t+At) to Py(t+At) of the fluid in the first to the eighth
vessels FV1-FV8 at the time t+At when the step time At has

passed since the time t on the basis of the pressures P, (t) to
P.(t) of the fluid in the first to the eighth vessels FV1-FV8§
at the time t and the first to the fourthrates K, | to K |, K
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210K, 5, K, 310Kg 5,and K, 10 K, , of change over time
calculated in Steps S201 to S204 (Step S205 of FIG. 10).

[0138] Then the processing unit 20 ends the process of
FIGS. 9 and 10.

[0139] As described above, the blood pressure estimating
apparatus 1 of the first embodiment detects a first parameter
(in the present embodiment, the pulse rate b) expressing the
period length of a period of a heartbeat of the living body.
Furthermore, the blood pressure estimating apparatus 1
determines, on the basis of the detected first parameter, a
change (in the illustrated embodiment, the time derivatives
@, and @, of the no-load volumes V, and V of the second
and the sixth vessels FV2 and FV6) of a no-load volume of
at least one of the multiple vessels FV1-FV8 with respect to
time in a mathematical model that expresses blood flowing
in the circulatory system of a living body by fluid flowing
through a flow path formed by annularly coupling multiple
vessels FV1-FV8 that resiliently deform. Besides, the blood
pressure estimating apparatus 1 estimates the blood pressure
of the blood flowing in the circulatory system of a living
body on the basis of the determined change and the math-
ematical model.

[0140] The first parameter representing a period length can
be more precisely detected with ease than the artery diam-
eter. Furthermore, using changes of the no-load volumes V,
and V of the second and the sixth vessels FV2 and FV6 with
respect to time which changes are determined on the basis of
the first parameter, the above mathematical model can
precisely express behavior of the left ventricle and the right
ventricle of the living body. Consequently, the above math-
ematical model can precisely express the behavior of the
blood flowing in the circulatory system of a living body, so
that the blood pressure estimating apparatus 1 can precisely
estimate the pressure P, of the blood.

[0141] Furthermore, the blood pressure estimating appa-
ratus 1 of the first embodiment determines, on the basis of
the detected first parameter, a resistance (in the present
embodiment, the resistances R, and R, against the fourth
and the eighth communication pipes FC4 and FC8) which is
a ratio of a difference of pressure of the fluid in a vessel
between two vessels connected to each another among the
multiple vessels FV1-FV8 to the flow amount of the fluid
between the two vessels. In addition, the blood pressure
estimating apparatus 1 estimates the pressure of the blood
flowing in the circulatory system of a living body on the
basis of the determined resistance.

[0142] This allows the mathematical model to more pre-
cisely express the behavior of a peripheral vascular of a
living body as compared with cases where the resistances R,
and Ry are kept to be constant. Accordingly, the mathemati-
cal mode can precisely express the behavior of the blood
flowing in the circulatory system of a living body. Conse-
quently, the blood pressure estimating apparatus 1 can
precisely estimate the pressure P, of the blood.

[0143] Furthermore, the blood pressure estimating appa-
ratus 1 of the first embodiment determines the target value
(in the present embodiment, the target resistances g, and g,)
of the resistance (in the present embodiment, the resistances
R, and R, against the fourth and the eighth communication
pipes FC4 and FC8) on the basis of the detected first
parameter. In addition, the blood pressure estimating appa-
ratus 1 determines the resistance such that the resistance
approaches the determined target value with a delay.
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[0144] This allows the mathematical model to further
more precisely express the behavior of a peripheral vascular
of a living body. Accordingly, the mathematical mode can
precisely express the behavior of the blood flowing in the
circulatory system of a living body. Consequently, the blood
pressure estimating apparatus 1 can precisely estimate the
pressure P, of the blood flowing in the circulatory system of
a living body.

[0145] Furthermore, the blood pressure estimating appa-
ratus 1 of the first embodiment detects the second parameter
(in the present embodiment, the pulse amplitude a) express-
ing the magnitude of a heartbeat. In addition, the blood
pressure estimating apparatus 1 determines the target value
(in the present embodiment, the target resistances g, and g,)
of the resistance (in the present embodiment, the resistances
R, and R, against the fourth and the eighth communication
pipes FC4 and FC8) on the basis of the detected second
parameter.

[0146] Here, the magnitude of a heartbeat has a strong
correlation with the resistance of a peripheral vascular. This
allows the blood pressure estimating apparatus 1 to further
more precisely express the behavior of a peripheral vascular
of a living body. Accordingly, the mathematical mode can
precisely express the behavior of the blood flowing in the
circulatory system of a living body. Consequently, the blood
pressure estimating apparatus 1 can precisely estimate the
pressure P, of the blood flowing in the circulatory system of
a living body.

[0147] Furthermore, the blood pressure estimating appa-
ratus 1 of the first embodiment determines a change (in the
present embodiment, the time derivatives @, and ®, of
no-loaded volumes V, and V of the second and the sixth
vessels FV2 and FV6) of a no-load volume of at least one of
the multiple vessels FV1-FV8 with respect to time on the
basis of the detected second parameter.

[0148] Here, the magnitude of a heartbeat has a strong
correlation with the volume of the left ventricle and the right
ventricle. Along with the blood pressure estimating appara-
tus 1, the mathematical model can further more precisely
express the behavior of the left ventricle and the right
ventricle of a living body. Accordingly, the mathematical
mode can precisely express the behavior of the blood
flowing in the circulatory system of a living body. Conse-
quently, the blood pressure estimating apparatus 1 can
precisely estimate the pressure P, of the blood flowing in the
circulatory system of a living body.

[0149] Furthermore, in the blood pressure estimating
apparatus 1 of the first embodiment, the multiple vessels
FV1-FV8 represent the left atrium, the left ventricle, the
aorta and the artery on the downstream side of the aorta, the
vena cava and the vein on the upstream side of the vena
cava, the right atrium, the right ventricle, pulmonary artery,
and pulmonary vein, respectively.

[0150] Accordingly, the mathematical mode can precisely
express the behavior of the blood flowing in the circulatory
system of a living body. Consequently, the blood pressure
estimating apparatus 1 can precisely estimate the pressure P,
of the blood flowing in the circulatory system of a living
body.

[0151] A curve D11 of FIG. 11 is an example of a pulse
rate detected by the blood pressure estimating apparatus 1
when the living body is resting. FIGS. 12-14 are examples
of results of estimating by the blood pressure estimating
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apparatus 1 in a case where the pulse rate detected by the
blood pressure estimation apparatus 1 changes as shown in
FIG. 11.

[0152] The circles D12, D13, and D14 in FIG. 12 express
the systolic blood pressure (i.e., the maximum value of the
blood pressure), the diastolic blood pressure (i.e., the mini-
mum value of the blood pressure), and the average blood
pressure (i.e., an average of the blood pressure) measured by
a blood pressure measuring apparatus serving as a compara-
tive example, respectively. In the present embodiment, the
blood pressure measuring apparatus measures a blood pres-
sure using a cuff. The average blood pressure has a value
averaging the systolic blood pressure and the diastolic blood
pressure.

[0153] The curves E12, E13, and E14 in FIG. 12 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
12, the blood pressure estimating apparatus 1 of the first
embodiment can precisely estimate the blood pressure.
[0154] The curves E15 and E16 of FIG. 13 represent the
target value g, of the resistance =+ against the fourth
communication pipe FC4, and the resistance R+ against the
fourth communication pipe FC4, respectively.

[0155] The square D18 in FIG. 14 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E18
in FIG. 14 represents the systolic blood pressure estimated
by the blood pressure measuring apparatus. As exhibited in
FIG. 14, the blood pressure estimating apparatus 1 of the
first embodiment can precisely estimate the relationship
between a systolic blood pressure and a pulse rate.

[0156] The curve D21 in FIG. 15 represents an example of
the pulse rate detected by the blood pressure estimating
apparatus 1 when the living body is on the move. FIGS.
16-18 exhibit examples of results of estimating by the blood
pressure estimating apparatus 1 when the pulse rate detected
by the blood pressure estimation apparatus 1 changes as
shown in FIG. 15.

[0157] The circles D22, D23, and D24 in FIG. 16 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure, respectively, measured by a
blood pressure measuring apparatus serving as a compara-
tive example. In the present embodiment, the blood pressure
measuring apparatus measures a blood pressure using a cuff.

[0158] The circles E22, E23, and E24 in FIG. 16 express
the systolic blood pressure the diastolic blood pressure, and
the average blood pressure, respectively, measured by the
blood pressure estimating apparatus 1. As exhibited in FIG.
16, the blood pressure estimating apparatus 1 of the first
embodiment can precisely estimate the blood pressure.

[0159] The curves E25 and E26 in FIG. 17 represent the
target value g, of the resistance <+ against the fourth
communication pipe FC4, and the resistance R+ against the
fourth communication pipe FC4, respectively.

[0160] The square D28 in FIG. 18 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E28
in FIG. 18 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 18, the blood pressure estimating apparatus 1 of the
first embodiment can precisely estimate the relationship
between a systolic blood pressure and a pulse rate.
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[0161] The blood pressure estimating apparatus 1 may
include a first device serving as the detecting unit 10 and a
second device serving as the processing unit 20. In this case,
the first device and the second device are communicably
connected to each other. In this case, the second device may
be a mobile phone, a smartphone, a personal computer, and
a server device.

[0162] As described above, the blood pressure estimating
apparatus 1 detects the pulse rate and estimate the blood
pressure at the time when the pulse rate is detected in
parallel with each other. Alternatively, the blood pressure
estimating apparatus 1 may estimate the blood pressure after
the detection of the pulse rate has been completed, within the
predetermined time length.

[0163] As described above, the blood pressure estimating
apparatus 1 stores multiple different times and the respective
pressures at the multiple times in association with each
other. Here, the blood pressure estimating apparatus 1 may
output multiple times stored therein and the respective
pressures at the multiple times stored therein in association
with each other. For example, the blood pressure estimating
apparatus 1 may output a graph representing a change of
pressure with respect to time.

[0164] The processing unit 20 may set the resistance R,
and Ry against the fourth and the eighth communication
pipes FC4 and FC8 to the respective initial values R, ,,, and
R; ;. and also estimate the blood pressure without chang-
ing the resistances with respect to time.

[0165] The blood pressure estimating apparatus 1 may
input information representing the pulse rate and the blood
pressure of the living body measured in advance, and
determine at least one of the reference target resistance g, ,,
the initial value R, ,,, of the resistance, and the coeflicient E,
on the basis of the input information.

First Modification to First Embodiment

[0166] Description will now be made in relation to a blood
pressure estimating apparatus according to a first modifica-
tion to the first embodiment. The blood pressure estimating
apparatus according to the first modification to the first
embodiment is different from the blood pressure estimating
apparatus according of the first embodiment in the point that
the second parameter representing the magnitude of a heart-
beat is estimated on the basis of the first parameter. The
following description will focus on the difference. Like
reference numbers used in the first embodiment designate
the same or substantially similar elements also in the first
modification to the first modification.

[0167] In the present modification, the processing unit 20
estimates a pulse amplitude a on the basis of the pulse rate
b detected by the detecting unit 10 and Expression 27.
Furthermore, on the basis of the estimated pulse amplitude
a, the processing unit 20 determines the no-load volumes f,
and f, of the second and the sixth vessels FV2 and FV6, and
calculates the target resistances g, and g of the fourth and
the eighth communication pipes FC4 and FC8.

da(r) _ 1 ul b(1) [Expression 27]
= =)o)

[0168] The term h represents the target value (i.e., target
amplitude) of the pulse amplitude a. The term T, represents
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a time constant of a change of the pulse amplitude a. The
time constant T, may be considered to express an extent of
a delay of a change of the pulse amplitude a from a change
of the target amplitude h. As indicated by Expression 27, the
pulse amplitude a may be considered to approach the target
amplitude h with a delay. The target amplitude h has a value
predetermined depending on a pulse rate ration b/b,. In the
present modification, as indicated in FIG. 19, the target
amplitude h increases as the pulse rate ration b/b, increases.
[0169] The blood pressure estimating apparatus 1 may
input information representing a pulse rate and a blood
pressure of the living body previously measured and deter-
mine the target amplitude h on the basis of the input
information.

[0170] The estimator 203 obtains the pulse rate b(t) at a
time t on the basis of the pulse rate detected by the detecting
unit 10. Furthermore, the estimator 203 calculate the pulse
amplitude a(t+At) at time t+At when the step time At has
passed since the time t on the basis of Expression 28, which
is a difference equation of Expression 27, and obtained the
pulse rate b(t). Calculating of a pulse amplitude a is an
example of a estimating of a pulse amplitude a.

Az (b(D) [Expression 28]
a(it+AD=a(D)+ — [h(—] - a(t)]
T\ by

[0171] In the present modification, the detecting unit 10
does not have to detect a second parameter that represents
the magnitude of a heartbeat of the living body. The blood
pressure estimating apparatus 1 of the first modification to
the first embodiment brings the same effects and advantages
as those of the blood pressure estimating apparatus 1 of the
first embodiment.

[0172] FIGS. 20-22 is examples of a result of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG, 11.

[0173] The circles D32, D33, and D34 of FIG. 20 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure, respectively, measured by a
blood pressure measuring apparatus serving as a compara-
tive example. In the present modification, the blood pressure
measuring apparatus measures a blood pressure using a cuff.
[0174] The circles E32, E33, and E34 in FIG. 20 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
20, the blood pressure estimating apparatus 1 of the first
modification to the first embodiment can precisely estimate
the blood pressure.

[0175] Curves E35 and E36 of FIG. 21 represent the target
value g, of the resistance R+ against the fourth communi-
cation pipe FC4, and the resistance R+ against the fourth
communication pipe FC4, respectively.

[0176] The square D38 in FIG. 22 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E38
in FIG. 22 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 22, the blood pressure estimating apparatus 1 of the
first modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.
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[0177] FIGS. 23-25 is examples of a result of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG. 15.

[0178] The circles D42, D43, and D44 of FIG. 23 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure measured by a blood pressure
measuring apparatus serving as a comparative example,
respectively. In the present modification, the blood pressure
measuring apparatus measures a blood pressure using a cuff.
[0179] The circles E42, E43, and E44 in FIG. 23 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
23, the blood pressure estimating apparatus 1 of the first
modification to the first embodiment can precisely estimate
the blood pressure.

[0180] Curves E45 and E46 of FIG. 24 represent the target
value g, of the resistance R4 against the fourth communi-
cation pipe FC4, and the resistance R+ against the fourth
communication pipe FC4, respectively.

[0181] The square D48 in FIG. 25 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E48
in FIG. 25 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 25, the blood pressure estimating apparatus 1 of the
first modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.

Second Modification to First Embodiment

[0182] Next, description will now be made in relation to a
blood pressure estimating apparatus according to a second
modification to the first embodiment. The blood pressure
estimating apparatus according to the second modification to
the first embodiment is different from the blood pressure
estimating apparatus according of the first modification to
the first embodiment in the point of calculating a reference
target resistance g, ,,, a reference target resistance ratio y,, the
resistance R, , against the fourth communication pipe FC4
when the living body is resting, and a coefficient B, asso-
ciated with the fourth vessel FV4, using a predetermined
function. The following description will focus on the dif-
ference. Like reference numbers used in the first modifica-
tion to the first embodiment designate the same or substan-
tially similar elements also in the second modification to the
first embodiment.

[0183] The processing unit 20 stores a function to calcu-
late a reference target resistance ratio vy, in place of storing
the reference target resistance ratio y,. In the present modi-
fication, the processing unit 20 stores the function indicated
by Expression 29 as a function to calculate a reference target
resistance ratio y,. The processing unit 20 calculates a
reference target resistance ratio y, on the basis of Expression
29.

(@) _ [Expression 29]
tal
a

,where i =4, 8
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[0184] The processing unit 20 stores a function to calcu-
late a reference target resistance g, , in place of storing the
reference target resistance g, . In the present modification,
the processing unit 20 stores the function indicated by
Expression 30 as a function to calculate a reference target
resistance g, ,. The processing unit 20 calculates a reference
target resistance g, , on the basis of Expression 30.

Ry ifbn=bh
L)\
&io =\ 720

&)

[Expression 30]

if b(r) < by ,

where i =4, 8

[0185] The term R, , represents the resistance against the
i-th communication pipe FCi while the living body is
resting. In the present modification, the processing unit 20
calculates the resistance R, against the fourth communi-
cation pipe FC4 while the living body is resting on the basis
of the reference value b, of the pulse rate b, the systolic
blood pressure P,, . measured while the living body is
resting, the diastolic blood pressure P, measured while
the living body is resting, a predetermined coeflicient o, and
Expression 31. For example, the reference value b, of the
pulse rate b is a pulse rate measured while the living body
is resting. The coefficient 0. may be changed each time the
estimation of a blood pressure is carried out. The coefficient
o may be set to a value according to the living body.

Psnax + Psmin
bo

[Expression 31]
Ryp=a

[0186] In the present modification, the processing unit 20
calculates a coeflicient E, associated with the fourth vessel
FV4 on the basis of the systolic blood pressure P, .
measured while the living body is resting, the diastolic blood
pressure P_ . measured while the living body is resting, a
predetermined coefficient f, and Expression 32. The coef-
ficient  may be changed each time the estimation of a blood
pressure is carried out. The coeflicient f may be set to a
value according to the living body.

EsBPonazPomin)

[0187] In the present embodiment, the processing unit 20
uses a fixed value (i.e., a value commonly used for multiple
different living bodies) as a resistance Ry, against the eighth
communication pipe FC8. The resistance Ry, against the
eighth communication pipe FC8 may be changed each time
the estimation of the blood pressure is carried out. The
resistance R, , against the eighth communication pipe FC8
may be set to a value according to the living body.

[0188] In the present modification, the processing unit 20
uses a fixed value as a coeflicient E, associated with the j-th

J
vessel FV.. The symbol j represents each of integers of one

to eight e)icept for four. The coeflicient E associated with the
j-th vessel IV, may be changed each time the estimation of
a blood pressure is carried out. The coefficient F, associated
with the j-th vessel FV, may be set to a value according to
the living body.

[0189] The blood pressure estimating apparatus 1 of the
second modification to the first embodiment brings the same

[Expression 32]
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effects and advantages as those of the blood pressure esti-
mating apparatus 1 of the first modification to the first
embodiment.

[0190] FIGS. 26-29 are examples of results of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG. 11.

[0191] The circles D92, D93, and D94 of FIG. 26 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure measured by a blood pressure
measuring apparatus serving as a comparative example,
respectively. In the present modification, the blood pressure
measuring apparatus measures a blood pressure using a cuff.
[0192] The circles E92, E93, and E94 in FIG. 26 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
26, the blood pressure estimating apparatus 1 of the second
modification to the first embodiment can precisely estimate
a blood pressure.

[0193] The curves E95 and E96 of FIG. 27 represent the
target value g, of the resistance R+ against the fourth
communication pipe FC4, and the resistance R+ against the
fourth communication pipe FC4, respectively.

[0194] The square D98 in FIG. 28 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E98
in FIG. 28 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 28, the blood pressure estimating apparatus 1 of the
second modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.

[0195] A blood pressure measured by the blood pressure
measuring apparatus is represented by “measured blood
pressure” and a blood pressure estimated by the blood
pressure estimating apparatus 1 is represented by “estimated
blood pressure” in FIG. 29. The square F91 in FIG. 29
represents relationship between a systolic blood pressure
measured by a blood pressure measuring apparatus serving
as a comparative example and a systolic blood pressure
estimate by the blood pressure estimating apparatus 1. The
triangle F92 in FIG. 29 represents a relationship between a
diastolic blood pressure measured by the blood pressure
measuring apparatus serving as a comparative example and
a diastolic blood pressure estimate by the blood pressure
estimating apparatus 1. The circle F93 in FIG. 29 represents
a relationship between an average pressure measured by the
blood pressure measuring apparatus serving as a compara-
tive example and an average blood pressure estimate by the
blood pressure estimating apparatus 1. As exhibited in FIG.
29, the blood pressure estimating apparatus 1 of the second
modification to the first embodiment can precisely estimate
a systolic blood pressure, a diastolic blood pressure, and an
average blood pressure.

Third Modification to First Embodiment

[0196] Next, description will now be made in relation to a
blood pressure estimating apparatus according to a third
modification to the first embodiment. The blood pressure
estimating apparatus according to the third modification to
the first embodiment is different from the blood pressure
estimating apparatus according of the first embodiment in
the point of estimating a blood pressure not based on a
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second parameter representing the magnitude of a heartbeat.
The following description will focus on the difference. Like
reference numbers used in the first embodiment designate
the same or substantially similar elements also in the third
modification to the first embodiment.

[0197] The processing unit 20 uses the reference value a,
of the pulse amplitude a in place of the pulse amplitude a(t)
at the time t. In other words, the present modification
expresses the no-load volumes f, and f; of the second and the
sixth vessels FV2 and FV6 with Expression in place of
Expression 3.

Fiao, b, 7)) = ﬁ,o(?f(l)], [Expression 33]
0
where i=2,6
[0198] Thetarget values g, and g, of the resistances R, and

R, against the fourth and eighth communication pipes FC4
and FC8 are indicated by Expression 34 in place of Expres-
sion 9.

gilag, b)) = gi,O(?)v [Expression 34]
0
where i =4, 8
[0199] In the present modification, the detecting unit 10

does not have to detect a second parameter representing the
magnitude of a heartbeat of the living body.

[0200] The blood pressure estimating apparatus 1 of the
third modification to the first embodiment brings the same
effects and advantages as those of the blood pressure esti-
mating apparatus 1 of the first embodiment.

[0201] FIGS. 30-32 are examples of results of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG. 11.

[0202] The circles D52, D53, and D54 of FIG. 30 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure measured by a blood pressure
measuring apparatus of a comparative example, respec-
tively. In the present modification, the blood pressure mea-
suring apparatus measures a blood pressure using a cuff.

[0203] The circles E52, E53, and E54 in FIG. 30 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
30, the blood pressure estimating apparatus 1 of the third
modification to the first embodiment can precisely estimate
the blood pressure.

[0204] The curves ES5 and E56 of FIG. 31 represent the
target value g, of the resistance 34 against the fourth
communication pipe FC4, and the resistance R+ against the
fourth communication pipe FC4, respectively.

[0205] The square D58 in FIG. 32 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E58
in FIG. 32 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 32, the blood pressure estimating apparatus 1 of the
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third modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.

[0206] FIGS. 33-35 are examples of results of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG. 15.

[0207] The circles D62, D63, and D64 of FIG. 33 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure measured by a blood pressure
measuring apparatus serving as a comparative example,
respectively. In the present modification, the blood pressure
measuring apparatus measures a blood pressure using a cuff.
[0208] The circles E62, E63, and E64 in FIG. 33 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
33, the blood pressure estimating apparatus 1 of the third
modification to the first embodiment can precisely estimate
the blood pressure.

[0209] The curves E65 and E66 of FIG. 34 represent the
target value g, of the resistance R+ against the fourth
communication pipe FC4, and the resistance R+ against the
fourth communication pipe FC4, respectively.

[0210] The square D68 in FIG. 35 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E68
in FIG. 35 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 35, the blood pressure estimating apparatus 1 of the
third modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.

Fourth Modification to First Embodiment

[0211] Description will now be made in relation to a blood
pressure estimating apparatus according to a fourth modifi-
cation to the first embodiment. The blood pressure estimat-
ing apparatus according to the fourth modification to the first
embodiment is different from the blood pressure estimating
apparatus according of the third modification to the first
embodiment in the point of estimating a blood pressure
using the resistance not being changed with respect to time.
The following description will focus on the difference. Like
reference numbers used in the first embodiment designate
the same or substantially similar elements also in the fourth
modification to the first embodiment.

[0212] The processing unit 20 sets the resistances R, and
Rq against the fourth and the eighth communication pipes
FC4 and FC8 to the respective initial values R, , , and Ry
mi, and does not change the resistances R, and Ry with
respect to time.

[0213] The blood pressure estimating apparatus 1 of the
fourth modification to the first embodiment brings the same
effects and advantages as those of the blood pressure esti-
mating apparatus 1 of the first embodiment.

[0214] FIGS. 36-38 is examples of a result of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG. 11.

[0215] The circles D72, D73, and D74 of FIG. 36 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure measured by a blood pressure
measuring apparatus serving as a comparative example,
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respectively. In the present modification, the blood pressure
measuring apparatus measures a blood pressure using a cuff.

[0216] The circles E72, E73, and E74 in FIG. 36 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure estimated by the blood pressure
estimating apparatus 1, respectively. As exhibited in FIG.
36, the blood pressure estimating apparatus 1 of the fourth
modification to the first embodiment can precisely estimate
the blood pressure.

[0217] The curve E76 in FIG. 37 represents the resistance
R4 against the fourth communication pipe FC4.

[0218] The square D78 in FIG. 38 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E78
in FIG. 38 represents the systolic blood pressure measured
by the blood pressure estimating apparatus 1. As indicated in
FIG. 38, the blood pressure estimating apparatus 1 of the
fourth modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.

[0219] FIGS. 39-41 are examples of results of estimation
by the blood pressure estimating apparatus 1 in cases where
the pulse rate detected by the blood pressure estimating
apparatus 1 changes as illustrated in FIG. 15.

[0220] The circles D82, D83, and D84 of FIG. 39 express
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure measured by a blood pressure
measuring apparatus serving as a comparative example,
respectively. In the present modification, the blood pressure
measuring apparatus measures a blood pressure using a cuff.

[0221] The circles E82, E83, and E84 in FIG. 39 represent
the systolic blood pressure, the diastolic blood pressure, and
the average blood pressure, respectively. As exhibited in
FIG. 39, the blood pressure estimating apparatus 1 of the
fourth modification to the first embodiment can precisely
estimate the blood pressure.

[0222] The curve E86 in FIG. 40 represents the resistance
R4 against the fourth communication pipe FC4.

[0223] The square D88 in FIG. 41 represents the systolic
blood pressure measured by a blood pressure measuring
apparatus serving as a comparative example. The circle E88
in FIG. 41 represents the systolic blood pressure estimated
by the blood pressure estimating apparatus 1. As exhibited
in FIG. 41, the blood pressure estimating apparatus 1 of the
fourth modification to the first embodiment can precisely
estimate the relationship between a systolic blood pressure
and a pulse rate.

[0224] According to the above-described technologies, it
is possible to precisely estimate blood pressure.

[0225] All examples and conditional language provided
herein are intended for pedagogical purposes to aiding the
reader in understanding the invention and the concepts
contributed by the inventor to further the art, and are not to
be construed as limitations to such specifically recited
examples and conditions, nor does the organization of such
examples in the specification relate to a showing of the
superiority and inferiority of the invention. Although one or
more embodiment(s) of the present invention have been
described in detail, it should be understood that the various
changes, substitutions, and alterations could be made hereto
without departing from the spirit and scope of the invention.
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What is claimed is:

1. A blood pressure estimating apparatus comprising:

a detecting unit that detects a first parameter representing
aperiod length being a length of a period of a heartbeat
of a living body;

a processing unit that determines, using the detected first
parameter, a change of a volume of at least one vessel
among a plurality of vessels that resiliently deform in
a mathematical model with respect to time, the math-
ematical model expressing blood flowing in a circula-
tory system of the living body with fluid flowing
through a flow path formed by annularly coupling the
plurality of vessels, and estimates pressure of the blood
using the determined change and the mathematical
model.

2. The blood pressure estimating apparatus according to
claim 1, wherein the processing unit determines a resistance
being a ratio of a difference of pressure of the fluid in a
vessel between two vessels connected to one another among
the plurality of vessels to the flow amount of the fluid
between the two vessels, and estimates pressure of the blood
using the determined resistance.

3. The blood pressure estimating apparatus according to
claim 2, wherein the processing unit determines a target
value of the resistance using the detected first parameter
such that the resistance approaches the determined target
value with a delay.

4. The blood pressure estimating apparatus according to
claim 3, wherein:

the detecting unit detects a second parameter representing
a magnitude of the heartbeat; and

the processing unit determines the target value using the
detected second parameter.

5. The blood pressure estimating apparatus according to

claim 1, wherein:

the detecting unit detects a second parameter representing
a magnitude of the heartbeat; and

the processing unit determines the change of the volume
with respect to time using the detected second param-
eter.

6. The blood pressure estimating apparatus according to
claim 3, wherein the processing unit estimates a second
parameter representing a magnitude of the heartbeat using
the detected first parameter, and determines the target value
using the estimated second parameter.

7. The blood pressure estimating apparatus according to
claim 6, wherein the processing unit determines a target
value of the second parameter using the detected first

14
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parameter, and estimates the second parameter such that the
second parameter approaches the determined target value
with a delay.
8. The blood pressure estimating apparatus according to
claim 1, wherein the processing unit estimates a second
parameter representing a magnitude of the heartbeat using
the detected first parameter, and determines the change of
the volume with respect to time using the estimated second
parameter.
9. The blood pressure estimating apparatus according to
claim 8, wherein the processing unit determines a target
value of the second parameter using the detected first
parameter, and estimates the second parameter such that the
second parameter approaches the determined target value
with a delay.
10. The blood pressure estimating apparatus according to
claim 1, wherein the plurality of vessels comprising eight
vessels each representing one of a left atrium, a left ven-
tricle, an aorta and an artery on a downstream side of an
aorta, a vena cava and a vein on an upstream side of a vena
cava, a right atrium, a right ventricle, a pulmonary artery,
and a pulmonary vein.
11. A method for estimating blood pressure comprising:
determining, using a first parameter that is detected and
that represents a period length being a length of a
period of a heartbeat of a living body, a change of a
volume of at least one vessel among a plurality of
vessels that resiliently deform in a mathematical model
with respect to time, the mathematical mode expressing
blood flowing in a circulatory system of the living body
with fluid flowing through a flow path formed by
annularly coupling the plurality of vessels; and

estimating pressure of the blood using the determined
change and the mathematical model.
12. A non-transitory computer-readable recording
medium having stored therein a program for estimating
blood pressure, the program causing a computer to execute
a process comprising:
determining, using on a first parameter that is detected and
that represents a period length being a length of a
period of a heartbeat of a living body, a change of a
volume of at least one vessel among a plurality of
vessels that resiliently deform in a mathematical model
with respect to time, the mathematical model express-
ing blood flowing in a circulatory system of the living
body with fluid flowing through a flow path formed by
annularly coupling the plurality of vessels; and

estimating pressure of the blood using the determined
change and the mathematical model.
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