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(7) ABSTRACT

A fetal state estimation apparatus estimates a state of a fetus
in a maternal body based on a potential signal indicating a
change in potential on a surface of the maternal body. The
fetal state estimation apparatus is configured to include a
rotation angle estimation unit which estimates a rotation
angle of the fetus with respect to the maternal body at every
beating of a heart of the fetus based on the potential signal
and a fetal movement estimation unit which estimates a fetal
movement which is a movement of the fetus based on the
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FETAL STATE ESTIMATION APPARATUS,
FETAL STATE ESTIMATING METHOD, AND
NON-TRANSITORY COMPUTER-READABLE

MEDIUM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application is a continuation applica-
tion of International Application No. PCT/JP2014/058586,
filed on Mar. 26, 2014. The contents of this application are
incorporated herein by reference in their entirety.

FIELD

[0002] The present invention relates to a fetal state esti-
mation apparatus, a fetal state estimating method, and a fetal
state estimating program.

BACKGROUND

[0003] There is known an electrocardiogram estimation
apparatus which estimates an electrocardiogram signal indi-
cating a change in electromotive force of heart by attaching
electrodes to a surface of a human body and measuring a
potential signal indicating a change in potential on the
surface of the human body through the electrodes.

[0004] As illustrated in FIG. 1, the electrocardiogram
signal includes waves having peaks called a P wave WP, a
Q wave WQ, an R wave WR, an S wave WS, and a T wave
WT at every beating. Time periods between the peaks of
each wave in the electrocardiogram signal are used for
diagnosis, test, or the like of disease. The heart rate is
measured, for example, by acquiring the time period
between the peaks of consecutive R waves WR.

[0005] It is known that, in two states where positions of
the electrodes with respect to the heart are different from
each other, even in the case where a change in electromotive
force of heart is the same, the appearing shapes of the change
in electromotive force of heart in the measured potential
signals are different from each other. FIG. 2 illustrates two
potential signals C10 and C11 measured in the two states
where the positions of the electrodes with respect to the heart
are different from each other even in the case where the
change in electromotive force of heart is the same. For
example, as illustrated in FIG. 2, the magnitude and timing
of peak of each wave is changed according to the position of
the electrode with respect to the heart.

[0006] Since a fetus is accommodated in a maternal body,
it is difficult to attach the electrodes to a surface of the body
of the fetus. Therefore, for example, an electrocardiogram
estimation apparatus disclosed in Patent Literature measures
a potential signal indicating a change in potential on a
surface of a maternal body through electrodes which are
attached on the surface of the maternal body and estimates
an electrocardiogram signal of a fetus based on the measured
potential signal.

[0007] In addition, there is known a fetal state estimation
apparatus which estimates a fetal movement which is a
movement of a fetus by generating an ultrasonic wave on a
surface of a maternal body and observing the Doppler’s
effect of reflected waves obtained by reflection of the
generated ultrasonic wave on the fetus in the maternal body
(for example, refer to Patent Literature 2).

[0008] Patent Literature 1: JP 2006-204759 A

[0009] Patent Literature 2: JP 2013-505032 W
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SUMMARY

[0010] However, in the above-described fetal state esti-
mation apparatus, the same Doppler’s effect may be
observed in both of the case where the fetus performs
rotational movement and the case where the fetus performs
translational movement with respect to the abdominal wall
of the maternal body. Therefore, there is a problem in that it
is not possible to estimate the fetal movement at a high
accuracy.

[0011] In addition, for example, estimation of the exis-
tence of translational movement among the fetal movements
based on the magnitude of peak of a specific wave in an
electrocardiogram signal is considered. However, the fetus
performs rotational movement with respect to the maternal
body during a relatively short time period. Therefore, the
appearing shape of the change in electromotive force of
heart of the fetus in the potential signal measured through
the electrodes attached to the surface of the maternal body
is easily changed according to the rotation of the fetus. For
this reason, in the case of using the above-described elec-
trocardiogram estimation apparatus, there is a problem in
that it is not possible to estimate the fetal movement at a high
accuracy based on the potential signal measured through the
electrodes attached to the surface of the maternal body.
[0012] An object of the present invention is to solve the
above-described problem that it is not possible to estimate a
fetal movement at a high accuracy.

[0013] According to an aspect of the present invention,
there is provided a fetal state estimation apparatus which
estimates a state of a fetus in a maternal body based on a
potential signal indicating a change in potential on a surface
of the maternal body.

[0014] Furthermore, the fetal state estimation apparatus is
configured to include : a rotation angle estimation unit which
estimates a rotation angle of the fetus with respect to the
maternal body at every beating of a heart of the fetus based
on the potential signal; and a fetal movement estimation unit
which estimates a fetal movement which is a movement of
the fetus based on the potential signal and the estimated
rotation angle.

[0015] According to another aspect of the present inven-
tion, there is provided a fetal state estimating method for
estimating a state of a fetus in a maternal body based on a
potential signal indicating a change in potential on a surface
of the maternal body.

[0016] Furthermore, the fetal state estimating method
includes: estimating a rotation angle of the fetus with respect
to the maternal body at every beating of a heart of the fetus
based on the potential signal; and estimating a fetal move-
ment which is a movement of the fetus based on the potential
signal and the estimated rotation angle.

[0017] According to still another aspect of the present
invention, there is provided a fetal state estimating program
for causing a computer to execute a process of estimating a
state of a fetus in a maternal body based on a potential signal
indicating a change in potential on a surface of the maternal
body.

[0018] Furthermore, the fetal state estimating program
causes the computer to execute the process including: esti-
mating a rotation angle of the fetus with respect to the
maternal body at every beating of a heart of the fetus based
on the potential signal; and estimating a fetal movement
which is a movement of the fetus based on the potential
signal and the estimated rotation angle.
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[0019] According to a fetal state estimation apparatus
disclosed, it is possible to estimate a fetal movement at a
high accuracy.

BRIEF DESCRIPTION OF DRAWINGS

[0020] FIG. 1 is a diagram for illustrating an example of
an electrocardiogram signal.

[0021] FIG. 2 is a graph illustrating an example of two
potential signals measured in two states where positions of
electrodes with respect to the heart are different from each
other.

[0022] FIG. 3 is a diagram illustrating an example of a
configuration of a fetal state estimation apparatus according
to a first embodiment.

[0023] FIG. 4is ablock diagram illustrating an example of
a function of a processing unit illustrated in FIG. 3.
[0024] FIG. 5 is a diagram for illustrating an example of
a coordinate system used by the fetal state estimation
apparatus illustrated in FIG. 3.

[0025] FIG. 6 is a graph illustrating an example of a
reference fetal electrocardiogram signal used by the fetal
state estimation apparatus illustrated in FIG. 3.

[0026] FIG. 7 is a graph illustrating an example of a
reference fetal electrocardiogram signal used by the fetal
state estimation apparatus illustrated in FIG. 3.

[0027] FIG. 8 is a graph illustrating an example of a
reference fetal electrocardiogram signal used by the fetal
state estimation apparatus illustrated in FIG. 3.

[0028] FIGS. 9(A) and 9(B) are graphs illustrating an
example of a first relationship stored in the fetal state
estimation apparatus illustrated in FIG. 3.

[0029] FIG. 10 is a graph illustrating an example of a
change in maximum peak time point of a reference fetal
electrocardiogram signal according to a rotation angle.
[0030] FIG. 11 is a graph illustrating an example of a
second relationship stored in the fetal state estimation appa-
ratus illustrated in FIG. 3.

[0031] FIG. 12 is a graph illustrating an example of a
change in rotation angle of a fetus with respect to a maternal
body according to time.

[0032] FIG. 13 is a graph illustrating an example of a
change in absolute value of a first fetal electrocardiogram
signal according to time.

[0033] FIG. 14 is a flowchart illustrating an example of a
process performed by the fetal state estimation apparatus
illustrated in FIG. 3.

DESCRIPTION OF EMBODIMENTS

[0034] Hereinafter, embodiments of a fetal state estima-
tion apparatus, a fetal state estimating method, and a fetal
state estimating program according to the present invention
will be described with reference to FIGS. 3 to 14.

First Embodiment

[0035] (Configuration)

[0036] As illustrated in FIG. 3, a fetal state estimation
apparatus 1 according to a first embodiment is configured to
include a measurement unit 10, a processing unit 20, and an
output unit 30.

[0037] The measurement unit 10 is configured to include
electrodes 11 to 15. Although FIG. 3 illustrates an example
where the measurement unit 10 includes five electrodes, the
number of electrodes included in the measurement unit 10
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may be four or less and six or more. The electrodes 11 to 15
are attached on a surface MBS (for example, skin) of the
abdomen of a pregnant maternal body MB.

[0038] The measurement unit 10 measures a bio-potential
signal indicating a change in potential on the surface MBS
of the maternal body MB through the electrodes 11 to 15.
[0039] The bio-potential signal is a superposition of a
maternal body electrocardiogram base signal caused by the
beating of the heart of the maternal body MB, a maternal
body electromyogram base signal caused by activity of
muscle fibers of the maternal body MB, a fetal electrocar-
diogram base signal caused by the beating of the heart of the
fetus CB accommodated in the uterus of the maternal body
MB, noises, and the like.

[0040] The processing unit 20 processes the bio-potential
signal measured by the measurement unit 10. As illustrated
in FIG. 4, functions of the processing unit 20 include a
rotation angle estimation unit 201 and a fetal movement
estimation unit 202.

[0041] Inthe example, the processing unit 20 is configured
to include a processing device (for example, a CPU (Central
Processing Unit), a DSP (Digital Signal Processor), or the
like) and a storage device, and implements the functions by
causing the processing device to execute a fetal state esti-
mating program stored in the storage device in advance. The
processing unit 20 may implement at least a portion of the
functions using an integrated circuit (for example, LSI
(Large Scale Integration) or the like).

[0042] The rotation angle estimation unit 201 extracts a
fetal electrocardiogram base signal from a bio-potential
signal measured by the measurement unit 10 using an
Independent Component Analysis (ICA).

[0043] For example, the ICA is a natural gradient method,
a Fast ICA method, or a reference-based ICA method. As
disclosed in Patent Literature 1, the reference-based ICA
method is a method of generating a reference signal based on
a beating period signal indicating a period of beating of the
heart of the fetus and extracting a fetal electrocardiogram
base signal from a bio-potential signal based on the gener-
ated reference signal. Herein, the beating period signal may
also be generated based on the bio-potential signal. In
addition, the beating period signal may also be a signal
measured by an ultrasonic sensor.

[0044] The rotation angle estimation unit 201 may also
extract the fetal electrocardiogram base signal after perform-
ing a reduction process of reducing the maternal body
electrocardiogram base signal from the measured bio-poten-
tial signal. In this case, for example, the rotation angle
estimation unit 201 may estimate the maternal body elec-
trocardiogram base signal through the electrodes (not
shown) attached to the chest of the maternal body MB, and
may perform the reduction process based on the estimated
maternal body electrocardiogram base signal.

[0045] In addition, the rotation angle estimation unit 201
may extract the fetal electrocardiogram base signal after
reducing the noise by applying a band pass filter. For
example, the rotation angle estimation unit 201 may use a
band pass filter having a band from 20 Hz to 30 Hz as a pass
band.

[0046] Since the rotation angle of the fetus CB with
respect to the maternal body MB is changed according to
time elapse, the appearing shape of the change in electro-
motive force of heart of the fetus CB in the fetal electro-
cardiogram base signal is changed according to time elapse.
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Therefore, the magnitude of peak of the R wave in a time
period when the rotational movement among the fetus
movements is performed is also easily changed. For this
reason, it is difficult to estimate the existence of translational
movement among the fetal movements with sufficiently high
accuracy based on the change in magnitude of peak of the R
wave.

[0047] The fetal state estimation apparatus 1 according to
the first embodiment estimates the rotation angle of the fetus
CB with respect to the maternal body MB and estimates the
existence of translational movement among the fetal move-
ments based on the estimated rotation angle and the fetal
electrocardiogram base signal. Accordingly, it is possible to
estimate the fetal movement with high accuracy.

[0048] In the example, the rotation angle estimation unit
201 estimates the rotation angle of the fetus CB with respect
to the maternal body MB based on the extracted fetal
electrocardiogram base signal. Hereinafter, the estimation of
the rotation angle will be described.

[0049] First, a coordinate system will be described. In the
example, as illustrated in FIG. 5, a right-handed rectangular
coordinate system is used. In the rectangular coordinate
system, the forward direction of the fetus CB is set to the y
axis, the downward direction of the fetus CB is set to the z
axis, and the leftward direction of the fetus CB is set to the
x axis. The rotation angle 0 with respect to the fetus CB is
an angle rotated counterclockwise from the x axis as the
fetus CB is seen in the positive direction of the z axis.

[0050] In the example, the case where the up/down direc-
tion of the fetus CB and the up/down direction of the
maternal body MB are coincident with each other is
assumed. Therefore, in the example, the rotational move-
ment of the fetus CB is movement where the fetus CB
rotates about the z axis as the central axis of rotation. The
fetal state estimation apparatus 1 may also be applied to the
case where the up/down direction of the fetus CB and the
up/down direction of the maternal body MB are different
from each other.

[0051] The fetal electrocardiogram signal ECG,, (1) of the
case where the fetus CB is seen in the direction obtained by
rotating the negative direction of the x axis by the rotation
angle 0 is expressed by Mathematical Formula 1 based on
the fetal electrocardiogram signal ECG, (t) of the case
where the fetus CB is seen in the negative direction of the
x axis, the fetal electrocardiogram signal BCG, (t) of the
case where the fetus CB is seen in the negative direction of
the y axis, and the rotation angle 6. Tt denotes a time. The
fetal electrocardiogram signal is an electrocardiogram signal
of the fetus CB.

ECGg(r)=cos(8)-ECG,(t)-sin(6)-ECG,(r) [Mathematical Formula 1]

[0052] Herein, the fetal electrocardiogram signal ECG,, (t)
may be considered to be a signal indicating an electrocar-
diogram obtained by projecting a vector electrocardiogram
on a left side surface of the fetus CB. The fetal electrocar-
diogram signal ECG, () may be considered to be a signal
indicating an electrocardiogram obtained by projecting a
vector electrocardiogram on a front surface of the fetus CB.

[0053] Inthe example, by using an ICA to extract the fetal
electrocardiogram base signal, the fetal electrocardiogram
base signal u, () extracted by the rotation angle estimation
unit 201 is normalized so that the average value becomes 0
and the variance becomes 1.
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[0054] The rotation angle estimation unit 201 estimates
the beating time period which is a time period corresponding
to the beating based on the extracted fetal electrocardiogram
base signal ug, (T) at every beating of the heart of the fetus
CB.

[0055] First, the rotation angle estimation unit 201 esti-
mates some time point (for exaniple, a time point in the
middle of the time period) in a time period when a state
where an absolute value of a value (in the example, poten-
tial) of the fetal electrocardiogram base signal ug (T) is
smaller than a predetermined first threshold value is con-
tinuously maintained for longer than a predetermined first
threshold value time as the boundary time point.

[0056] Next, the rotation angle estimation unit 201
acquires a maximum peak time point <,,,., which is a time
point when the fetal electrocardiogram base signal u, (t) has
a maximum value in a time period between consecutive two
boundary time points among the estimated boundary time
points.

[0057] Then, the rotation angle estimation unit 201 esti-
mates the time period which starts at a time point which is
a time of a half of the beating cycle earlier than the
maximum peak time point T,,,., and ends at a time point
which is a time of a half of the beating cycle later than the
maximum peak time point T,,,., as the beating time period.
For example, the beating cycle maybe acquired by taking
autocorrelation to the fetal electrocardiogram base signal g
(-

[0058] By doing so, the rotation angle estimation unit 201
estimates the beating time period at every beating of the
heart of the fetus CB.

[0059] Next, the rotation angle estimation unit 201 esti-
mates the rotation angle 0 for each of the estimated beating
time periods.

[0060] In the example, the rotation angle estimation unit
201 stores a relationship (first relationship) between the
rotation angle and a signal feature amount in advance.
[0061] In the example, the signal feature amount is a
parameter calculated based on the maximum and minimum
values of the fetal electrocardiogram base signal in a QRS
wave time period which is a time period corresponding to
the QRS wave among the beating time periods. The QRS
wave is configured with a Q wave, an R wave, and S wave.
[0062] In the example, the signal feature amount R(6) is
expressed by Mathematical Formula 2. Herein, <,,,.(0)
denotes a time point (QRS wave time period maximum peak
time point) when the fetal electrocardiogram base signal has
amaximum value in the QRS wave time period. In addition,
T,,:,(0) denotes a time point (QRS wave time period mini-
mum peak time point) when the fetal electrocardiogram base
signal has a minimum value in the QRS wave time period.
The QRS wave time period is an example of the target time
period.

U (Tinex (0))
1 (Tmax(0)) — tig(Tmin(6))

[Mathematical Formula 2]

RO =

[0063] In the example, the QRS wave time period maxi-
mum peak time point T, (0) is expressed by Mathematical
Formula 3, and the QRS wave time period minimum peak
time point T,,,,(0) is expressed by Mathematical Fornula 4.
Herein, T,z denotes a length of the QRS wave time period.
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In the example, T x5 is set to a value obtained by multiply-
ing the beating cycle with a predetermined coeflicient (for
example, ¥5).

Tmax(6) = argmax (ug(7))
Tors Tors
Tmaxd g <T<Tmax0+ =7 —

[Mathematical Formula 3]

Tmin(0) = argmin (ug(T)) [Mathematical Formula 4]

Tors Tors
Tmax0~ 7~ <T<Tmax0t 53—

[0064] In the example, the first relationship is determined
based on reference signals (reference fetal electrocardio-
gram signals) of the fetal electrocardiogram signal expressed
by Mathematical Formulas 5 to 7. ECG,(t) denotes a
reference fetal electrocardiogram signal of the case where
the fetus CB is seen in the negative direction of the x axis.
ECG ,(t) denotes a reference fetal electrocardiogram signal
of the case where the fetus CB is seen in the negative
direction of the y axis. ECG_,(t) denotes a reference fetal
electrocardiogram signal of the case where the fetus CB is
seen in the negative direction of the z axis.

(r =) [Mathematical Formula 5]
ECGy(1) = Z o exp|———
2057
(r-17 )2 [Mathematical Formula 6]
ECGy(r)= Z oz‘-yexp - ‘7 }
209

(v =737 [Mathematical Formula 7]
ECGy(1) = Z aexp|— =
: 2(6)

[0065] In the example, as illustrated in Mathematical
Formulas 5 to 7, the reference fetal electrocardiogram signal
is expressed by a sum of Gauss functions. Herein, ", t;7,
b, o, t7, b, o, T, and b/ are parameters specifying
Gauss functions. In the example, as illustrated in FIGS. 6 to
8, an electrocardiogram signal disclosed in Non-Patent Lit-
erature 1 (R. Sameni, G. D. Clifford, C. Jutten, M. B.
Shamsollahi, “Multichannel ECG and noise modeling:
Application to maternal and fetal ECG signals”, EURASIP
Journal on Advances in Signal Processing, 2007, Article ID
43407) is used as a reference fetal electrocardiogram signal.

[0066] Therefore, the first relationship for the above-
described reference fetal electrocardiogram signal is detet-
mined so as to be expressed by FIGS. 9(A) and 9(B). In FIG.
9(A), a relationship between the rotation angle 6 and the
QRS wave time period maximum peak time point <, (6) is
indicated by a broken line, and a relationship between the
rotation angle 6 and the QRS wave time period minimum
peak time point T,,,(0) is indicated by a solid line. In FIG.
9(B), a relationship between the rotation angle 6 and the
signal feature amount R(8) is indicated by a solid line.

[0067] As illustrated in FIG. 9(A), there exist a range
(minimum peak preceding range) 6,,, of the rotation angle 6
where the QRS wave time period maximum peak time point
T,,.(0) becomes larger than the QRS wave time period
minimum peak time point T,,,,(0) and a range (maximum
peak preceding range) 0,,, of the rotation angle 0 where the
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QRS wave time period maximum peak time point t,,,.(6)
becomes smaller than the QRS wave time period minimum
peak time point T,,,,(6).

[0068] In addition, as illustrated in FIG. 9(B), in the
minimum peak preceding range ,,, the rotation angle 6 and
the signal feature amount R(6) are in one-to-one correspon-
dence to each other. Similarly, in the maximum peak pre-
ceding range 6, the rotation angle 8 and the signal feature

pn 3
amount R(8) are in one-to-one correspondence to each other.

[0069] It is to be noted that the first relationship maybe
determined based on empirical rules.

[0070] The rotation angle estimation unit 201 acquires, for
each of the estimated beating time periods, the QRS wave
time period maximum peak time point t,,,.(0) and the QRS
wave time period minimum peak time point t,,,,(0) based on
the fetal electrocardiogram base signal ug(T).

[0071] Furthermore, the rotation angle estimation unit 201
calculates, for each of the estimated beating time periods,
the signal feature amount R(6) based on the acquired QRS
wave time period maximum peak time point T, (0), the
acquired QRS wave time period minimum peak time point
T,:,(0), and the fetal electrocardiogram base signal ug(t).

[0072] In addition, the rotation angle estimation unit 201
estimates, for each of the estimated beating time periods, the
rotation angle 6 based on the stored first relationship and the
calculated signal feature amount R(8).

[0073] More specifically, in the case where the acquired
QRS wave time period maximum peak time point <, (6) is
larger than the acquired QRS wave time period minimum
peak time point T,,,(8), the rotation angle estimation unit
201 estimates the rotation angle 6 based on a portion
corresponding to the minimum peak preceding range 8, in
the stored first relationship and the calculated signal feature
amount R(B). In addition, in the case where the acquired
QRS wave time period maximum peak time point t,,, (6) is
smaller than the acquired QRS wave time period minimum
peak time point T,,,(8), the rotation angle estimation unit
201 estimates the rotation angle 6 based on a portion
corresponding to the maximum peak preceding range |, in
the stored first relationship and the calculated signal feature
amount R(0).

[0074] By doing so, the rotation angle estimation unit 201
estimates the rotation angle 6 at every beating time period.

[0075] As described above, the maximum peak time point
T,,4x0 101 the fetal electrocardiogram base signal is changed
according to the rotation angle 6. In FIG. 10, a broken curve
C20 represents a reference fetal electrocardiogram signal of
the case where the rotation angle is 0 (the case where the
fetus CB is seen in the negative direction of the x axis), and
a solid curve C21 represents a reference fetal electrocardio-
gram signal of the case where the rotation angle is different
from 0. In this manner, a difference between the time point
which is to be the center of the beating time period estimated
by the rotation angle estimation unit 201 and the time point
which is to be the center of the actual beating time period
may be relatively large.

[0076] Therefore, the fetal movement estimation unit 202
re-estimates, for each of the estimated beating time periods,
the time point which is to be the center of the beating time
period based on the rotation angle 0 estimated by the
rotation angle estimation unit 201 and re-estimates the
beating time period based on the re-estimated time point. In
FIG. 10, a dotted curve C22 is a curve obtained by trans-
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lating the curve C21 by a correction amount of the time point
which is to be the center of the beating time period in the
time axis.

[0077] The re-estimation of the time point which is to be
the center of the beating time period will be described.
[0078] In the example, the fetal movement estimation unit
202 stores a relationship (second relationship) between the
rotation angle and the rate of change in maximum peak time
point in advance.

[0079] In the example, the rate of change in maximum
peak time point is a parameter calculated based on the QRS
wave time period maximum peak time point t,,, (0) of the
case where the rotation angle is 6 and the QRS wave time
period maximum peak time point t,,,,(0) of the case where
the rotation angle is 0. In the example, the rate of change in
maximum peak time point S(0) is expressed by Mathemati-
cal Formula 8.

_ Tinaxl6) — () [Mathematical Formula 8]

S(o) - Timax (0) - Tmin(g)

[0080] In the example, the second relationship is deter-
mined based on the reference fetal electrocardiogram signal
expressed by the above-described Mathematical Formulas 5
to 7. Therefore, the second relationship is determined as
illustrated in FIG. 11.

[0081] Ttis to be noted that the second relationship may be
determined based on empirical rules.

[0082] The fetal movement estimation unit 202 acquires,
for each of the beating time periods estimated by the rotation
angle estimation unit 201, the rate of change in maximum
peak time point S(6) based on the rotation angle 6 estimated
by the rotation angle estimation unit 201 and the stored
second relationship.

[0083] Next, the fetal movement estimation unit 202 cal-
culates, for each of the beating time periods estimated by the
rotation angle estimation unit 201, the QRS wave time
period maximum peak time point t,,,,(0) of the case where
the rotation angle is 0 based on the acquired rate of change
in maximum peak time point S(0) and Mathematical For-
mula 9. The QRS wave time period maximum peak time
point T,,,.(0) is an example of the maximum value time
point.

Tt )T n(0)=S(0) (T, (0)-T,.,5, (6))

[0084] The fetal movement estimation unit 202 estimates,
for each of the beating time periods estimated by the rotation
angle estimation unit 201, the calculated QRS wave time
period maximum peak time point T, (0) as a time point
which is to be the center of the beating time period.
[0085] By doing so, the fetal movement estimation unit
202 re-estimates the time point which is to be the center of
the beating time period.

[0086] Then, the fetal movement estimation unit 202
re-estimates the time period, which starts at a time point
which is a time of a half of the beating cycle earlier than the
QRS wave time period maximum peak time point <,,,.(0)
and ends at a time point which is a time of a half of the
beating cycle later than the QRS wave time period maxi-
mum peak time point 7, (0), as the beating time period for
each of the beating time periods estimated by the rotation
angle estimation unit 201.

[Mathematical Formula 9]
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[0087] Next, the fetal movement estimation unit 202 esti-
mates the electrocardiogram signal (fetal electrocardiogram
signal) of the fetus CB with respect to a predetermined
reference rotation angle based on the re-estimated beating
time period, the rotation angle 6 estimated by the rotation
angle estimation unit 201, and the fetal electrocardiogram
base signal.

[0088] In the example, the fetal movement estimation unit
202 estimates a first fetal electrocardiogram signal ECG, (t)
of the case where the rotation angle is 0 and a second fetal
electrocardiogram signal ECG (t) of the case where the
rotation angle is 3m/2. The first fetal electrocardiogram
signal ECG(t) is an example of the electrocardiogram
signal of the fetus CB with respect to the first reference
rotation angle of 0. The second fetal electrocardiogram
signal ECG (t) is an example of the electrocardiogram
signal of the fetus CB with respect to the second reference
rotation angle of 3m/2.

[0089] In the fetal electrocardiogram base signal, p signal
values included in each of the re-estimated beating time
periods maybe analyzed as a p-dimensional vector. p
denotes a natural number and indicates the number of
samples. The p signal values included in each of a plurality
of the beating time periods are expressed by one point in a
p-dimensional space. Therefore, the fetal electrocardiogram
base signal constitutes a set of points, of which number is
equal to the number of beating time periods included in the
fetal electrocardiogram base signal, in the p-dimensional
space.

[0090] The fetal movement estimation unit 202 acquires
first and second main component vectors which are perpen-
dicular to each other by performing a main component
analysis on a point set indicating the fetal electrocardiogram
base signals in the p-dimensional space.

[0091] Next, the fetal movement estimation unit 202
acquires, for each of the re-estimated beating time periods,
the first main component ug, and the second main component
U, of the fetal electrocardiogram base signal in the beating
time period. The first main component ug isa component in
the direction along the first main component vector in the
fetal electrocardiogram base signal in the beating time
period. The second main component ug, is a component in
the direction along the second main component vector in the
fetal electrocardiogram base signal in the beating time
period.

[0092] Furthermore, the fetal movement estimation unit
202 estimates a first rotation angle 6, corresponding to the
first main component vector and a second rotation angle 0,
corresponding to the second main component vector. In the
example, the fetal movement estimation unit 202 acquires a
QRS wave time period maximum peak time point t,,,.(6)
and a QRS wave time period minimum peak time point
T,,,(0) for a signal expressed by the first main component
vector and calculates a signal feature amount R(6) based on
the QRS wave time period maximum peak time point
T,,..(0) and the QRS wave time period minimum peak time
point T, (6). In addition, the fetal movement estimation unit
202 estimates the first rotation angle 8, based on the stored
first relationship and the calculated signal feature amount
R(0). Similarly, the fetal movement estimation unit 202
estimates the second rotation angle 6, for a signal expressed
by the second main component vector.

[0093] The first main component ug and the second main
component U,, are normalized so as to constitute a unit
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vector. Therefore, the fetal movement estimation unit 202
performs scaling based on Mathematical Formulas 10 and
11. Herein, E [X] denotes an average of X. V[X] denotes a
variance of X. ECG, =~ denotes a reference fetal electrocar-
diogram signal of the case in which the fetus CB is seen in
the direction obtained by rotating the negative direction of
the x axis by the first rotation angle 0,. ECG,, denotes a
reference fetal electrocardiogram signal of the case in which
the fetus CB is seen in the direction obtained by rotating the
negative direction of the x axis by the second rotation angle
0,.

ECGg, =gy VIECGg o+E[ECGg o]  [Mathematical Formula 10]

Mathematical Formula 11]

ECGegr=tgry VECGa0+E[ECGg20]

[0094] The fetal movement estimation unit 202 estimates
the first and second fetal electrocardiogram signals ECG (1)
and ECG (t) based on the first and second main components
ECGg, and ECGg, after the scaling, the estimated first and
second rotation angles 8, and 8,, and Mathematical Formula
12.

[ ECGy(7) } [Mathematical Formula 12]

ECG,(7)

[cos(@l) —sin(6;) }’1 [ECGQI (1) }

cos(fh) —sin(6h) ECGyph(1)

[0095] Furthermore, the fetal movement estimation unit
202 estimates the fetal movement which is movement of the
fetus based on the fetal electrocardiogram base signal and
the rotation angle 8 estimated by the rotation angle estima-
tion unit 201.

[0096] FIG. 12 illustrates an example of a change in
rotation angle 0 according to time. In the example, the fetal
movement estimation unit 202 calculates a variance of the
rotation angle 0 for each of the beating time periods at every
time period having a predetermined first determination time.
Furthermore, at every time period, in the case where the
calculated variance is larger than a predetermined first
variance threshold value, the fetal movement estimation unit
202 estimates that the rotational movement is performed in
the time period; and in the case where the calculated
variance is smaller than the first variance threshold value,
the fetal movement estimation unit 202 estimates that the
rotational movement is not performed in the time period.
The variance of the rotation angle 0 is an example of a first
variation parameter indicating a variation of the rotation
angle 0. The first variance threshold value is an example of
a first variation threshold value.

[0097] In addition, in the example, the fetal movement
estimation unit 202 estimates the existence of translational
movement with respect to the abdominal wall of the mater-
nal body MB among the fetal movements based on a change
in magnitude of peak of the R wave in the fetal electrocar-
diogram base signal. The R wave is an example of a
reference wave. For example, in many cases, a magnitude of
peak of an R wave in the fetal electrocardiogram base signal
is the maximum value in each of the beating time periods.
[0098] FIG. 13 illustrates an example of a change in
absolute value of the fetal electrocardiogram base signal
according to time. As illustrated in FIG. 13, in many cases,
the translational movement is performed in time periods T,

Jan. 12,2017

and T, when a change in maximum value of the fetal
electrocardiogram base signal in each of the beating time
periods is relatively large. In addition, in many cases, the
translational movement is not performed in time period T,
when a change in maximum value of the fetal electrocar-
diogram base signal in each of the beating time periods is
relatively small.

[0099] In the example, the fetal movement estimation unit
202 calculates a variance of the maximum value of the fetal
electrocardiogram base signal in each of the beating time
periods at every time period having a predetermined second
determination time. Furthermore, at every time period hav-
ing the predetermined second determination time, in the case
where the fetal movement estimation unit 202 estimates that
the rotational movement is not performed in the time period
and the calculated variance is larger than a predetermined
second variance threshold value, the fetal movement esti-
mation unit 202 estimates that the translational movement is
performed in the time period; in the case where the fetal
movement estimation unit 202 estimates that the rotational
movement is performed in the time period, the fetal move-
ment estimation unit 202 estimates that the translational
movement is not performed in the time period; and in the
case where the calculated variance is smaller than the second
variance threshold value, the fetal movement estimation unit
202 estimates that the translational movement is not per-
formed in the time period.

[0100] The fetal movement estimation unit 202 may esti-
mate the existence of translational movement based on a
change in magnitude of peak of a specific wave different
from the R wave instead of the R wave.

[0101] The fetal movement estimation unit 202 may esti-
mate the strength of translational movement based on an
amount of a change in maximum value of the fetal electro-
cardiogram base signal at each of the beating time periods.

[0102] The fetal movement estimation unit 202 may gen-
erate a vector electrocardiogram based on the estimated first
fetal electrocardiogram signal ECG (t) and the estimated
second fetal electrocardiogram signal ECG ().

[0103] In addition, although the fetal movement estima-
tion unit 202 estimates the existence of translational move-
ment based on the fetal electrocardiogram base signal, the
fetal movement estimation unit 202 may estimate the exis-
tence of translational movement based on a fetal electrocar-
diogram signal with respect to a predetermined reference
rotation angle which is the first fetal electrocardiogram
signal ECG,(t), the second fetal electrocardiogram signal
BCG (v}, or the like.

[0104] The output unit 30 outputs information (for
example, a graph) indicating a change in the rotation angle
0 estimated by the rotation angle estimation unit 201, the
existence of rotational movement estimated by the fetal
movement estimation unit 202, and the existence of trans-
lational movement estimated by the fetal movement estima-
tion unit 202 with respect to time (for example, displays the
information on a display). In addition to outputting the
information or instead of outputting the information, the
output unit 30 may store the information in a storage device.

[0105] Itis to be noted that the fetal movement estimation
unit 202 may omit to estimate the first fetal electrocardio-
gram signal ECG, () and the second fetal electrocardiogram
signal ECG ().
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[0106] (Operations)

[0107] Next, operations of the above-described fetal state
estimation apparatus 1 will be described with reference to
FIG. 14.

[0108] First, the electrodes 11 to 15 are attached to a
surface (for example, skin) MBS of the abdomen of a
pregnant maternal body MB.

[0109] The fetal state estimation apparatus 1 extracts the
fetal electrocardiogram base signal from the bio-potential
signal measured by the measurement unit 10 using the ICA
(Step S101 of FIG. 14).

[0110] Next, the fetal state estimation apparatus 1 esti-
mates boundary time points and acquires the maximum peak
time point T, ., When the fetal electrocardiogram base
signal uy(T) has a maximum value in a time period between
consecutive two boundary time points among the estimated
boundary time points (Step S102 of FIG. 14).

[0111] Then, the fetal state estimation apparatus 1 esti-
mates the time period, which starts at a time point which is
a time of a half of the beating cycle earlier than the
maximum peak time point T, , and ends at a time point
which is a time of a half of the beating cycle later than the
maximum peak time point T,,,.o, as the beating time period
(Step S103 of FIG. 14).

[0112] Next, the fetal state estimation apparatus 1 acquires
the QRS wave time period maximum peak time point
T,,.:(0) and the QRS wave time period minimum peak time
point t,,,,,(0) for each of the estimated beating time periods.
Then, the fetal state estimation apparatus 1 calculates, for
each of the estimated beating time periods, the signal feature
amount R (0) based on the acquired QRS wave time period
maximum peak time point t,,,,(0), the acquired QRS wave
time period minimum peak time point T,,,(0), and the fetal
electrocardiogram base signal ug(t) (Step S104 of FIG. 14).
[0113] Next, the fetal state estimation apparatus 1 esti-
mates, for each of the estimated beating time periods, the
rotation angle 6 based on the stored first relationship and the
calculated signal feature amount R(0) (Step S105 of FIG.
14).

[0114] Then, the fetal state estimation apparatus 1
acquires, for each of the estimated beating time periods, the
rate of change in maximum peak time point S(0) based on
the estimated rotation angle 6 and the stored second rela-
tionship. Furthermore, the fetal state estimation apparatus 1
calculates, for each of the estimated beating time periods,
the QRS wave time period maximum peak time point
T,,..(0) of the case where the rotation angle is 0 based on the
acquired rate of change in maximum peak time point S(0).
Next, the fetal state estimation apparatus 1 estimates the
calculated QRS wave time period maximum peak time point
T,,.(0) as the time point which is to be the center of the
beating time period (Step S106 of FIG. 14).

[0115] Then, the fetal state estimation apparatus 1 re-
estimates, for each of the estimated beating time periods, the
time period, which starts at a time point which is a time of
a half of the beating cycle earlier than the QRS wave time
period maximum peak time point T, (6) and ends at a time
point which is a time of a half of the beating cycle later than
the QRS wave time period maximum peak time point
T,,..(0), as the beating time period (Step S107 of FIG. 14).
[0116] Next, the fetal state estimation apparatus 1 esti-
mates the fetal electrocardiogram signal with respect to the
reference rotation angle based on the re-estimated beating
time period, the estimated rotation angle 8, and the estimated
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fetal electrocardiogram base signal (Step S108 of FIG. 14).
In the example, the fetal state estimation apparatus 1 esti-
mates the first fetal electrocardiogram signal with respect to
the first reference rotation angle and the second fetal elec-
trocardiogram signal with respect to the second reference
rotation angle.

[0117] The fetal state estimation apparatus 1 estimates the
existence of rotational movement based on the estimated
rotation angle 0. In addition, the fetal state estimation
apparatus 1 estimates the existence of translational move-
ment based on the estimated rotation angle 6 and the fetal
electrocardiogram signal (Step S109 of FIG. 14).

[0118] As described hereinbefore, the fetal state estima-
tion apparatus 1 according to the first embodiment estimates
the rotation angle of the fetus CB with respect to the
maternal body MB at every beating of the heart of the fetus
CB based on the potential signal indicating a change in
potential on the surface MBS of the maternal body MB. In
addition, the fetal state estimation apparatus 1 estimates the
fetal movement, that is, the movement of the fetus CB based
on the potential signal and the estimated rotation angle.
[0119] Accordingly, it is possible to estimate the fetal
movement with high accuracy. For example, it is possible to
estimate the existence of translational movement among the
fetal movements with high accuracy.

[0120] In addition, the fetal state estimation apparatus 1
according to the first embodiment estimates the electrocar-
diogram base signal caused by the beating of the heart of the
fetus CB. Furthermore, the fetal state estimation apparatus 1
estimates the existence of translational movement among the
fetal movements with respect to the abdominal wall of the
maternal body MB based on the magnitude of a peak of a
predetermined reference wave in the estimated electrocar-
diogram base signal and the estimated rotation angle.
[0121] The change in distance between the abdominal wall
of the maternal body MB and the fetus CB is represented
well by the change in magnitude of peak of a specific wave.
Therefore, according to the fetal state estimation apparatus
1 of the first embodiment, it is possible to estimate the
existence of the translational movement among the fetal
movements with high accuracy.

[0122] In addition, the fetal state estimation apparatus 1
according to the first embodiment calculates predetermined
parameters based on the maximum and minimum values of
the estimated electrocardiogram base signal in a predeter-
mined target time period at every beating of the heart of the
fetus CB. Furthermore, the fetal state estimation apparatus 1
estimates the rotation angle based on the calculated param-
eters at every beating of the heart of the fetus CB.

[0123] The rotation angle of the fetus CB with respect to
the maternal body MB at every beating of the heat of the
fetus CB is represented well by the relationship between the
maximum and minimum values of the electrocardiogram
base signal in the predetermined target time period. There-
fore, according to the fetal state estimation apparatus 1 of the
first embodiment, it is possible to estimate the rotation angle
of the fetus CB with respect to the maternal body MB with
high accuracy.

[0124] Furthermore, the fetal state estimation apparatus 1
according to the first embodiment estimates the maximum
value time point which is a time point when the electrocar-
diogram signal of the fetus CB with respect to a predeter-
mined reference rotation angle has a maximum value based
on a time point when the estimated electrocardiogram base



US 2017/0007143 Al

signal has a maximum value in the target time period and the
estimated rotation angle at every beating of the heart of the
fetus CB. In addition, the fetal state estimation apparatus 1
estimates the fetal movement based on the estimated maxi-
mum value time point, the estimated rotation angle, and the
estimated electrocardiogram base signal.

[0125] The appearing shape of the change in electromotive
force of heart of the fetus CB in the electrocardiogram base
signal is changed according to the rotation angle of the fetus
CB with respect to the maternal body MB. Therefore,
according to the fetal state estimation apparatus 1 of the first
embodiment, it is possible to estimate the maximum value
time point when the electrocardiogram signal has a maxi-
mum value with high accuracy at every beating of the heart
of the fetus CB. As a result, it is possible to estimate the time
period when the rotational movement is performed with high
accuracy based on the estimated maximum value time point.
Accordingly, it is possible to estimate the fetal movement
with high accuracy.

[0126] In addition, the fetal state estimation apparatus 1
according to the first embodiment estimates the electrocar-
diogram base signal by using an Independent Component
Analysis.

[0127] Accordingly, it is possible to estimate the electro-
cardiogram base signal with high accuracy.

Second Embodiment

[0128] Next, a fetal state estimation apparatus according
to a second embodiment of the present invention will be
described. The fetal state estimation apparatus according to
the second embodiment is different from the fetal state
estimation apparatus according to the first embodiment in
that the fetal movement is estimated without the estimation
of the fetal electrocardiogram signal with respect to the
reference rotation angle. Hereinafter, the difference will be
mainly described. In the description of the second embodi-
ment, the components denoted by the same reference numer-
als as those of the first embodiment are the same as or almost
the same as the components of the first embodiment.
[0129] The fetal movement estimation unit 202 of the fetal
state estimation apparatus 1 according to the second embodi-
ment estimates the maximum value of the fetal electrocar-
diogram base signal in the QRS wave time period of the case
where the rotation angle is 0 without estimation of the fetal
electrocardiogram signal with respect to the reference rota-
tion angle.

[0130] More specifically, the fetal movement estimation
unit 202 stores a relationship (third relationship) between the
rotation angle and the rate of chancre in maximum value in
advance.

[0131] In the example, the rate of change in maximum
value is a parameter calculated based on the maximum value
Uy(T,,..(0)) of the fetal electrocardiogram base signal in the
QRS wave time period of the case where the rotation angle
is 6 and the maximum value u(t,,,.(0)) of the fetal elec-
trocardiogram base signal in the QRS wave time period of
the case where the rotation angle is 0. In the example, the
rate of change in maximum value T(t) is expressed by
Mathematical Formula 13.

U (Tinex(8)) = o (T (6)
L] (Tmax(o)) - uQ(Tmin (0))

T = [Mathematical Formula 13]
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[0132] 1In the example, the third relationship is determined
based on the reference fetal electrocardiogram signal
expressed by the above-described Mathematical Formulas 5
to 7. It is to be noted that the third relationship may be
determined based on empirical rules.

[0133] The fetal movement estimation unit 202 acquires,
for each of the beating time periods estimated by the rotation
angle estimation unit 201, the rate of change in maximum
value T(B) based on the rotation angle 6 estimated by the
rotation angle estimation unit 201 and the stored third
relationship.

[0134] Next, the fetal movement estimation unit 202 cal-
culates, for each of the beating time periods estimated by the
rotation angle estimation unit 201, the maximum value
U,(0,,,.(0)) of the fetal electrocardiogram base signal in the
QRS wave time period of the case where the rotation angle
is 0 based on the acquired rate of change in maximum value
T(0), the maximum value uy(t,,, (0)) of the fetal electro-
cardiogram base signal in the QRS wave time period of the
case where the rotation angle is 6, the minimum value
Ug(T,,;,(0)) of the fetal electrocardiogram base signal in the
QRS wave time period of the case where the rotation angle
is 0, and Mathematical Formula 14. The maximum value
Uy(T,,,.(0)) of the fetal electrocardiogram base signal in the
QRS wave time period is an example of a magnitude of peak
of the R wave. The R wave is an example of a reference
wave.

10T e (0)) 1 (T 0)) = T(O) {45 (T, (0)) =5 T s
)} [Mathematical Formula 14]

[0135] Furthermore, the fetal movement estimation unit
202 estimates the existence of translational movement with
respect to the abdominal wall of the maternal body MB
among the fetal movements based on the change in the
calculated maximum value uy(t,,,.(0)) of the fetal electro-
cardiogram base signal instead of the change in magnitude
of peak of the R wave in the fetal electrocardiogram base
signal.

[0136] The operations of the fetal state estimation appa-
ratus 1 according to the second embodiment are the same as
those of the fetal state estimation apparatus 1 according to
the first embodiment. Therefore, the fetal state estimation
apparatus 1 according to the second embodiment can obtain
the same functions and effects as those of the fetal state
estimation apparatus 1 according to the first embodiment.

[0137] Hereinbefore, while the present invention is
described with reference to the above-described embodi-
ments, the present invention is not limited to the above-
described embodiments. It maybe understood by the skilled
in the related art that various changes may be available to
configurations and details of the present invention within the
scope of the present invention.

[0138] In addition, any combination of the above-de-
scribed embodiments and modified examples may be
employed as other modified examples of the above-de-
scribed embodiments within the scope without departing
from the spirit of the present invention.

What is claimed is:

1. A fetal state estimation apparatus which estimates a
state of a fetus in a maternal body based on a potential signal
indicating a change in potential on a surface of the maternal
body, the fetal state estimation apparatus comprising:
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a rotation angle estimation unit which estimates a rotation
angle of the fetus with respect to the maternal body at
every beating of a heart of the fetus based on the
potential signal; and

a fetal movement estimation unit which estimates a fetal
movement which is a movement of the fetus based on
the potential signal and the estimated rotation angle.

2. The fetal state estimation apparatus according to claim

1, wherein:

the rotation angle estimation unit estimates an electrocar-
diogram base signal caused by the beating of the heart
of the fetus; and

the fetal movement estimation unit estimates existence of
a translational movement with respect to an abdominal
wall of the maternal body among the fetal movements
based on a magnitude of a peak of a predetermined
reference wave in the estimated electrocardiogram base
signal and the estimated rotation angle.

3. The fetal state estimation apparatus according to claim

2, wherein the fetal movement estimation unit estimates that
the translational movement with respect to the abdominal
wall of the maternal body among the fetal movements is
performed in a time period when a first variation parameter
indicating a variation of the estimated rotation angle is
smaller than a predetermined first variation threshold value
and a second variation parameter indicating a variation of
the magnitude of the peak is larger than a predetermined
second variation threshold value.

4. The fetal state estimation apparatus according to claim

1, wherein the rotation angle estimation unit estimates an
electrocardiogram base signal caused by the beating of the
heart of the fetus, calculates a predetermined parameter
based on maximum and minimum values of the estimated
electrocardiogram base signal in a predetermined target time
period at every beating of the heart of the fetus, and
estimates the rotation angle based on the calculated param-
eter at every beating of the heart of the fetus.

5. The fetal state estimation apparatus according to claim

4, wherein the parameter is a value obtained by dividing the
maximum value by a value obtained by subtracting the
minimum value from the maximum value.

6. The fetal state estimation apparatus according to claim

4, wherein the fetal movement estimation unit estimates a
maximum value time point which is a time point when the
electrocardiogram signal of the fetus with respect to a
predetermined reference rotation angle has a maximum
value based on a time point when the estimated electrocar-
diogram base signal has a maximum value in the target time
period and the estimated rotation angle at every beating of
the heart of the fetus and estimates the fetal movement based
on the estimated maximum value time point, the estimated
rotation angle, and the estimated electrocardiogram base
signal.

7. The fetal state estimation apparatus according to claim

4, wherein the rotation angle estimation unit estimates the
electrocardiogram base signal by using an independent
component analysis.

8. A fetal state estimating method for estimating a state of

a fetus in a maternal body based on a potential signal
indicating a change in potential on a surface of the maternal
body, the fetal state estimating method comprising:
estimating a rotation angle of the fetus with respect to the
maternal body at every beating of a heart of the fetus
based on the potential signal; and
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estimating a fetal movement which is a movement of the
fetus based on the potential signal and the estimated
rotation angle.
9. The fetal state estimating method according to claim 8,
wherein:
the estimating of the rotation angle comprises estimating
an electrocardiogram base signal caused by the beating
of the heart of the fetus; and
the estimating of the fetal movement comprises estimat-
ing existence of a translational movement with respect
to an abdominal wall of the maternal body among the
fetal movements based on a magnitude of a peak of a
predetermined reference wave in the estimated electro-
cardiogram base signal and the estimated rotation
angle.
10. The fetal state estimating method according to claim
9, wherein the estimating of the fetal movement comprises
estimating that the translational movement with respect to
the abdominal wall of the maternal body among the fetal
movements is performed in a time period when a first
variation parameter indicating a variation of the estimated
rotation angle is smaller than a predetermined first variation
threshold value and a second variation parameter indicating
a variation of the magnitude of the peak is larger than a
predetermined second variation threshold value.
11. The fetal state estimating method according to claim
8, wherein the estimating of the rotation angle comprises:
estimating an electrocardiogram base signal caused by the
beating of the heart of the fetus;
calculating a predetermined parameter based on maxi-
mum and minimum values of the estimated electrocar-
diogram base signal in a predetermined target time
period at every beating of the heart of the fetus; and
estimating the rotation angle based on the calculated
parameter at every beating of the heart of the fetus.

12. The fetal state estimating method according to claim
11, wherein the estimating of the fetal movement comprises:

estimating a maximum value time point which is a time
point when the electrocardiogram signal of the fetus
with respect to a predetermined reference rotation angle
has a maximum value based on a time point when the
estimated electrocardiogram base signal has a maxi-
mum value in the target time period and the estimated
rotation angle at every beating of the heart of the fetus;
and

estimating the fetal movement based on the estimated
maximum value time point, the estimated rotation
angle, and the estimated electrocardiogram base signal.

13. A non-transitory computer-readable medium that
stores a fetal state estimating program for causing a com-
puter to execute a process of estimating a state of a fetus in
a maternal body based on a potential signal indicating a
change in potential on a surface of the maternal body, the
process comprising:

estimating a rotation angle of the fetus with respect to the

maternal body at every beating of a heart of the fetus
based on the potential signal; and

estimating a fetal movement which is a movement of the
fetus based on the potential signal and the estimated
rotation angle.
14. The non-transitory computer-readable medium
according to claim 13, wherein:
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the estimating of the rotation angle comprises estimating
an electrocardiogram base signal caused by the beating
of the heart of the fetus; and

the estimating of the fetal movement comprises estimat-

ing existence of a translational movement with respect
to an abdominal wall of the maternal body among the
fetal movements based on a magnitude of a peak of a
predetermined reference wave in the estimated electro-
cardiogram base signal and the estimated rotation
angle.

15. The non-transitory computer-readable medium
according to claim 14, wherein the estimating of the fetal
movement comprises estimating that the translational move-
ment with respect to the abdominal wall of the maternal
body among the fetal movements is performed in a time
period when a first variation parameter indicating a variation
of the estimated rotation angle is smaller than a predeter-
mined first variation threshold value and a second variation
parameter indicating a variation of the magnitude of the
peak is larger than a predetermined second variation thresh-
old value.

16. The non-transitory computer-readable medium
according to claim 13, wherein the estimating of the rotation
angle comprises :

10
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estimating an electrocardiogram base signal caused by the
beating of the heart of the fetus;

calculating a predetermined parameter based on maxi-
mum and minimum values of the estimated electrocar-
diogram base signal in a predetermined target time
period at every beating of the heart of the fetus; and

estimating the rotation angle based on the calculated
parameter at every beating of the heart of the fetus.

17. The non-transitory computer-readable medium

according to claim 16, wherein the estimating of the fetal
movement comprises:

estimating a maximum value time point which is a time
point when the electrocardiogram signal of the fetus
with respect to a predetermined reference rotation angle
has a maximum value based on a time point when the
estimated electrocardiogram base signal has a maxi-
mum value in the target time period and the estimated
rotation angle at every beating of the heart of the fetus;
and

estimating the fetal movement based on the estimated
maximum value time point, the estimated rotation
angle, and the estimated electrocardiogram base signal.
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