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CIRCULATION TIME MEASUREMENT
DEVICE, ESTIMATED CARDIAC OUTPUT
CALCULATION APPARATUS,
CIRCULATION TIME MEASUREMENT
METHOD, ESTIMATED CARDIAC OUTPUT
CALCULATION METHOD, AND PROGRAM

[0001] Priority is claimed on U.S. Provisional Patent
Application No. 62/011,590, filed on Jun. 13, 2014, the
content of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The present invention relates to a circulation time
measurement device, an estimated cardiac output calculation
apparatus, a circulation time measurement method, an esti-
mated cardiac output calculation method, and a program.

BACKGROUND ART

[0003] There is a cardiac output as one of indicators
indicating the state of a heart function. The cardiac output
indicates the amount of blood ejected from the heart in one
minute, and this value is reduced if there is a decline in heart
function. There are various methods of measuring the car-
diac output. As a typical measurement method, for example,
there is a thermal dilution method. In addition to this, MRI,
echocardiography, an impedance method, and the like are
provided.

[0004] A person whose heart function has declined is said
to have a problem in breathing in many cases. For example,
it has been pointed out that a patient with heart failure has
sleep apnea at a high rate. In addition, studies show that, in
a case where the breathing of a subject with sleep apnea is
resumed from the state of apnea, a time from the resumption
of the breathing to an increase in oxygen saturation (SpO.,)
in blood is correlated with an indicator of the heart function
(NPL 1).

[0005] As a related technique, PTL 1 discloses a measure-
ment method capable of measuring the circulation time of
the oxygen delivery of the blood flow in a non-invasive
manner. In addition, PTL 1 discloses that the circulation time
of the oxygen delivery of the blood flow is well correlated
with the cardiac output.

CITATION LIST

Patent Literature

[0006] [PTL 1] Japanese Unexamined Patent Application,
First Publication No. 2006-231012

Non-Patent Literature

[0007] [NPL 1] M. J. Hall, A. Xie, R. Rutherford, et al.,
“Cycle length of periodic breathing in patients with and
without heart failure” Am. J. Respir. Crit. Care Med., 154,
376-381, 1996.

SUMMARY OF INVENTION

Technical Problem

[0008] Incidentally, the thermal dilution method that is
currently used in many cases is an invasive method of
inserting a catheter into the heart. Accordingly, various
problems, such as a physical burden on a subject, have been
pointed out. In addition, in a measurement method, such as
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echocardiography, there is a problem that the accuracy
cannot be maintained. In addition, although it has been
pointed out that there is a strong correlation between sleep
apnea and heart function, a simple and practical method of
measuring the cardiac output using the correlation has not
yet been provided. There is no description regarding such a
method in PTL 1.

[0009] Therefore, it is an object of the present invention to
provide a circulation time measurement device, an estimated
cardiac output calculation apparatus, a circulation time mea-
surement method, an estimated cardiac output calculation
method, and a program capable of solving the aforemen-
tioned problem.

Solution to Problem

[0010] According to a first aspect of the present invention,
a circulation time measurement device includes: a signal
acquisition unit that acquires an air flow signal indicating a
temporal change of an air flow of breathing and an oxygen
saturation signal indicating a temporal change of oxygen
saturation; and a circulation time calculation unit that mea-
sures an oxygen delivery circulation time of blood based on
a time difference between a predetermined first time in the
air flow signal and a second time in the oxygen saturation
signal indicating an increase in oxygen saturation corre-
sponding to resumption of breathing at the first time.
[0011] According to a second aspect of the present inven-
tion, the circulation time calculation unit shapes the air flow
signal into a waveform showing a period of stop and
resumption of breathing, and measures the oxygen delivery
circulation time based on a time lag between the waveform
after shaping and a waveform indicated by the oxygen
saturation signal.

[0012] According to a third aspect of the present inven-
tion, the circulation time calculation unit includes: an air
flow segment section that segments the air flow signal at
predetermined time intervals to generate a segmental air
flow signal; an oxygen saturation segment section that
segments the oxygen saturation signal at predetermined time
intervals to generate a segmental oxygen saturation signal; a
signal shaping processing section that generates a shaped
segmental air flow signal by shaping the segmental air flow
signal into a waveform showing a period of stop and
resumption of breathing by applying a filter to the segmental
air flow signal; and a time difference calculation section that
calculates a time difference corresponding to a time lag
between a waveform indicated by the shaped segmental air
flow signal and a waveform indicated by the segmental
oxygen saturation signal and sets the time difference as the
oxygen delivery circulation time.

[0013] According to a fourth aspect of the present inven-
tion, the time difference calculation section calculates the
time difference using a cross-correlation analysis for the
shaped segmental air flow signal and the segmental oxygen
saturation signal.

[0014] According to a fifth aspect of the present invention,
an estimated cardiac output calculation apparatus includes:
the circulation time measurement device described in any
one of the first to fourth aspects; and a cardiac output
calculation unit that acquires the oxygen delivery circulation
time measured by the circulation time measurement device
and calculates an estimated cardiac output based on the
acquired oxygen delivery circulation time and a predeter-
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mined hyperbolic function showing a relationship between
the oxygen delivery circulation time of blood and a cardiac
output.

[0015] According to a sixth aspect of the present inven-
tion, a circulation time measurement method includes: a step
of acquiring an air flow signal indicating a temporal change
of an air flow of breathing and an oxygen saturation signal
indicating a temporal change of oxygen saturation; and a
step of measuring an oxygen delivery circulation time of
blood based on a time difference between a predetermined
first time in the air flow signal and a second time in the
oxygen saturation signal indicating an increase in oxygen
saturation corresponding to resumption of breathing at the
first time.

[0016] According to a seventh aspect of the present inven-
tion, an estimated cardiac output calculation method
includes a step of acquiring an air flow signal indicating a
temporal change of an air flow of breathing and an oxygen
saturation signal indicating a temporal change of oxygen
saturation; a step of measuring an oxygen delivery circula-
tion time of blood based on a time difference between a
predetermined first time in the air flow signal and a second
time in the oxygen saturation signal indicating an increase in
oxygen saturation corresponding to resumption of breathing
at the first time; and a step of calculating an estimated
cardiac output based on the measured oxygen delivery
circulation time and a predetermined hyperbolic function
showing a relationship between the oxygen delivery circu-
lation time of blood and a cardiac output.

[0017] According to an eighth aspect of the present inven-
tion, a program causes a computer of a circulation time
measurement device to function as: means for acquiring an
air flow signal indicating a temporal change of an air flow of
breathing and an oxygen saturation signal indicating a
temporal change of oxygen saturation; and means for mea-
suring an oxygen delivery circulation time of blood based on
a time difference between a predetermined first time in the
air flow signal and a second time in the oxygen saturation
signal indicating an increase in oxygen saturation corre-
sponding to resumption of breathing at the first time.

[0018] According to a ninth aspect of the present inven-
tion, a program causing a computer of an estimated cardiac
output calculation apparatus to function as: means for
acquiring an air flow signal indicating a temporal change of
an air flow of breathing and an oxygen saturation signal
indicating a temporal change of oxygen saturation; means
for measuring an oxygen delivery circulation time of blood
based on a time difference between a predetermined first
time in the air flow signal and a second time in the oxygen
saturation signal indicating an increase in oxygen saturation
corresponding to resumption of breathing at the first time;
and means for calculating an estimated cardiac output based
on the measured oxygen delivery circulation time and a
predetermined hyperbolic function showing a relationship
between the oxygen delivery circulation time of blood and
a cardiac output.

Advantageous Effects of Invention

[0019] According to the aspects of the present invention
described above, it is possible to measure the oxygen
delivery circulation time of blood and estimate the cardiac
output using the breathing period of the subject and the
time-series data of oxygen saturation in blood.
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BRIEF DESCRIPTION OF DRAWINGS

[0020] FIG. 1 is a block diagram showing the configura-
tion of an estimated cardiac output calculation apparatus in
one embodiment of the present invention.

[0021] FIG. 2 is a block diagram showing the configura-
tion of a circulation time measurement device in one
embodiment of the present invention.

[0022] FIG. 3 is a first diagram illustrating the outline of
the circulation time measurement process in one embodi-
ment of the present invention.

[0023] FIG. 4 is a second diagram illustrating the outline
of the circulation time measurement process in one embodi-
ment of the present invention.

[0024] FIG. 5 is a third diagram illustrating the outline of
the circulation time measurement process in one embodi-
ment of the present invention.

[0025] FIG. 6 is a diagram illustrating the calculation of a
cardiac output in one embodiment of the present invention.
[0026] FIG. 7 is a flowchart of the process of calculating
the cardiac output according to one embodiment of the
present invention.

[0027] FIG. 8 is a first diagram showing an example of the
graph output from the estimated cardiac output calculation
apparatus in one embodiment of the present invention.
[0028] FIG. 9 is a second diagram showing an example of
the graph output from the estimated cardiac output calcula-
tion apparatus in one embodiment of the present invention.

DESCRIPTION OF EMBODIMENTS

One Embodiment

[0029] Hereinafter, an estimated cardiac output calcula-
tion apparatus according to an embodiment of the present
invention will be described with reference to the diagrams.
[0030] FIG. 1 is a block diagram showing the configura-
tion of the estimated cardiac output calculation apparatus in
one embodiment of the present invention.

[0031] The estimated cardiac output calculation apparatus
20 is an apparatus for calculating the estimated value of the
cardiac output of a subject. The cardiac output is, for
example, a cardiac index (CI). Alternatively, it is also
possible to use CO (cardiac output: CO/body surface
area=CI). In the following explanation, a case where the CI
is used as the cardiac output will be described as an example.
The estimated cardiac output calculation apparatus 20 of the
present embodiment is an apparatus capable of calculating
the estimated value of the cardiac output with high accuracy
without requiring expensive and special medical equipment.
The estimated cardiac output calculation apparatus 20 is a
personal computer (PC) or a server device including a
central processing unit (CPU), for example. The estimated
cardiac output calculation apparatus 20 is connected to a
display device, a keyboard, a mouse, and the like.

[0032] InFIG. 1, the estimated cardiac output calculation
apparatus 20 includes a circulation time measurement device
10, a cardiac output calculation unit 21, a graph display unit
22, and a storage unit 23.

[0033] The circulation time measurement device 10 mea-
sures the oxygen delivery circulation time of the blood of the
subject using an air flow signal, which is measured by an air
flow sensor for detecting the state of breathing, and an
oxygen saturation signal, which is measured by a sensor for
detecting oxygen saturation in blood. The oxygen delivery
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circulation time of blood is a time from the start of breathing
of a subject to a time, at which blood oxygenated by oxygen
inhaled by the breathing is delivered by the blood flow to
reach a predetermined position.

[0034] The cardiac output calculation unit 21 acquires the
circulation time measured by the circulation time measure-
ment device 10, and calculates a cardiac output using the
circulation time. In the case of normal subjects, there is no
problem in the amount of blood supplied from the heart. In
this case, the oxygen delivery circulation time of blood
indicates a normal value. However, in the case of patients
who have a problem in a heart function, the action of the
heart is weak, and the amount of blood supplied from the
heart is smaller than that in normal subjects. Accordingly,
since a time is required until oxygen reaches a predeter-
mined position, the oxygen delivery circulation time of
blood is longer than values in normal subjects. Although the
correlation between the oxygen delivery circulation time of
blood and the cardiac output is known up to now, there is no
information regarding the exact relationship between the
oxygen delivery circulation time of blood and the cardiac
output. In the present embodiment, a method of calculating
the accurate estimated value of the cardiac output from the
oxygen delivery circulation time of blood using an expres-
sion showing the correlation between the oxygen delivery
circulation time of blood and the cardiac output is provided.
[0035] The graph display unit 22 creates a graph of the
time-series of the estimated value of the cardiac output
calculated by the cardiac output calculation unit 21, and
outputs the graph to a display device or the like connected
to the estimated cardiac output calculation apparatus 20.
[0036] The storage unit 23 stores various kinds of infor-
mation, such as a function required for the calculation of the
cardiac output, an air flow signal, and an oxygen saturation
signal.

[0037] FIG. 2 is a block diagram showing the configura-
tion of the circulation time measurement device in one
embodiment of the present invention.

[0038] The circulation time measurement device 10 is a
device for measuring the oxygen delivery circulation time of
blood of the subject. The circulation time measurement
device 10 of the present embodiment measures the oxygen
delivery circulation time of blood based on the state of
breathing during sleep of a subject suffering from sleep-
disordered breathing and a change in oxygen saturation in
the blood at the time. In the case of a subject suffering from
sleep-disordered breathing, there is a time, at which breath-
ing is stopped or weakened, during sleep. In the meantime,
the oxygen saturation of blood of the subject is reduced.
Then, if the subject resumes breathing, the oxygen saturation
of blood rises. In the case of a subject suffering from
sleep-disordered breathing, resumption of breathing or an
increase in oxygen saturation of the blood due to the
resumption of breathing clearly appears in the air flow signal
or the oxygen saturation signal measured for the subject. The
circulation time measurement device 10 of the present
embodiment measures the oxygen delivery circulation time
of blood using such a characteristic.

[0039] In the present embodiment, it is possible to use the
air flow signal and the oxygen saturation signal of the
subject that have been measured by polysomnography. The
air flow signal can be measured by using a pressure sensor
attached to the nose of the subject, for example. Besides, in
order to measure the air flow signal, it is possible to use a
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method of detecting the temperature change of the air that
goes in and out of the nasal cavity with breathing, a method
of detecting the movement of the chest due to breathing, and
the like. In addition, the oxygen saturation signal can be
measured using a pulse oximeter attached to the fingertip of
the subject for example. In the present embodiment, as the
oxygen delivery circulation time of blood, a lung-to-finger
circulation time (LFCT) that means a time for which oxygen
is delivered from the lung to the fingertip of the subject is
used.

[0040] As shown in FIG. 2, the circulation time measure-
ment device 10 includes a signal acquisition unit 11, a
circulation time calculation unit 12, and an output unit 13.
[0041] The signal acquisition unit 11 acquires an air flow
signal indicating the temporal change of the breathing state
of the subject from the storage unit 23. In addition, the signal
acquisition unit 11 acquires an oxygen saturation signal
indicating the temporal change of the oxygen saturation in
blood, which flows through the fingertip of the subject, from
the storage unit 23.

[0042] The circulation time calculation unit 12 measures
the oxygen delivery circulation time of blood based on the
time difference between the first time (resumption time of
breathing) in the air flow signal and the second time in the
oxygen saturation signal, which indicates the behavior of
oxXygen saturation (increase in oxygen saturation) corre-
sponding to the resumption of breathing at the first time. In
this calculation, the circulation time calculation unit 12
shapes the air flow signal into a waveform showing the
period of stop and resumption of breathing, and measures
the oxygen delivery circulation time of blood based on a
time lag between the waveform after shaping and the
waveform indicated by the oxygen saturation signal.
[0043] The output unit 13 outputs the information of the
oxygen delivery circulation time of blood calculated by the
circulation time calculation unit 12.

[0044] The circulation time calculation unit 12 includes an
air flow segment section 121, an oxygen saturation segment
section 122, a signal shaping processing section 123, and a
time difference calculation section 124.

[0045] The air flow segment section 121 segments the air
flow signal at predetermined time intervals to generate a
segmental air flow signal.

[0046] The oxygen saturation segment section 122 seg-
ments the oxygen saturation signal at predetermined time
intervals to generate a segmental oxygen saturation signal.
[0047] The signal shaping processing section 123 gener-
ates a shaped segmental air flow signal, for example, by
applying a low pass filter to the segmental air flow signal.
[0048] The time difference calculation section 124 calcu-
lates a time difference corresponding to the time lag between
the waveform indicated by the shaped segmental air flow
signal and the waveform indicated by the segmental oxygen
saturation signal, and sets the time difference as the oxygen
delivery circulation time of blood. In calculating the time
difference, the time difference calculation section 124 uses a
cross-correlation analysis for the shaped segmental air flow
signal and the segmental oxygen saturation signal.

[0049] FIG. 3 is a first diagram illustrating the outline of
the circulation time measurement process in one embodi-
ment of the present invention.

[0050] FIG. 4 is a second diagram illustrating the outline
of the circulation time measurement process (detrend pro-
cessing) in one embodiment of the present invention.
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[0051] A graph 3A (uppermost graph) shown in FIG. 3 is
a graph of the time-series of the air flow signal acquired by
the signal acquisition unit 11. A graph 3B (second graph
from the top) shown in FIG. 3 is a graph of the time-series
of a signal obtained by performing full-wave rectification
processing on the air flow signal acquired by the signal
acquisition unit 11. A graph 3C (third graph from the top)
shown in FIG. 3 is a graph of the time-series of a signal that
is shaped into a waveform showing the period of stop and
resumption of breathing by applying a low pass filter to the
air flow signal after full-wave rectification processing. A
graph 3D (lowermost graph) shown in FIG. 3 is a graph of
the time-series of the oxygen saturation signal acquired by
the signal acquisition unit 11.

[0052] A patient with heart failure or the like also suffers
from sleep-disordered breathing in many cases. In the pres-
ent embodiment, the LFCT is measured using the timing at
which the breathing of the subject suffering from sleep-
disordered breathing returns to normal breathing from the
stop or weakened state during sleep. Specifically, when the
breathing of the subject returns from the stop state to the
normal breathing state, oxygen saturation in blood is
increased by oxygen inhaled at that time. An increase in
oxygen saturation is recorded with a slight delay in the
oxygen saturation signal. The reason for the slight delay is
that the time is required until oxygenated blood is delivered
to the fingertip of the subject. Also in one air flow signal,
when the breathing of the subject returns from the stop state
to the normal breathing state, the behavior is clearly shown.
In the present embodiment, the LFCT is measured using the
behavior of the air flow signal at the time of resumption of
breathing in a series of breathing and the behavior of oxygen
saturation corresponding thereto as marks, with a subject
whose breathing may be stopped during sleep as a target.
The LFCT is a time until the pulse oximeter attached to the
fingertip of the subject detects an increase in oxygen satu-
ration from the start of inhaling of oxygen. In the present
embodiment, the time difference between the time, at which
a behavior indicating the resumption of breathing in the air
flow signal appears, and the time, at which a behavior
corresponding to the resumption of breathing appears in the
oxygen saturation signal, is calculated by analyzing the
cross-correlation between the waveforms indicated by the
respective signals.

[0053] In the air flow signal indicated by the graph 3A, a
breathing waveform having a shorter period (higher fre-
quency) than a period (P) of stop and resumption of breath-
ing is included. Even if cross-correlation analysis is per-
formed in this state, the cross correlation analysis cannot be
correctly performed due to the influence of high-frequency
signals. Therefore, processing for extracting only a wave-
form mainly indicating the period of stop and resumption of
breathing is performed so that cross-correlation analysis
between the air flow signal and the waveform indicated by
the oxygen saturation signal can be easily performed.

[0054] First, the signal shaping processing section 123
performs full-wave rectification processing. Therefore, as
shown in the graph 3B, all values of the air flow signal
become positive values. Then, the signal shaping processing
section 123 removes high-frequency components by apply-
ing a low pass filter to the air flow signal after full-wave
rectification processing. Then, it is possible to extract only
the waveform showing the period of stop and resumption of
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breathing indicated by the graph 3C. In this stage, detrend
processing is performed in addition to frequency cut-off
using a low pass filter.

[0055] The detrend processing will be described with
reference to FIG. 4. When the air flow signal is expressed in
a graph, there is a tendency that the value of the signal
increases gradually due to the accumulation of noise in the
air flow sensor or the like. A graph 4A shows an example of
the air flow signal in such a case. It is not possible to perform
correct cross-correlation analysis under such an increase
tendency. The detrend processing is performed in order to
extract only the waveform indicating the period of stop and
resumption of breathing by removing such a tendency of the
value. The signal shaping processing section 123 calculates
a straight line 4B showing the increase tendency of the air
flow signal by performing linear approximation for the air
flow signal using a least squares method, for example. The
signal shaping processing section 123 performs detrend
processing for subtracting a value corresponding to the
straight line from the value of the air flow signal. A graph 4C
shows a waveform after detrend processing. The signal
shaping processing section 123 generates a signal shaped
into a waveform showing the period of stop and resumption
of breathing by performing full-wave rectification process-
ing, low pass filter application, and detrend processing. Also
for the oxygen saturation signal, the signal shaping process-
ing section 123 performs the detrend processing similarly.
Thus, the cross-correlation analysis between the air flow
signal after shaping and the oxygen saturation signal is
possible. It is possible to calculate the LFCT by performing
the cross-correlation analysis. Next, the cross-correlation
analysis between the air flow signal after shaping and the
oxygen saturation signal will be described with reference to
FIG. 5.

[0056] FIG. 5 is a third diagram illustrating the outline of
the circulation time measurement process in one embodi-
ment of the present invention.

[0057] In FIG. 5, a graph 3C is a time-series graph of the
air flow signal after shaping that is shaped into a waveform
showing a period of stop and resumption of breathing. A
graph 3D is a time-series graph of an oxygen saturation
signal. A graph 3C-10 is a graph obtained by shifting the
graph 3C by 10 seconds to the right. A graph 3C-20 is a
graph obtained by shifting the graph 3C by 20 seconds to the
right.

[0058] In order to measure the LFCT, the graph 3C or the
graph 3D is shifted by a time difference corresponding to the
time lag between both the graphs so that a predetermined
time in the air flow signal after shaping and a time in the
oxygen saturation signal, which indicates the behavior of the
oxygen saturation corresponding to the resumption of
breathing at the predetermined time, overlap each other. The
shift amount (second) at this time is the LFCT. The LFCT is
a time required for the delivery of oxygen to the fingertip of
the subject. In order to calculate the shift amount at this time,
the time difference calculation section 124 performs cross-
correlation analysis. First, the time difference calculation
section 124 shifts any one of the time-series graph of the air
flow signal after shaping and the time-series graph of the
oxygen saturation signal in the time axis direction, and
calculates a product of values at each time of the two graphs
after shift. The time difference calculation section 124 sums
the product at each time for all times. The total value is
referred to as a cross-correlation coefficient. The time dif-
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ference calculation section 124 compares the cross-correla-
tion coefficients calculated for each of the shift amounts, and
calculates a shift amount when the value is the largest. The
cross-correlation coefficient in this case is referred to as a
maximum cross-correlation coefficient. That is, the time
difference calculation section 124 calculates a shift amount
in a case where the cross-correlation between the waveform
of the graph 3C and the waveform of the graph 3D is the
strongest. This processing is referred to as a cross-correla-
tion analysis in the present embodiment. The shift amount
calculated by the cross-correlation analysis is a time differ-
ence corresponding to the time lag between the waveform of
the air flow signal after shaping and the waveform of the
oxygen saturation signal, and is the LFCT.

[0059] In the case of the example shown in FIG. 5, the
cross-correlation when the graph C is shifted by 0 seconds
to the right (future direction) is low. When the graph C is
shifted by 10 seconds to the right, the cross-correlation
increases. When the graph C is shifted by 20 seconds to the
right, the cross-correlation is the highest. In the case of the
example shown in FIG. 5, the obtained LFCT is 20 seconds.
That is, in this example, oxygen taken by breathing reaches
a fingertip of the subject with a delay of 20 seconds. As
described above, the delay time correlates with the indicator
of the heart function of the subject. After the time difference
calculation section 124 calculates the LFCT by the cross-
correlation analysis, the cardiac output calculation unit 21
calculates an estimated value of a cardiac output CI using the
LFCT. Next, the calculation of the cardiac output CI will be
described.

[0060] FIG. 6 is a diagram illustrating the calculation of a
cardiac output in one embodiment of the present invention.

[0061] The left side of FIG. 6 is a graph showing the
relationship between the LFCT according to the present
embodiment measured for a plurality of subjects (31 per-
sons) and the measurement value of the CI measured for the
same subjects. In the left side of FIG. 6, the vertical axis
indicates a CI measurement value, and the horizontal axis
indicates the LFCT. The LFCT was measured using the air
flow signal and the oxygen saturation signal measured
overnight for a plurality of subjects, and the average value
was adopted. For the measurement value of the CI, mea-
surement was performed using the most accurate invasive
measurement method (for example, a thermal dilution
method or a Fick method) at present. R*=0.53 and p
value<0.001 were obtained by performing regression analy-
sis of the correlation between the average value of the LFCT
and the CI measurement value obtained as described above.
This can be said to be a meaningful value indicating there is
a correlation between the average value of the LFCT and the
CI measurement value. By analyzing the graph shown on the
left side of FIG. 6, it can be seen that the relationship
between the measurement values of the LFCT and the CI can
be approximated to the relationship of the hyperbolic func-
tion. The relationship between the LFCT and the CI can be
expressed by the following equation.

0.895(L/m?) x 60(s/min) M

o . 2
Cardiac index(L/min/m~) = LFCT)

[0062] The right side of FIG. 6 is a graph showing the
relationship between CI estimated values calculated for a
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plurality of subjects using the above Equation (1) and CI
measurement values measured for the same subjects. On the
right side of FIG. 6, the vertical axis indicates the CI
measurement value, and the horizontal axis indicates the CI
estimated value. By analyzing the graph shown on the right
side, RMSE=0.330.23 (L/min/m*) was obtained for error
RMSE (Root Mean Squared Error) of the CT estimated value
according to Equation (1) of the present embodiment. This
value is thought to be error that is allowable in use for
medical purposes.

[0063] Based on the above analysis, in the present
embodiment, the cardiac output calculation unit 21 acquires
the LFCT measured by the circulation time measurement
device 10, and calculates the estimated value of the cardiac
output (CI) using Equation (1).

[0064] Next, the flow of the process of calculating the
estimated value of the cardiac output (CI) in the present
embodiment will be described.

[0065] FIG. 7 is a flowchart of the processing of calcu-
lating the cardiac output according to one embodiment of the
present invention.

[0066] As a prerequisite, a series of air flow signals and a
series of oxygen saturation signals measured during sleep of
the subject are stored in the storage unit 23. In addition, it is
assumed that the measurement value of the pulse of the
subject measured in parallel with the air flow signal or the
like is stored in the storage unit 23.

[0067] First, the signal acquisition unit 11 reads and
acquires a series of air flow signals and oxygen saturation
signals of the subject from the storage unit 23 (step S11).
The signal acquisition unit 11 outputs the read air flow
signals and oxygen saturation signals to the circulation time
calculation unit 12. Then, the signal shaping processing
section 123 provided in the circulation time calculation unit
12 performs full-wave rectification processing on the read
series of air flow signals (step S12). Then, the air flow
segment section 121 provided in the circulation time calcu-
lation unit 12 generates N segmental air flow signals n (n=1
to N) by segmenting the air flow signals after full-wave
rectification in predetermined time units (for example,
2-minute units) (step S13). In addition, the oxygen satura-
tion segment section 122 provided in the circulation time
calculation unit 12 generates N segmental oxygen saturation
signals n (n=1 to N) by segmenting the series of oxygen
saturation signals in the same time units (for example,
2-minute units) as the length used in the segment by the air
flow segment section 121. The segmental air flow signal n
and the segmental oxygen saturation signal n are referred to
collectively as a segmental signal n. Then, the circulation
time calculation unit 12 performs processing of the follow-
ing steps S15 to S17 for each segment (step S14).

[0068] First, the signal shaping processing section 123
performs detrend processing on a first segmental air flow
signal 1 and a first segmental oxygen saturation signal 1
(step S15). Then, the signal shaping processing section 123
removes high-frequency components by applying a low pass
filter to the first segmental air flow signal 1 after detrend
processing (step S16). At this time, the signal shaping
processing section 123 applies a plurality of low pass filters
to the first segmental air flow signal 1 after detrend process-
ing. Examples of a plurality of types of low pass filters are
shown.
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[0069] A. First-order low pass filter, dead time=0, cutoff
frequency 0.010 Hz

[0070] B. First-order low pass filter, dead time=0, cutoff
frequency 0.015 Hz

[0071] C. First-order low pass filter, dead time=0, cutoff
frequency 0.020 Hz

[0072] The signal shaping processing section 123 gener-
ates a shaped segmental air flow signal Al, a shaped
segmental air flow signal B1, and a shaped segmental air
flow signal C1 by applying the low pass filters A, B, and C
to the first segmental air flow signal 1.

[0073] Then, the time difference calculation section 124
provided in the circulation time calculation unit 12 calcu-
lates a cross-correlation coeflicient by performing cross-
correlation analysis for the first segmental oxygen saturation
signal 1 and each of the shaped segmental air flow signal A1,
the shaped segmental air flow signal B1, and the shaped
segmental air flow signal C1 (step S17). At this time, as an
example of measuring the oxygen saturation signal at the
fingertip of the subject, the time difference calculation
section 124 performs cross-correlation analysis by limiting
the shift amount of the shaped segmental air flow signal or
the segmental oxygen saturation signal in the time axis
direction to a range of, for example, 10 seconds to 60
seconds. The time difference calculation section 124 calcu-
lates a cross-correlation coefficient for each shift amount by
shifting the shaped segmental air flow signal or the segmen-
tal oxygen saturation signal in a direction, in which points
indicating the behaviors (a point indicating the resumption
of breathing and a point indicating an increase in oxygen
saturation) as marks of the shaped segmental air flow signal
and the segmental oxygen saturation signal overlap each
other, while changing the shift amount, and acquires a case
where the value is the largest. Finally, the time difference
calculation section 124 calculates a maximum cross-corre-
lation coeflicient A'l between the shaped segmental air flow
signal Al and each segmental oxygen saturation signal. The
time difference calculation section 124 calculates a maxi-
mum cross-correlation coeflicient B'l between the shaped
segmental air flow signal B1 and each segmental oxygen
saturation signal. The time difference calculation section 124
calculates a maximum cross-correlation coefficient C'l
between the shaped segmental air flow signal C1 and each
segmental oxygen saturation signal. Then, the time differ-
ence calculation section 124 selects a maximum value D'l
among the calculated A'l, B'l, and C'l. Then, the time
difference calculation section 124 sets the shift amount
corresponding to the selected maximum value D'l of the
maximum cross-correlation coefficients as an LFCT1 for the
segmental signal. The time difference calculation section
124 records a predetermined time included in the segmental
air flow signal (for example, first measurement time of the
air flow signal included in the segmental air flow signal) and
the LFCT1 in the storage unit 23 so as to match each other.
[0074] The signal shaping processing section 123 and the
time difference calculation section 124 repeat the processing
of steps S15 to S17 similarly for the second segmental air
flow signal and the second segmental oxygen saturation
signal. For example, even if the time difference calculation
section 124 selects the maximum cross-correlation coeffi-
cient C'l for the first segmental signal and sets the shift
amount in that case as the shift amount LFCT]I, if the
maximum cross-correlation coefficient A2 is a maximum
value in the cross-correlation analysis of the second seg-
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mental signal, the time difference calculation section 124
selects a shift amount in that case and sets the shift amount
as a circulation time LFCT2 in the segmental signal. Thus,
by applying a plurality of types of low pass filters to each
segmental signal and comparing the results of processing by
the low pass filters, it is possible to select the accurate LFCT
(high maximum cross-correlation coeflicient) for each seg-
mental signal. After the LFCT2 is set, the time difference
calculation section 124 records a predetermined time
included in the second segmental air flow signal and the
LFCT?2 in the storage unit 23 so as to match each other.

[0075] By performing the processing on the segmental
signal for all segmental signals (n=1 to N), time-series
LFCTn (n=1 to N) is recorded in the storage unit 23. Then,
the output unit 13 reads the time-series LFCTn (n=1 to N)
from the storage unit 23, and outputs the LFCTn to the
cardiac output calculation unit 21.

[0076] Then, the cardiac output calculation unit 21 calcu-
lates an estimated value Cln of the cardiac output for each
of the time-series LFCTn (n=1 to N) using Equation (1) (step
S19). The cardiac output calculation unit 21 records the
calculated Cln in the storage unit 23 so as to match the time
associated with the LFCTn. When the cardiac output calcu-
lation unit 21 completes the calculation of the Cln for all
LFCTn (n=1 to N), time-series Cln (n=1 to N) is recorded
in the storage unit 23.

[0077] Then, the cardiac output calculation unit 21 per-
forms processing for removing outliers from the time-series
Cln (step S20). For example, if there is a portion where the
ClIn has changed abruptly, the cardiac output calculation unit
21 removes the Cln that has changed abruptly. The case
where the Cln changes abruptly is a case of ACI=0.5
L/min/m?, for example. In addition, if there is a value that
significantly deviates from the average value of the Cln, the
cardiac output calculation unit 21 removes the Cln. The
significantly deviated value is a case where the amount of
deviation is equal to or greater than 1.0 L/min/m?, for
example etc. The cardiac output calculation unit 21 deletes
outliers from the data of the time-series Cln recorded in the
storage unit 23.

[0078] Then, the graph display unit 22 reads the CI
estimated value and the time-series LFCT after removing the
outliers, and generates an image in which time-series graphs
of the LFCT, the CI estimated value, and the like are
displayed. The graph display unit 22 outputs the generated
image to the display device so as to be displayed on the
display device (step S21). FIG. 8 shows an example of the
graph output from the graph display unit 22.

[0079] FIG. 8 is a first diagram showing an example of the
graph output from the estimated cardiac output calculation
apparatus in one embodiment of the present invention.

[0080] A graph 8A (uppermost graph) shown in FIG. 8 is
a time-series graph of oxygen saturation (Sp0O,). A graph 8B
(second graph from the top) is a time-series graph of the
LFCT measured by the circulation time measurement device
10 of the present embodiment. A graph 8C (third graph from
the top) is a time-series graph of the CI estimated value
calculated by the estimated cardiac output calculation appa-
ratus 20 of the present embodiment. A graph 8D (lowermost
graph) is a time-series graph of the pulse. According to the
present embodiment, the graphs exemplified in FIG. 8 can
be output using the data measured by polysomnography.
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[0081] The graph display unit 22 may calculate an average
value from each of the time-series LFCT and the time-series
cardiac output, and may output the average values.

[0082] In addition, although the case of calculating the
estimated value of the CI as a cardiac output has been
described as an example so far, the estimated value of the
CO may be calculated. Specifically, information of the body
surface area of the subject is recorded in the storage unit 23.
Then, the cardiac output calculation unit 21 calculates a CI
estimated value using Equation (1), and calculates a CO
estimated value by multiplying the CI estimated value by the
body surface area of the subject read from the storage unit
23 (CO estimated value=CI estimated valuexbody surface
area of subject).

[0083] Although the processing for removing outliers is
performed for the estimated value of CI in the process flow
shown in FIG. 7, processing for removing a value that has
changed abruptly or a value that significantly deviates from
the average value may be performed for the measurement
value of the time-series LFCT.

[0084] The full-wave rectification processing, the appli-
cation of a low pass filter, the detrend processing, and the
cross-correlation analysis processing that have been
described above can be performed using general numerical
analysis software, such as MATLAB provided by Math-
Works, for example.

[0085] FIG. 9 is a second diagram showing an example of
the graph output from the estimated cardiac output calcula-
tion apparatus in one embodiment of the present invention.
[0086] FIG. 9 is graphs showing the results of the mea-
surement of the LFCT using the circulation time measure-
ment device 10 of the present embodiment and the calcu-
lation of the CI estimated value using the estimated cardiac
output calculation apparatus 20 for a certain subject suffer-
ing from atrial fibrillation and heart failure maintaining the
contractile ability. The subject complained of dyspnea, and
echocardiography was performed and a result indicating a
good heart function was obtained. However, when the CI
estimated value was calculated using the estimated cardiac
output calculation apparatus 20 of the present embodiment,
areduction in the CI estimated value was observed (left side
of FIG. 9).

[0087] Then, measures of electrical defibrillation were
done for the subject, and then the CI estimated value was
calculated again using the estimated cardiac output calcu-
lation apparatus 20 of the present embodiment when the
symptoms were light. As a result, the right side of FIG. 9 was
obtained. According to the right side of FIG. 9, it can be seen
that the CT estimated value of the subject is recovering. This
example shows that, even in a case where the state of the
heart function of the subject cannot be detected by echocar-
diography or the like, it may be possible to grasp the state
of the heart function using the estimated cardiac output
calculation apparatus 20 of the present embodiment. In
addition, since a patient with heart failure or the like also
suffers from sleep-disordered breathing in many cases, the
method of the present embodiment capable of estimating the
CI, which is an important indicator of the heart function,
based on the air flow signal and the oxygen saturation signal
measured during sleep is also appropriate for a daily exami-
nation for a patient with heart failure or the like.

[0088] According to the estimated cardiac output calcula-
tion apparatus 20 of the present embodiment, it is possible
to estimate the cardiac output CI in a non-invasive method
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based on the measurement value of the LFCT. In the
measurement of the LFCT, neither a special device nor
special skill is required. In addition, the measurement of the
LFCT can be performed if an existing examination device
and a PC or the like having a function of the circulation time
measurement device 10 are present. Therefore, introduction
and operation thereof are easy. In addition, in the field of
day-to-day medical care, it is not practical to manually
measure the LFCT from a large amount of data of the air
flow signal and the oxygen saturation signal measured
overnight for a plurality of subjects. According to the
algorithm of the present embodiment, it is possible to
automatically measure the LFCT by extracting the wave-
form showing the period of stop and resumption of breathing
from the air flow signal and analyzing the cross-correlation
with the oxygen saturation signal. Therefore, it is possible to
continue the measurement of the LFCT on a daily basis
without difficulty. In addition, according to the present
embodiment, it is possible to display not only the LFCT or
the CI estimated value at a single point in time but also
graphs showing changes in the LFCT and the CI estimated
value in a predetermined period (for example, overnight).
Therefore, it is possible to obtain meaningful data regarding
the subject.

[0089] In addition, the processing of each unit may be
performed by recording a program for realizing all or some
of the functions of the circulation time measurement device
10 and the estimated cardiac output calculation apparatus 20
in a computer-readable recording medium, reading the pro-
gram recorded in the recording medium into a computer
system, and executing the read program. The “computer
system” referred to herein is intended to include an OS or
hardware, such as a peripheral device.

[0090] In addition, the “computer system” may also
include a homepage presenting environment (or a display
environment) in a case where a WWW system is used.
[0091] In addition, examples of the “computer-readable
recording medium” include portable media, such as a CD, a
DVD, and a USB, and a storage device, such as a hard disk
built into the computer system. The above program may be
a program for realizing some of the functions described
above or may be a program capable of realizing the above
functions in combination with a program already recorded in
the computer system.

[0092] Tt is also possible to appropriately replace the
components in the above embodiment with known compo-
nents without departing from the scope of the present
invention. In addition, the technical range of the present
invention is not limited to the embodiment described above,
but various modifications can be made without departing
from the spirit and scope of the present invention. For
example, the storage unit 23 may be provided in an external
storage device. The LFCT is an example of the oxygen
delivery circulation time of blood. In addition, Equation (1)
is an example of a predetermined hyperbolic function show-
ing the relationship between the oxygen delivery circulation
time of blood and the cardiac output. The estimated value of
the CI is an example of the estimated cardiac output.

INDUSTRIAL APPLICABILITY

[0093] According to the circulation time measurement
device, the estimated cardiac output calculation apparatus,
the circulation time measurement method, the estimated
cardiac output calculation method, and the program
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circulation time and a predetermined hyperbolic func-
tion showing a relationship between the oxygen deliv-
ery circulation time of blood and a cardiac output.

13. A circulation time measurement method, comprising:
a step of acquiring an air flow signal indicating a temporal

described above, it is possible to measure the oxygen
delivery circulation time of blood and estimate the cardiac
output using the breathing period of the subject and the
time-series data of oxygen saturation in blood.

REFERENCE SIGNS LIST

[0094] 10: circulation time measurement device

[0095] 11: signal acquisition unit

[0096] 12: circulation time calculation unit

[0097] 121: air flow segment section

[0098] 122: oxygen saturation segment section

[0099] 123: signal shaping processing section

[0100] 124: time difference calculation section

[0101] 13: output unit

[0102] 20: estimated cardiac output calculation appara-
tus

[0103] 21: cardiac output calculation unit

[0104] 22: graph display unit

[0105] 23: storage unit

1-9. (canceled)

10. A circulation time measurement device, comprising:

a signal acquisition unit that acquires an air flow signal
indicating a temporal change of an air flow of breathing
and an oxygen saturation signal indicating a temporal
change of oxygen saturation; and

a circulation time calculation unit that measures an oxy-
gen delivery circulation time of blood based on a time
difference between a predetermined first time in the air
flow signal and a second time in the oxygen saturation
signal indicating an increase in oxygen saturation cor-
responding to resumption of breathing at the first time,

wherein the circulation time calculation unit includes:

an air flow segment section that segments the air flow
signal at predetermined time intervals to generate a
segmental air flow signal;

an oxygen saturation segment section that segments the
oxygen saturation signal at the predetermined time
intervals to generate a segmental oxygen saturation
signal,

a signal shaping processing section that generates a
shaped segmental air flow signal by shaping the seg-
mental air flow signal into a waveform showing a
period of stop and resumption of breathing by applying
a filter to the segmental air flow signal; and

a time difference calculation section that calculates a time
difference corresponding to a time lag between a wave-
form indicated by the shaped segmental air flow signal
and a waveform indicated by the segmental oxygen
saturation signal and sets the time difference as the
oxygen delivery circulation time.

11. The circulation time measurement device according to

claim 10,

wherein the time difference calculation section calculates
the time difference using a cross-correlation analysis
for the shaped segmental air flow signal and the seg-
mental oxygen saturation signal.

12. An estimated cardiac output calculation apparatus,

comptrising:

the circulation time measurement device according to
claim 10, and

a cardiac output calculation unit that acquires the oxygen
delivery circulation time measured by the circulation
time measurement device and calculates an estimated
cardiac output based on the acquired oxygen delivery

change of an air flow of breathing and an oxygen
saturation signal indicating a temporal change of oxy-
gen saturation; and

a step of measuring an oxygen delivery circulation time of
blood based on a time difference between a predeter-
mined first time in the air flow signal and a second time
in the oxygen saturation signal indicating an increase in
oxygen saturation corresponding to resumption of
breathing at the first time,

wherein, in the step of measuring the oxygen delivery

circulation time, a segmental air flow signal is gener-
ated by segmenting the air flow signal at predetermined
time intervals;

a segmental oxygen saturation signal is generated by
segmenting the oxygen saturation signal at the prede-
termined time intervals;

a shaped segmental air flow signal is generated by shaping
the segmental air flow signal into a waveform showing
a period of stop and resumption of breathing by apply-
ing a filter to the segmental air flow signal; and

a time difference corresponding to a time lag between a
waveform indicated by the shaped segmental air flow
signal and a waveform indicated by the segmental
oxygen saturation signal is calculated, and the time
difference is set as the oxygen delivery circulation time.

14. An estimated cardiac output calculation method, com-

prising:

acquiring an air flow signal indicating a temporal change
of an air flow of breathing and an oxygen saturation
signal indicating a temporal change of oxygen satura-
tion;

measuring an oxygen delivery circulation time of blood

based on a time difference between a predetermined
first time in the air flow signal and a second time in the
oxygen saturation signal indicating an increase in oxy-
gen saturation corresponding to resumption of breath-
ing at the first time; and

calculating an estimated cardiac output based on the
measured oxygen delivery circulation time and a pre-
determined hyperbolic function showing a relationship
between the oxygen delivery circulation time of blood
and a cardiac output.

15. A program causing a computer of a circulation time

measurement device to function as:

a signal acquisition unit that acquires an air flow signal
indicating a temporal change of an air flow of breathing
and an oxygen saturation signal indicating a temporal
change of oxygen saturation, and

in measuring an oxygen delivery circulation time of blood
based on a time difference between a predetermined
first time in the air flow signal and a second time in the
oxygen saturation signal indicating an increase in oxy-
gen saturation corresponding to resumption of breath-
ing at the first time, to function as:

an air flow segment section that segments the air flow
signal at predetermined time intervals to generate a
segmental air flow signal;
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an oxygen saturation segment section that segments the
oxygen saturation signal at the predetermined time
intervals to generate a segmental oxygen saturation
signal,

a signal shaping processing section that generates a
shaped segmental air flow signal by shaping the seg-
mental air flow signal into a waveform showing a
period of stop and resumption of breathing by applying
a filter to the segmental air flow signal; and

a time difference calculation section that calculates a time
difference corresponding to a time lag between a wave-
form indicated by the shaped segmental air flow signal
and a waveform indicated by the segmental oxygen
saturation signal and sets the time difference as the
oxygen delivery circulation time.

16. A program causing a computer of an estimated cardiac

output calculation apparatus to function as:

a signal acquisition unit that acquires an air flow signal
indicating a temporal change of an air flow of breathing
and an oxygen saturation signal indicating a temporal
change of oxygen saturation;

a circulation time calculation unit that measures an oxy-
gen delivery circulation time of blood based on a time
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difference between a predetermined first time in the air
flow signal and a second time in the oxygen saturation
signal indicating an increase in oxygen saturation cor-
responding to resumption of breathing at the first time;
and

a cardiac output calculation unit that calculates an esti-
mated cardiac output based on the measured oxygen
delivery circulation time and a predetermined hypet-
bolic function showing a relationship between the
oxygen delivery circulation time of blood and a cardiac
output.

17. An estimated cardiac output calculation apparatus,

comprising:

the circulation time measurement device according to
claim 11; and

a cardiac output calculation unit that acquires the oxygen
delivery circulation time measured by the circulation
time measurement device and calculates an estimated
cardiac output based on the acquired oxygen delivery
circulation time and a predetermined hyperbolic func-
tion showing a relationship between the oxygen deliv-
ery circulation time of blood and a cardiac output.
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