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(57) ABSTRACT

A measurement device includes a pulse wave signal acqui-
sition unit, a pulse wave velocity calculator, a transfer
function calculator, a phase diagram classifier, and an aneu-
rysm determinator. The pulse wave signal acquisition unit
acquires time-series pulse wave signals of each of an upper
arm and an ankle of the subject. The pulse wave velocity
calculator obtains a brachial-ankle pulse wave velocity
based on the pulse wave signal of the upper arm and the
pulse wave signal of the ankle. The transfer function calcu-
lator calculates a transfer function from the pulse wave
signal of the upper arm and the pulse wave signal of the
ankle. The phase diagram classifier classifies the phase
diagram of each subject into any one of four groups. The
aneurysm determinator determines presence or absence of

Continuation of application No. PCT/JP2017/ the abdominal aortic aneurysm by a criterion set according
036539, filed on Oct. 6, 2017. to each group.
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MEASUREMENT DEVICE, MEASUREMENT
METHOD, AND TRANSITORY COMPUTER
READABLE MEDIUM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation applica-
tion of International Application No. PCT/JP2017/036539,
filed Oct. 6, 2017, which claims priority to Japanese Patent
Application No. 2016-252951, filed Dec. 27, 2016. The
contents of these applications are incorporated herein by
reference in their entirety.

FIELD

[0002] The present invention relates to a measurement
device, a measurement method, and a non-transitory com-
puter-readable recording medium.

BACKGROUND

[0003] According to “Aortic dissection and aortic aneu-
rysm guidelines (revised in 2011)” (“Guidelines for Diag-
nosis and Treatment of Aortic Aneurysm and Aortic Dissec-
tion”, (JCS 2011), JCS Joint Working Group, Circulation
Journal Vol. 77, March 2013), an aortic aneurysm is defined
as the case that a part of an aortic wall is locally expanded
to form an aneurysm or the case that a diameter (outside
diameter) is enlarged beyond a 1.5-fold (45 mm in a chest,
30 mm in an abdomen) of a normal diameter. The aortic
aneurysm includes a fusiform aortic aneurysm as illustrated
in FIG. 1A and a saccular aortic aneurysm as illustrated in
FIG. 1B.

[0004] Conventionally, in order to evaluate these aneu-
rysms, for example, Japanese Patent Application Publication
No. 2013-94264 proposes a method in which the aneurysms
are regarded as partial expansion of an elastic conduit,
attention is paid to a loss of a pulse wave that transmits
through the aneurysms, and presence or absence and/or a
size of the aortic aneurysm is evaluated by obtaining the
transfer function using pulse wave signals measured at two
points on the arm and the leg.

SUMMARY

[0005] According to a first aspect of the present disclo-
sure, a measurement device that determines presence or
absence of an abdominal aortic aneurysm in a subject, the
measurement device includes

[0006] a pulse wave signal acquisition unit to acquire
time-series pulse wave signals of each of an upper arm
and an ankle of the subject,

[0007] a pulse wave velocity calculator to obtain a
brachial-ankle pulse wave velocity based on the pulse
wave signal of the upper arm and the pulse wave signal
of the ankle,

[0008] atransfer function calculator to calculate a trans-
fer function from the pulse wave signal of the upper
arm and the pulse wave signal of the ankle so as to
produce at least a phase diagram,

[0009] a phase diagram classifier to classify the phase
diagram of each subject into any one of four groups, the
phase diagram classifier setting a brachial-ankle pulse
wave velocity (baPWV) line representing a inclined
phase delay corresponding to the brachial-ankle pulse
wave velocity on a frequency-phase plane on which the
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phase diagram is represented, and classifying the phase
diagram of each subject into

[0010] a first group in which the phase diagram is along
the baPWYV line,

[0011] a second group in which the phase diagram is
gradually separated from the baPWV line with increas-
ing frequency,

[0012] a third group in which the phase diagram is
separated from the baPWV line stepwise with increas-
ing frequency, and

[0013] a fourth group in which with increasing fre-
quency, the phase diagram is once separated from the
baPWV line and comes close to the baPWV line again,
and

[0014] an aneurysm determinator to determine the pres-
ence or absence of the abdominal aortic aneurysm by a
criterion that is set according to each group with respect
to each subject whose phase diagram is classified into
any one of the four groups.

[0015] According to a second aspect of the present dis-
closure, a measurement method for determining presence or
absence of an abdominal aortic aneurysm in a subject, the
measurement method includes

[0016] acquiring time-series pulse wave signals of each
of an upper arm and an ankle of the subject,

[0017] obtaining a brachial-ankle pulse wave velocity
based on the pulse wave signal of the upper arm and the
pulse wave signal of the ankle,

[0018] calculating a transfer function from the pulse
wave signal of the upper arm and the pulse wave signal
of the arkle so as to produce a gain diagram and a phase
diagram,

[0019] classifying the phase diagram of each subject
into any one of four groups, setting a brachial-ankle
pulse wave velocity (baPWV) line representing a
inclined phase delay corresponding to the brachial-
ankle pulse wave velocity on a frequency-phase plane
on which the phase diagram is represented, and clas-
sifying the phase diagram of each subject into

[0020] a first group in which the phase diagram is along
the baPWYV line,

[0021] a second group in which the phase diagram is
gradually separated from the baPWV line with increas-
ing frequency,

[0022] a third group in which the phase diagram is
separated from the baPW'V line stepwise with increas-
ing frequency, and

[0023] a fourth group in which with increasing fre-
quency, the phase diagram is once separated from the
baPWYV line and comes close to the baPWV line again,
and

[0024] determining the presence or absence of the
abdominal aortic aneurysm by a criterion that is set
according to each group with respect to each subject
whose phase diagram is classified into any one of the
four groups.

[0025] According to a third aspect of the present disclo-
sure, a non-transitory computer-readable recording medium
storing program which, when executed by a computer,
causes the computer to perform a measurement method for
determining presence or absence of an abdominal aortic
aneurysm in a subject, the measurement method includers

[0026] acquiring time-series pulse wave signals of each

of an upper arm and an ankle of the subject,
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[0027] obtaining a brachial-ankle pulse wave velocity
based on the pulse wave signal of the upper arm and the
pulse wave signal of the ankle,

[0028] calculating a transfer function from the pulse
wave signal of the upper arm and the pulse wave signal
of the ankle so as to produce a gain diagram and a phase
diagram,

[0029] classifying the phase diagram of each subject
into any one of four groups, setting a brachial-ankle
pulse wave velocity (baPWV) line representing a
inclined phase delay corresponding to the brachial-
ankle pulse wave velocity on a frequency-phase plane
on which the phase diagram is represented, and clas-
sifying the phase diagram of each subject into

[0030] a first group in which the phase diagram is along
the baPWYV line,

[0031] a second group in which the phase diagram is
gradually separated from the baPWV line with increas-
ing frequency,

[0032] a third group in which the phase diagram is
separated from the baPWV line stepwise with increas-
ing frequency, and

[0033] a fourth group in which with increasing fre-
quency, the phase diagram is once separated from the
baPWV line and comes close to the baPWV line again,
and

[0034] determining the presence or absence of the
abdominal aortic aneurysm by a criterion that is set
according to each group with respect to each subject
whose phase diagram is classified into any one of the
four groups.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] A more complete appreciation of the invention and
many of the attendant advantages thereof will be readily
obtained as the same becomes better understood by refer-
ence to the following detailed description when considered
in connection with the accompanying drawings.

[0036] FIG. 1A is a view schematically illustrating a
fusiform aortic aneurysm.

[0037] FIG. 1B is a view schematically illustrating a
saccular aortic aneurysm.

[0038] FIG. 2 is a view illustrating a pulse wave propa-
gation model of systemic arteries and a vicinity of an
abdominal aortic aneurysm in closeup.

[0039] FIG. 3A is a view illustrating an external appear-
ance of a blood pressure pulse wave inspection device used
to acquire clinical data.

[0040] FIG. 3B is a view illustrating a block configuration
of the blood pressure pulse wave inspection device in a state
in which a cuff is attached to a subject.

[0041] FIG. 4is a diagram illustrating waveforms of pulse
wave signals obtained from an upper right arm, an upper left
arm, a right ankle, and a left ankle of a subject.

[0042] FIG. 5 is a view illustrating a flowchart of a
measurement method according to an embodiment of the
present invention.

[0043] FIG. 6 is a view illustrating a time-series pulse
wave signal and one processing block obtained by dividing
the pulse wave signal.

[0044] FIG. 7Ais a view illustrating an example in which
a phase diagram of one subject is classified into a first group.
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[0045] FIG. 7B is a view illustrating an example in which
a phase diagram of one subject is classified into a second
group.

[0046] FIG. 7C is a view illustrating an example in which
a phase diagram of one subject is classified into a third
group.

[0047] FIG. 7D is a view illustrating an example in which

a phase diagram of one subject is classified into a fourth
group.

[0048] FIG. 8A is a view illustrating a first parameter for
determining presence or absence of the abdominal aortic
aneurysm.

[0049] FIG. 8B is a view illustrating a second parameter
for determining the presence or absence of the abdominal
aortic aneurysm.

[0050] FIG. 8C is a view illustrating a third parameter for
determining the presence or absence of the abdominal aortic
aneurysm.

[0051] FIG. 9Ais a view illustrating a fourth parameter for
determining the presence or absence of the abdominal aortic
aneurysm.

[0052] FIG. 9B is a view illustrating a fourth parameter for
determining the presence or absence of the abdominal aortic
aneurysm.

[0053] FIG. 10 is a view illustrating a decision tree for
determining the presence or absence of the abdominal aortic
aneurysm, and including a view illustrating a criterion for a
subject whose phase diagram is classified into the first
group, views illustrating criteria for subjects whose phase
diagrams are classified into the second and third groups, and
views illustrating a criterion for a subject whose phase
diagram is classified into the fourth group.

[0054] FIG. 11 is a view illustrating sensitivity and speci-
ficity.
[0055] FIG. 12A is a view illustrating detection rates for

each of outer diameters (maximum minor axes) of the
abdominal aortic aneurysm in forms of a bar graph.

[0056] FIG. 12B is a view illustrating detection rates for
each of outer diameters (maximum minor axes) of the
abdominal aortic aneurysm in forms of a table.

[0057] FIG. 13A is a view illustrating the detection rates
for each of aneurysm shapes (fusiform, saccular) in forms of
a bar graph.

[0058] FIG. 13B is a view illustrating the detection rates
for each of aneurysm shapes (fusiform, saccular) in forms of
a table.

[0059] FIG. 14 is a view illustrating a scatter diagram of
the outer diameter (maximum minor axis) of the aneurysm
and (measured) baPWV of AAA patients.

[0060] FIG. 15 is a view illustrating a block configuration
of a measurement device according to an embodiment of the
present invention.

DETAILED DESCRIPTION

[0061] The embodiments will now be described with
reference to the accompanying drawings, wherein like ref-
erence numerals designate corresponding or identical ele-
ments throughout the various drawings.

[0062] An artery diameter of a pulse wave propagation
model used for verification in Japanese Patent Application
Publication No. 2013-94264 ((a) in FIG. 2 illustrates a pulse
wave propagation model of a whole body artery, and (b) in
FIG. 2 illustrates an enlarged portion in the vicinity of the
abdominal aorta) is smaller than that of an actual living
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body. Additionally, because the inside diameter of the
abdominal artery that reproduces the Abdominal Aortic
Aneurysm (AAA) is set to 100 mm that is larger than or
equal to three times that of the actual abdominal aortic
aneurysm and verification is performed, there is a possibility
that a change in a transfer function such as a transmission
loss is overestimated. As described above, the method of
Japanese Patent Application Publication No. 2013-94264
deviates from clinical data, and there is a question about
evaluation accuracy.

[0063] Hereinafter, embodiments of the present invention
will be described in detail with reference to the drawings.

(1) Construction of Case Database Used for Construction
and Verification of Algorithm

[0064] A case database used for construction and verifi-
cation of an algorithm is constructed as follows.

(1-1) Data Acquisition Device

[0065] Pulse wave signals of the upper arm and a leg of a
subject are acquired by a blood pressure pulse wave inspec-
tion device (BP203RPEIII Form 3 or BP-203RPEII Form 2:
manufactured by Omron Choline Co., Ltd. (Tokyo, Japan))
(represented by reference numeral 100). As illustrated in
FIG. 3A, the device 100 includes a main body 1 mounted on
a stand 110, four cuffs 24ar, 24al, 24br, 245b1, a heart sound
or electrocardiogram measurement tool 111, and a printer
112. A display 4 and an operation unit 6 are provided in the
main body 1. The four cuffs 2dar, 24al, 24br, 24b1 are
designed to be attached to a right ankle, a left ankle, an upper
right arm, and an upper left arm of the subject, respectively.
In the following description, the cuffs 24ar, 2441 for the
right and left ankles are collectively referred to as a cuff 24a,
and the cuffs 24br and 2451 for the upper right and upper left
arms are collectively referred to as a cuff 244.

[0066] FIG. 3B illustrates a block configuration of the
main body 1 of the device 100 while the cuff 24a and the cuff
24b are attached to the ankles and the upper arms of a subject
200. The main body 1 includes a processor 2 and measure-
ment units 20a, 205 in addition to the display 4 and the
operation unit 6. For convenience, the measurement units
20a, 205 only for the left ankle and the upper left arm are
illustrated in the figure, but measurement units for the right
ankle and the upper right arm are similarly provided.
[0067] The processor 2 controls the entire device 100.
Typically, the processor 2 is constructed with a computer
including a central processing unit (CPU) 10, a read only
memory (ROM) 12, and a random access memory (RAM)
14.

[0068] The CPU 10 reads a program previously stored in
the ROM 12, and executes the program using the RAM 14
as a work memory.

[0069] The display 4, the operation unit 6, and the printer
112 in FIG. 3A are connected to the processor 2. The display
4 encourages a user to input various settings, and displays a
calculation result from the processor 2. On the other hand,
the user operates the operation unit 6 while checking con-
tents displayed on the display 4, and performs desired setting
input and operation. In this example, the display 4 is
constructed with a light emitting diode (LED), a liquid
crystal display (LCD), or the like. The printer 112 prints out
the calculation result and the like displayed on the display 4
onto paper.
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[0070] More specifically, the processor 2 in FIG. 3B
provides a measurement command to the measurement units
20a, 205, receives measurement signals Pa(t), Pb(t) mea-
sured in response to the measurement commands, and
acquires clinical data (to be described later) based on the
measurement signals Pa(t), Pb(t).

[0071] The measurement units 20a, 205 pressurize an
internal pressure (hereinafter, referred to as a “cuff pres-
sure”) of cuffs (air bladders) 24a, 245 attached to a prede-
termined measurement region of the subject 200, and mea-
sure a time waveform of a pulse wave at each measurement
region. That is, the measurement signals Pa(t), Pb(t) become
pulse wave signals at positions where the cuffs 24a, 245 are
attached, respectively. Because the processor 2 executes
processing using a frequency characteristic between the
measurement signals Pa(t), Pb(t), a measurement command
is provided from processor 2 to the measurement units 20a,
205 such that the measurement units 20a, 205 can measure
the measurement signals in synchronization with each other.
[0072] More specifically, for example, the cuffs 24a, 245
are attached to the ankle (preferably, around the anterior
tibial artery) and the upper arm (preferably, around the
brachial artery) of the subject 200, and pressurized by air
supplied from the measurement units 20a, 205 through pipes
22a, 22b, respectively. The cuffs 24a, 24b are pressed
against the corresponding measurement regions by the pres-
surization, and pressure changes corresponding to the pulse
waves of the measurement regions are transmitted to the
measurement units 20a, 206 through the pipes 22a, 226,
respectively.

[0073] The measurement units 20a, 206 measure the time
waveforms of the pulse waves in the measurement regions
by detecting the transmitted pressure changes. Because
preferably arithmetic processing is performed on a prede-
termined frequency component (for example, 0 to 20 [Hz])
of the measurement signals Pa(t), Pb(t), preferably a mea-
surement cycle (sampling cycle) of the measurement signals
Pa(t), Pb(t) is shorter than a time interval (for example, 25
msec) corresponding to the frequency component.

[0074] In order to perform the measurement operation, the
measurement unit 20a¢ includes a pressure sensor 28a, a
pressure regulating valve 26a, a pressure pump 25q, and a
pipe 27a. The pressure sensor 28a detects a pressure fluc-
tuation transmitted through the pipe 22a. The pressure
sensor 28a includes a plurality of sensor elements arrayed at
predetermined intervals on a semiconductor chip such as
single-crystal silicon. The pressure regulating valve 26a is
interposed between the pressure pump 25 and the cuff 244,
and maintains the pressure used to pressurize the cuff 24a in
a predetermined range during a measurement time. The
pressure pump 25a operates in response to the measurement
command from the processor 2, and supplies pressurized air
in order to pressurize the cuff 24a.

[0075] Similarly, the measurement unit 205 includes a
pressure sensor 28b, a pressure regulating valve 265, a
pressure pump 255, and a pipe 27b. The configuration of
each unit is similar to that of the measurement unit 20a.

(1-2) Acquisition of Clinical Data

[0076] Theblood pressure values (Systolic Blood Pressure
(SBP) and Diastolic Blood Pressure (DBP)) of the four
limbs of the subject 200 are simultaneously measured using
the device 100, an Ankle Brachial Index (ABI) is calculated,
the pulse wave signals of the four limbs are acquired for a
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fixed time at a predetermined cuff pressure after the blood
pressure is measured, and brachial-ankle Pulse Wave Veloc-
ity (baPWV) is acquired.

[0077] For example, based on delays AT1, ATr of a rising
phase in the pulse wave signal in FIG. 4 (in this example,
rising delays of the waveform of the ankle to the rising phase
of the waveform of the upper arm become AT1, ATr for left
and right half bodies of the subject 200), the brachial-ankle
pulse wave velocity baPWV is calculated for the left and
right half bodies of the subject 200 by baPWV=(Lb-La)/AT.
At this point, Lb represents a distance from an aortic starting
portion to the ankle, and La represents a distance from the
aortic starting portion to the upper arm. AT represents AT1
or ATr (for convenience, the symbols “1” and “r” are
omitted).

(2) Construction of Algorithm

[0078] In order to determine presence or absence of the
abdominal aortic aneurysm (AAA), a new algorithm is
constructed as follows based on the clinical data such as the
brachial-ankle pulse wave velocity baPWV and a phase
diagram. FIG. 5 illustrates a flowchart determining the
presence or absence of the abdominal aortic aneurysm
including the acquisition of the pulse wave signal (step S11)
and the acquisition of the brachial-ankle pulse wave velocity
baPWYV (step S12) as a flowchart of a measurement method
of one embodiment.

(2-1) Selection of Processing Block

[0079] A time-series pulse wave signal is temporally
divided into a plurality of processing blocks, and the pro-
cessing block to be used to determine the presence or
absence of the abdominal aortic aneurysm is selected (Step
S13 in FIG. 5).

[0080] That is, in the pulse wave signal that is a biological
signal, a pulse wave interval and an amplitude fluctuate
every single pulse. When a transfer function is calculated
using all the acquired pulse wave signal data, there is a
possibility that a fluctuation component of the pulse wave
signal included in the phase diagram adversely affects
accuracy of the determination of the presence or absence of
the abdominal aortic aneurysm. For this reason, the time-
series pulse wave signal shown in (a) in FIG. 6 is divided
into the plurality of processing blocks while shifted by a half
of one processing block with about 3.4 s (seconds) shown in
(b) in FIG. 6 as one processing block.

[0081] From the plurality of processing blocks obtained in
this way, the processing block to be used to determine the
presence or absence of the abdominal aortic aneurysm is
selected as follows. A power spectrum Sxx is calculated for
each processing block obtained from the pulse wave signal
of the upper arm, and a fundamental frequency and a first
harmonic are extracted. At the same time, a power spectrum
Syy is calculated for each processing block obtained from
the pulse wave signal of the ankle (leg), and the fundamental
frequency and the first harmonic are extracted. Subse-
quently, the processing block having the largest number of
identical fundamental frequencies and first harmonics is
extracted in the upper arm. The processing block of the ankle
(leg) exhibiting the fundamental frequency and the first
harmonic matched with the fundamental frequency and the
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first harmonic is selected as the processing block to be used
to determine the presence or absence of the abdominal aortic
aneurysm.

(2-2) Calculation of Transfer Function

[0082] Subsequently. the transfer function is calculated
from the pulse wave signal of the upper arm and the pulse
wave signal of the ankle, and a gain diagram and a phase
diagram are produced (step S14 in FIG. 5).

[0083] In calculating the transfer function, in order to
reduce an influence of noise, the power spectrum Sxx of the
upper arm and a cross spectrum Sxy of the upper arm and the
leg are calculated for each processing block, and an arith-
metic mean is calculated with respect to the plurality of
processing blocks. A transfer function G is calculated by the
following equation (Eq. 1) to produce the gain diagram and
the phase diagram using a power spectrum Sxxave of the
upper arm and a cross spectrum Sxyave of the upper arm and
the leg, the power spectrum Sxxave and the cross spectrum
Sxyave being obtained by the calculation of the arithmetic
mean.

G=Sxyave/Sxxave (Eq. 1)

(2-3) Error Determination

[0084] Subsequently. the data corresponding to any one of
the following i) and ii) among the data of the learning group
is excluded as an error that is data in which the presence or
absence of the aortic aneurysm cannot correctly be detected
(step S15 in FIG. 5).

1) Data Suspected of Stricture of Leg

[0085] A pulse pressure in the leg becomes smaller than
that in the upper arm in the case that the subject develops a
stricture of the leg, so that an amplitude ratio of the upper
arm and the leg becomes larger with increasing harmonics
wave in the case that an amplitude component of the pulse
wave is viewed on a frequency axis. Therefore, in the gain
diagram, the data in which the gain of the first harmonic is
less than or equal to the gain of the fundamental frequency
is excluded as an error that is data suspected of the stricture
of the leg.

i1) Data Suspected of Mixing of Irregular Pulse Wave

[0086] The case that the number of processing blocks after
the selection of the processing block is less than or equal to
4 in all the 16 processing blocks (1 processing block or less
for all the 4 processing blocks) and the case that beats of
+25% or more to the average pulse wave interval are
included in the remaining processing blocks are excluded as
an error that is data suspected of mixing of the irregular
pulse wave. Consequently, the mixing of the irregular pulse
waves that cannot be removed by the above processing
block selection is removed.

(2-4) Grouping of Phase Diagram

[0087] Subsequently. the phase diagram of each subject is
classified into any one of four groups (step S16 in FIG. 5).
This is because when the transfer function G of a learning
group is calculated to calculate the phase diagram, there is
a possibility that the shapes of the phase diagrams are
roughly classified into four groups in FIGS. 7A to 7D.
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[0088] In particular, as illustrated in FIG. 7A to 7D, a
brachial-ankle pulse wave velocity baPWV line (represented
by a broken line) representing a phase delay that is inclined
according to the brachial-ankle pulse wave velocity baPWV
is set on the frequency-phase plane PL where each phase
diagrams (indicated by a solid line) is represented. In the
baPWV line, the brachial-ankle pulse wave velocity (unit;
m/s) is converted into units of the inclination on the fre-
quency-phase plane PL (unit: deg/Hz), and is plotted on the
plane PL as a line having the inclination and passing through
an origin. Specifically, the inclination of the baPWV line is
expressed by the following equation (Eq. 2), where the
brachial-ankle distance is balength (unit; m) and the bra-
chial-ankle pulse wave velocity is baPWV (unit; m/s).

-2m-balength/baPWV (Eq. 2)

[0089] In the example of FIG. 7A, the phase diagram is
along the baPWYV line. This type of data is classified into a
first group G1. In the example of FIG. 7B, with increasing
frequency f, the phase diagram is gradually separated from
the baPWV line. This type of data is classified into a second
group G2. In the example of FIG. 7C, with increasing
frequency f increases, the phase diagram is separated step-
wise from the baPWYV line. This type of data is classified
into the third group G3. In the example of FIG. 7D, with
increasing frequency f increases, the phase diagram is once
separated from the baPWYV line, and comes close to the
baPWYV line again. This type of data is classified into the
fourth group G4. Quantitatively, the data of the learning
group is classified into the above four groups G1 to G4
according to a classification condition illustrated in Table 2.
In Table 2, a phase difference between the baPWV line at a
certain frequency f and the phase diagram is represented as
Agp.

TABLE 2

Classification condition of phase diagram

First group a) When f = 6 Hz, Ag takes a value larger than —0.55,
Gl and
b) When 6 Hz < { < 10 Hz, Ag takes a value larger than
-0.95, and

¢) When f = 12.20 Hz, a maximum value between peaks
takes a value larger than or equal to -0.5, and
d) When f = 10 Hz, a minimum value of Ag is a peak.
Second group  The above conditions a) or b) is satisfied, and
G2 ¢) When (a frequency having a first peak at frequencies
higher than 4 Hz) = f < 12.20 Hz, Ag does not take a
value larger than or equal to -0.5, and
) There is no frequency having a peak at frequencies

larger than 4 Hz.
Third group When (a frequency having the first peak at frequencies
G3 higher than 4 Hz) = f = 12.20 Hz, there are two places

where Ag takes a value larger than or equal to -0.5
(when the peak is counted as one section).

When (a frequency having the peak first at frequencies
higher than 4 Hz) = f = 12.20 Hg, there is one place
where Ag has a value larger than or equal to -0.5
(when the peak is counted as one section).

Fourth group
G4

(2-5) Calculation of Parameter

[0090] Subsequently, the following four parameters of a
first parameter PR1, a second parameter PR2, a third param-
eter PR3, and a fourth parameter PR4 are calculate as a
feature parameter representing a phenomenon specific to the
data of the abdominal aortic aneurysm from the phase
diagram and the gain diagram (step S17 in FIG. 5).
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[0091] The first parameter PR1 is a sum of a difference
between the phase diagram and the baPWV line. As dis-
closed in Japanese Patent Application Publication No. 2013-
94264, the phase diagram changes with increasing inner
diameter of the abdominal aortic aneurysm. An index that
quantifies the amount of change is set to the first parameter
PRE The first parameter PR1 becomes the index related to
the inside diameter of the abdominal aortic aneurysm. Spe-
cifically, for example, as illustrated in FIG. 8A, when the
phase diagram and the baPWV line are represented on the
frequency-phase plane PL, the sum of the difference Asp
(absolute value) between the baPWV line and the phase
diagram in a predetermined target frequency range (in this
example, the frequency f=1.47 Hz to 10.25 Hz) is set to the
first parameter PR1. It can be said that the possibility of the
abdominal aortic aneurysm increases with increasing value
of the first parameter PRE

[0092] The second parameter PR2 is a frequency that
gives the maximum amplitude value in the gain diagram. As
disclosed in Japanese Patent Application Publication No.
2013-94264, a frequency interval that takes the minimum
value of the phase diagram increases with increasing
Young’s modulus of the abdominal aorta. An index that
quantifies the frequency interval is set to the second param-
eter PR2. The second parameter PR2 is the index related to
artery extensibility that is a generation mechanism of the
abdominal aortic aneurysm. Specifically, as illustrated in
FIG. 8B, in the gain diagram, the frequency at which the
gain becomes maximum in a predetermined target frequency
range (in this example, frequency f=0 Hz to 8 Hz) is set to
the second parameter PR2. It can be said that the possibility
of the abdominal aortic aneurysm increases with increasing
value of the second parameter PR2.

[0093] The third parameter PR3 is the frequency that gives
the same gain as the gain of the fundamental frequency of
the pulse wave signal in the gain diagram. As disclosed in
Japanese Patent Application Publication No. 2013-94264,
the frequency interval that takes the minimum value of the
transfer function becomes narrower in proportion to a length
of the abdominal aortic aneurysm. The index that quantifies
the frequency interval is set to the third parameter PR3. The
third parameter PR3 is the index related to the length of the
abdominal aortic aneurysm. Specifically, as illustrated in
FIG. 8C, in the gain diagram, the frequency which becomes
the same gain of the fundamental frequency of the pulse
wave signal in a predetermined target frequency range (in
this example, the range from the fundamental frequency of
the pulse wave signal to 10 Hz) is set to the third parameter
PR3. In practice, because the gain diagram only takes values
for each frequency resolution, the frequency immediately
after falling below the value of the gain of the fundamental
frequency of the pulse wave signal while searching from the
low frequency side is set to the third parameter PR3. It can
be said that the possibility of the abdominal aortic aneurysm
increases with decreasing value of the third parameter PR3.

[0094] The fourth parameter PR4 is a difference AbaPWV
between a statistical brachial-ankle pulse wave velocity (this
is referred to as “nomogram guess baPWV™) obtained from
a statistical chart (for example, a nomograms illustrated in
FIGS. 9A and 9B) for healthy subjects of the same age,
sexuality and blood pressure as the subject and the brachial-
ankle pulse wave velocity (this is referred to as “measured
baPWV”) measured for the subject. The fourth parameter
PR4 is calculated by the following equation (Eq. 3).
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PR4 = AbaPWV = {Eq. 3

(nomogram guess baPWV) — (measured baPWV)

[0095] For example, it is assumed that the measured
baPWYV of an 84-year-old female subject having a systolic
blood pressure (SBP) of 140 mmHg is 1340 m/s as indicated
by a A mark P1 in FIG. 9A. In this case, the nomogram
estimated baPWYV for a healthy subject having the same age,
sex, and blood pressure as the subject is 2100 m/s as
indicated by a C mark P0 in FIG. 9A. Thus, the fourth
parameter PR4=AbaPWV=760 m/s is obtained. The fourth
parameter PR4 is the index that represents two events in the
abdominal aortic aneurysm. One represents arteriosclerosis
(aortic extensibility) that is one of the generation mecha-
nisms of the abdominal aortic aneurysms. The fourth param-
eter PR4 can take a positive value because the baPWV
becomes faster as the arteriosclerosis progresses (the aortic
extensibility decreases). On the other hand, according to
Bramwell and Hill et al. (“Velocity of transmission of the
pulse-Wave and elasticity of arteries”, Bramwell J C, Hill A
V, Lancet, 1922; 199 (5149); 891-892), it is reported that
carotid artery-radial artery PWV decreases in the patient of
the aortic aneurysm. This is attributed to the fact that
baPWYV decreases by expansion of the aortic inner diameter
due to the aortic aneurysm or a change of an aortic wall
property. Consequently, the fourth parameter PR4 can take
a negative value.

(2-6) Production of Decision Tree and Determination of
Presence or Absence of Abdominal Aortic Aneurysm

[0096] The four groups G1 to G4 and the four parameters
PR4 are combined to produce a decision tree in which
sensitivity and specificity of the abdominal aortic aneurysm
detection becomes the best. That is, a criterion for deter-
mining the presence or absence of the abdominal aortic
aneurysm is produced according to each of the groups G1 to
G4. Consequently, the presence or absence of the abdominal
aortic aneurysm is determined for each subject whose phase
diagram is classified into any one of the four groups G1 to
G4 according to the criterion corresponding to each of the
groups G1 to G4 (step S18 in FIG. 5).

[0097] In particularly, an upper part of FIG. 10 illustrates
four groups G1 to G4 classified by grouping of phase
diagrams (step S16 of FIG. 5). In producing the decision
tree, a scatter diagram by a combination of the first param-
eter PR1 and the second parameter PR2 and a scatter
diagram by a combination of the second parameter PR2 and
the third parameter PR3 are produced for each of the groups
G1 to G4. A scatter diagram in which a horizontal axis is the
measured baPWV is produced for the fourth parameter PR4.
From these scatter diagrams, the decision tree and a thresh-
old for the abdominal aortic aneurysm detection are con-
structed as follows for each of the groups G1 to G4.

(2-6-1) Criterion for First Group G1

[0098] The first group G1 is a group having a low possi-
bility of the abdominal aortic aneurysm because a significant
change does not exist in the phase diagram. For this reason,
as illustrated in (a) in FIG. 10, when the fourth parameter
PR4 falls within a first upper and lower limit range UL1 (in
this example, —141<PR4<375.5), it is determined that there
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is no abdominal aortic aneurysm. On the other hand, based
on the fourth parameter PR4, when it is considered that the
measured baPWV decreases due to the influence of the
abdominal aortic aneurysm (in this example, PR4=375.5), or
when it is considered that the artery extensibility decreases
due to the influence of the abdominal aortic aneurysm (in
this example, PR4=-141), it is determined that there is the
abdominal aortic aneurysm.

(2-6-2) Criterion for Second Group G2 and Third Group G3

[0099] The second group G2 and the third group G3 are a
group having a high possibility of the abdominal aortic
aneurysm because the significant change is seen in the phase
diagram. For this reason, as illustrated in (b) in FIG. 10,
when the first parameter PR1 is less than a first threshold
value al (in this example, PR1<25) in which the change in
the phase diagram is considered to be small, and when the
second parameter PR2 is smaller than a second threshold o2
(in this example, PR2<2) in which the artery extensibility is
considered not to be decreased, it is determined that there is
no abdominal aortic aneurysm. On the other hand, when the
change in the phase diagram is considered to be large based
on the first parameter PR1 (in this example, PR1=25), or
when the artery extensibility is considered to be decreased
based on the second parameter PR2 (in this example, PR223
when a third threshold o3 (=3) larger than the second
threshold a2 (=2) for the second parameter PR2 is set), it is
determined that there is the abdominal aortic aneurysm.
[0100] When the second group G2 and the third group G3
do not correspond to any of the above cases (PR1<25 and 2
PR2<3), as illustrated in (¢) in FIG. 10, it is determined that
there is no abdominal aortic aneurysm when a data point
(indicated by the O mark or the A mark in FIG. 10) defined
by the fourth parameter PR4 and the measured baPWV falls
within a first allowable region CA1 on a parameter plane
PL1 in which the fourth parameter PR4 and the measured
baPWV are axes orthogonal to each other. At this point, the
first allowable region CA1 is defined as a region that is
within the range of -260<PR4<170 with respect to the
fourth parameter PR4 and is less than a threshold Thl
decided by the following expression (Eq. 4).

Th1=-0.7261x(measured baPWV)+1384 (Eq. 4)

[0101] The introduction of the equation (Eq. 4) has the
following reason. That is, because the second group G2 and
the third group G3 have a high probability of the abdominal
aortic aneurysm, not only the value of the fourth parameter
PR4 but also a relationship with the measured baPWV are
desirably considered. On the other hand, when the data point
decided by the fourth parameter PR4 and the measured
baPWV is out of the first allowable region CAl on the
parameter plane PL1, it is determined that there is the
abdominal aortic aneurysm.

(2-6-3) Criterion for Fourth Group G4

[0102] The fourth group G4 is a group having a high
possibility of the abdominal aortic aneurysm because the
significant change is seen in the phase diagram. As illus-
trated in (d) in FIG. 10, the fourth group G4 is classified into
a first sub-group G4-1 and a second sub-group G4-2 based
on whether the third parameter PR3 is less than or equal to
a fourth threshold o4 (=5).

[0103] The first sub-group G4-1 is a group in which the
possibility of the presence of abdominal aortic aneurysm is
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increased because the third parameter PR3 is less than or
equal to the fourth threshold o4 (in this example, PR3<5).
As illustrated in (e) in FIG. 10, for the first sub-group G4-1,
it is determined that there is no abdominal aortic aneurysm
when the fourth parameter PR4 falls within a second upper
and lower limit range UL2 (in this example,
-260<PR4<170), and it is determined that there is the
abdominal aortic aneurysm when the fourth parameter PR4
is out of the second upper and lower limit range UL2 (that
is, =260=PR4 or 170<PR4).

[0104] For the second sub-group G4-2 (that is, the data
group satisfying 5<PR3), as illustrated in (f) in FIG. 10,
when the data point (indicated by the O mark or the A mark
in FIG. 10) decided by the fourth parameter PR4 and the
measured baPWV falls within a second allowable region
CA2 on the parameter plane PL1 in which the axes of the
fourth parameter PR4 and the measured baPWV are
orthogonal to each other, it is determined that there is no
abdominal aortic aneurysm. At this point, the second allow-
able region CA2 is defined as a region that is within the
range of PR4<170 with respect to the fourth parameter PR4
and is less than a threshold Th2 decided by the following
expression (Eq. 5).

Th2=-1.1093x(measured haPWV)+1804.7 (Eq. 5)

[0105] On the other hand, when the data point decided by
the fourth parameter PR4 and the measured baPWV is out of
the second allowable region CA2 on the parameter plane
PL1, it is determined that there is the abdominal aortic
aneurysm.

[0106] The presence or absence of the abdominal aortic
aneurysm is determined as described above.

[0107] FIG. 11 illustrates the sensitivity and specificity of
the determination result by the present algorithm for deter-
mining the presence or absence of the abdominal aortic
aneurysm. In FIG. 11, a table side indicates a section
determined to be “with aneurysm” and “without aneurysm”
by the algorithm. A table head indicates a section determined
to be “with aneurysm” and “without aneurysm” by CTA
diagnosis (confirmed diagnosis) by a doctor. A table body
indicates the number of cases applicable to those sections.
As can be seen from FIG. 11, the sensitivity in a verification
group is 74.6%, and the specificity is 67.9%.

[0108] FIGS. 12A and 12B illustrate detection rates of
each of outer diameters (maximum minor axes) of the
abdominal aortic aneurysm in forms of a bar graph and a
table, respectively. In these figures, the outer diameter of the
aneurysm is divided into a range less than or equal to 40 mm,
a range larger than 40 mm and less than or equal to 50 mm,
a range larger than 50 mm and less than or equal to 60 mm,
and a range larger than 60 mm. The detection rate is
substantially constant in the three ranges except for the
range larger than 60 mm Thus, according to the present
algorithm, it can be said that the detection rate (determina-
tion result) of the abdominal aortic aneurysm does not
depend on the outer diameter of the aneurysm.

[0109] For reference, FIGS. 13A and 13B illustrate the
detection rates for each of aneurysm shapes (fusiform,
saccular) in forms of the bar graph and the table, respec-
tively.

[0110] For reference, FIG. 14 illustrates a scatter diagram
of the outer diameter (maximum minor axis) of the aneu-
rysm and (measured) baPWV of AAA patients. As shown by
Bailey et al. (“Carotid-femoral pulse wave velocity is nega-
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tively correlated with aortic diameter”, Bailey M A, Davies
I M, Griffin K J, et al., Hypertension Research, 2014, 37,
926-932), there is no apparent correlation between the outer
diameter (maximum short diameter) of the aneurysm and the
baPWV.

[0111] As apparent from the above, according to the
measurement method of the embodiment, the presence or
absence of the abdominal aortic aneurysm in the subject can
accurately be determined by the new algorithm based on the
clinical data. The determination results of sensitivity of
74.6% and the specificity of 67.9% in the verification group
(see FIG. 11) are considered to be a sufficiently beneficial
level for primary screening in group medical checkup and
the like.

(Embodiment of Measurement Device)

[0112] FIG. 15 illustrates a schematic block configuration
of a measurement device (the whole is indicated by the
reference numeral 100A) according to an embodiment of the
present invention. The measurement device 100A is a mea-
surement device that determines the presence or absence of
the abdominal aortic aneurysm in the subject, and corre-
sponds to one that performs the measurement method
including the above new algorithm.

[0113] The measurement device 100A roughly includes a
clinical data acquisition unit 102 (including a pulse wave
signal acquisition unit 103), a signal processor 104, and an
output unit 109.

[0114] The clinical data acquisition unit 102 simultane-
ously measures blood pressure values (systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP)) of the limbs
of the subject, and the pulse wave signal acquisition unit 103
acquires the time-series pulse wave signals of the limbs for
a fixed time at a predetermined cuff pressure (corresponds to
step S11 in FIG. 5) after the measurement of the blood
pressure. In this example, for example, the clinical data
acquisition unit 102 includes the cuff 24a, the cuff 245, the
measurement units 20a, 205 controlled by the processor 2,
and the pipes 22a, 225 that connect the cuffs 24a, 245 and
the measurement units 20a, 205 as illustrated in FIG. 3B.
[0115] The signal processor 104 includes a pulse wave
velocity calculator 105, a transfer function calculator 106, a
phase diagram classifier 107, and an aneurysm determinator
108. The signal processor 104 is constructed with a com-
puter including a central processing unit (CPU), a read only
memory (ROM), and a random access memory (RAM).
[0116] The pulse wave velocity calculator 105 obtains the
brachial-ankle pulse wave velocity baPWV based on the
pulse wave signal of the upper arm and the pulse wave signal
of the ankle that are acquired by the pulse wave signal
acquisition unit 103 (corresponds to step S12 in FIG. 5).
[0117] The transfer function calculator 106 calculates the
transfer function from the pulse wave signal of the upper
arm and the pulse wave signal of the ankle that are acquired
by the pulse wave signal acquisition unit 103, and produces
at least the phase diagram as illustrated in FIGS, 7A to 7D
(corresponds to step S14 in FIG. 5). Preferably the transfer
function calculator 106 previously selects the processing
block (corresponds to step S13 in FIG. 5). Desirably an error
determination (corresponds to step S15 in FIG. 5) is made
after the phase diagram is produced.

[0118] The phase diagram classifier 107 classifies the
phase diagram of each subject into any one of four groups
G1 to G4 (corresponds to step S16 in FIG. 5). Specifically,
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the phase diagram classifier 107 sets the brachial-ankle pulse
wave velocity baPWV line representing the phase delay that
is inclined according to the brachial-ankle pulse wave veloc-
ity baPWV on the frequency-phase plane PL in which the
phase diagrams illustrated in FIGS. 7A to 7D are repre-
sented. The phase diagram classifier 107 classifies the phase
diagram of each subject into

[0119] the first group G1 in which the phase diagram is
along the baPWYV line,

[0120] the second group G2 in which the phase diagram
gradually separates from the baPWYV line with increas-
ing frequency f,

[0121] the third group G3 in which the phase diagram is
separated stepwise from the baPWV line with increas-
ing frequency f, and

[0122] the fourth group G4 in which with increasing
frequency f, the phase diagram is once separated from
the baPWV line and comes close to the baPWV line
again. The classification conditions of the phase dia-
gram in Table 2 are used in the classification.

[0123] The aneurysm determinator 108 determines the
presence or absence of the abdominal aortic aneurysm for
each subject whose phase diagram is classified into any one
of the four groups G1 to G4 according to the criterion
corresponding to each of the groups G1 to G4 (corresponds
to step S18 in FIG. 5).

[0124] At this point, the determination criterion corre-
sponding to each of the groups G1 to G4 have already been
described with reference to FIG. 10. As described above, the
four parameters PR1 to PR4 described with reference to
FIGS. 8A to 8C and 9 are calculated based on the clinical
data of the subject (corresponds to step S17 in FIG. 5), and
the determination criterion is set using the four parameters
PR1 to PR4.

[0125] The output unit 109 outputs the determination
result of the presence or absence of the abdominal aortic
aneurysm obtained by the aneurysm determinator 108. For
example, the output unit 109 includes the display 4 or the
printer 112 as illustrated in FIG. 3A.

[0126] According to the measurement device 100A, the
presence or absence of the abdominal aortic aneurysm in the
subject can accurately be determined by the new algorithm
based on the clinical data such as the pulse wave signal of
the upper arm and the pulse wave signal of the ankle, the
brachial-ankle pulse wave velocity derived from the pulse
wave signal of the upper arm and the pulse wave signal of
the ankle, and the phase diagram.

[0127] In addition to the above processing, the signal
processor 104 may perform processing of calculating the
clinical data such as an ankle-brachial index ABI, a normal-
ized pulse wave area percentage MAP, and an upstroke time
UT. The output unit 109 may output the determination result
of the presence or absence of the abdominal aortic aneurysm
together with the clinical data such as the ankle-brachial
index ABI, the normalized pulse wave area percentage MAP,
and the upstroke time UT.

[0128] In the above embodiment, by way of example, the
time-series pulse wave signal of each of the upper arm and
the ankle of the subject is measured and acquired as the
pressure change using the cuffs 24a, 245. However, the
present invention is not limited to the embodiment. For
example, a minute constant current may be applied to the
measurement region of the subject, and a voltage change
generated by a change in impedance (bio-impedance) gere-
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rated according to the propagation of the pulse wave may be
acquired as the pulse wave signal.

[0129] The time-series pulse wave signals of the upper
arm and the ankle of the subject may be input and acquired
from the outside of the measurement device 100A through a
wired or wireless communication line (such as a network).

Other Embodiments

[0130] A program which is used to perform the measure-
ment method of the above embodiment can also be provided.
The program is non-transitorily recorded in a computer-
readable recording medium, such as a flexible disk, a
compact disk-read only memory (CD-ROM), a ROM, a
RAM and a memory card, which is attached to the computer,
and the program can be provided as a program product.
Alternatively, the program can be provided while non-
temporarily recorded in a recording medium such as a hard
disk built in the computer. The program can also be provided
by download through a network. For example, the above
measurement method can be performed when the program is
installed in a computer (processor 2) of the blood pressure
pulse wave inspection device (BP203RPEIIl Form 3 or
BP-203RPEIl Form 2: manufactured by Omron Choline
Co., Ltd. (Tokyo, Japan)).

[0131] The above embodiments are illustrative only, and
various modifications can be made without departing from
the scope of the present invention. The plurality of embodi-
ments described above can be made independently, and the
embodiments can also be combined. Although various fea-
tures in different embodiments can independently be estab-
lished, the features in different embodiments can also be
combined.

[0132] According to a measurement device of the present
embodiment of the invention,

[0133] the measurement device that determines pres-
ence or absence of an abdominal aortic aneurysm in a
subject, includes

[0134] a pulse wave signal acquisition unit to acquire
time-series pulse wave signals of each of an upper arm
and an ankle of the subject,

[0135] a pulse wave velocity calculator to obtain a
brachial-ankle pulse wave velocity based on the pulse
wave signal of the upper arm and the pulse wave signal
of the ankle,

[0136] atransfer function calculator to calculate a trans-
fer function from the pulse wave signal of the upper
arm and the pulse wave signal of the ankle so as to
produce at least a phase diagram,

[0137] a phase diagram classifier to classify the phase
diagram of each subject into any one of four groups, the
phase diagram classifier setting a brachial-ankle pulse
wave velocity (baPWV) line representing a inclined
phase delay corresponding to the brachial-ankle pulse
wave velocity on a frequency-phase plane on which the
phase diagram is represented, and classifying the phase
diagram of each subject into

[0138] a first group in which the phase diagram is along
the baPWYV line,

[0139] a second group in which the phase diagram is
gradually separated from the baPWV line with increas-
ing frequency,

[0140] a third group in which the phase diagram is
separated from the baPWV line stepwise with increas-
ing frequency, and
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[0141] a fourth group in which with increasing fre-
quency, the phase diagram is once separated from the
baPWV line and comes close to the baPWV line again,
and

[0142] an aneurysm determinator to determine the pres-
ence or absence of the abdominal aortic aneurysm by a
criterion that is set according to each group with respect
to each subject whose phase diagram is classified into
any one of the four groups.

[0143] As used herein, the “baPWV line representing the
phase delay inclined according to the brachial-ankle pulse
wave velocity” on the frequency-phase plane means that the
brachial-ankle pulse wave velocity (unit; m/s) is converted
into units of the inclination (unit; deg/Hz) on the frequency-
phase plane and is plotted on the plane as a line having the
inclination and passing through an origin. Specifically, the
inclination of the baPWV line is represented by
-2nObalength/baPWYV, where a brachial-ankle distance is
balength (unit; m) and the brachial-ankle pulse wave veloc-
ity is baPWV (unit; m/s).

[0144] According to the measurement device of the pres-
ent embodiment of the invention, the presence or absence of
the abdominal aortic aneurysm in the subject can accurately
be determined by the new algorithm based on the clinical
data such as the pulse wave signal of the upper arm and the
pulse wave signal of the ankle, the brachial-ankle pulse
wave velocity derived from the pulse wave signal of the
upper arm and the pulse wave signal of the ankle, and the
phase diagram.

[0145] According to the measurement device of an
embodiment,

[0146] the transfer function calculator produces a gain
diagram in addition to the phase diagram, and

[0147] in order to decide the criterion, the aneurysm
determinator calculates and uses

[0148] a first parameter representing a sum of differ-
ences between the baPWV line and the phase diagram
in a predetermined target frequency range on the fre-
quency-phase plane,

[0149] a second parameter representing a frequency
giving an amplitude maximum value in the gain dia-
gram,

[0150] a third parameter representing a frequency giv-
ing a gain identical to a gain of a fundamental fre-
quency of the pulse wave signal in the gain diagram,
and

[0151] a fourth parameter representing a difference
between a statistical brachial-ankle pulse wave velocity
obtained from a statistical chart for healthy subjects
having age, sexuality and blood pressure identical to
those of the subject and the brachial-ankle pulse wave
velocity measured for the subject.

[0152] The “target frequency range” includes the funda-
mental frequency of the pulse wave signal on the lower side,
and the upper side indicates a range up to about 10 Hz.
[0153] The “fundamental frequency” of the pulse wave
signal means the lowest frequency that gives a peak in a
power spectrum. Typically the fundamental frequency is
about 1 Hz to about 1.5 Hz.

[0154] The “statistical chart” typically means a nomogram
of the brachial-ankle pulse wave velocity with age, sexual-
ity, and blood pressure as a parameter. In the following
description, the term “brachial-ankle pulse wave velocity”
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means the brachial-ankle pulse wave velocity actually mea-
sured for the subject with respect to a statistical brachial-
ankle pulse wave velocity.

[0155] According to the measurement device of the
embodiment,

[0156] the criterion set according to the first group is a
criterion set by which it is determined that there is no
abdominal aortic aneurysm when the fourth parameter
falls within a first upper and lower limit range which
are predetermined and it is determined that there is the
abdominal aortic aneurysm when the fourth parameter
is out of the first upper and lower limit range,

[0157] the criterion set according to the second group
and the third group is a criterion set by which

[0158] itis determined that there is no abdominal aortic
aneurysm when the first parameter and the second
parameter are less than a first threshold and a second
threshold which are predetermined, respectively, and

[0159] itis determined that there is the abdominal aortic
aneurysm when the first parameter is larger than or
equal to the first threshold or when the second param-
eter is larger than or equal to a third threshold larger
than the second threshold,

[0160] when the first parameter is less than the first
threshold and when the second parameter is larger than
or equal to the second threshold and less than the third
threshold, it is determined that there is no abdominal
aortic aneurysm when a data point defined by the fourth
parameter and the brachial-ankle pulse wave velocity
falls within a first allowable region, which is predeter-
mined, on a parameter plane in which the fourth
parameter and the brachial-ankle pulse wave velocity
are axes orthogonal to each other, and it is determined
that there is the abdominal aortic aneurysm when the
data point is out of the first allowable region,

[0161] the fourth group is classified into a first sub-
group and a second sub-group based on whether the
third parameter is less than or equal to a fourth thresh-
old which is predetermined,

[0162] the criterion set according to the first sub-group
is a criterion set by which it is determined that there is
no abdominal aortic aneurysm when the fourth param-
eter falls within a second upper and lower limit range
which is predetermined and it is determined that there
is the abdominal aortic aneurysm when the fourth
parameter is out of the second upper and lower limit
range, and

[0163] the criterion set according to the second sub-
group is a criterion set by which it is determined that
there is no abdominal aortic aneurysm when the data
point defined by the fourth parameter and the brachial-
ankle pulse wave velocity falls within a second allow-
able region, which is predetermined, on the parameter
plane in which the fourth parameter and the brachial-
ankle pulse wave velocity are axes orthogonal to each
other and it is determined that there is the abdominal
aortic aneurysm when the data point is out of the
second allowable region.

[0164] According to another aspect of the present embodi-
ment of the invention,

[0165] ameasurement method for determining presence
or absence of an abdominal aortic aneurysm in a
subject, includes
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[0166] a step of acquiring time-series pulse wave sig-
nals of each of an upper arm and an ankle of the subject,

[0167] a step of obtaining a brachial-ankle pulse wave
velocity based on the pulse wave signal of the upper
arm and the pulse wave signal of the ankle,

[0168] astep of calculating a transfer function from the
pulse wave signal of the upper arm and the pulse wave
signal of the ankle so as to produce a gain diagram and
a phase diagram,

[0169] a step of classifying the phase diagram of each
subject into any one of four groups, setting a brachial-
ankle pulse wave velocity (baPWV) line representing a
inclined phase delay corresponding to the brachial-
ankle pulse wave velocity on a frequency-phase plane
on which the phase diagram is represented, and clas-
sifying the phase diagram of each subject into

[0170] a first group in which the phase diagram is along
the baPWV line,

[0171] a second group in which the phase diagram is
gradually separated from the baPWV line with increas-
ing frequency,

[0172] a third group in which the phase diagram is
separated from the baPWV line stepwise with increas-
ing frequency, and

[0173] a fourth group in which with increasing fre-
quency, the phase diagram is once separated from the
baPWV line and comes close to the baPWV line again,
and

[0174] astep of determining the presence or absence of
the abdominal aortic aneurysm by a criterion that is set
according to each group with respect to each subject
whose phase diagram is classified into any one of the
four groups.

[0175] According to the measurement method of the pres-
ent embodiment of the invention, the presence or absence of
the abdominal aortic aneurysm in the subject can accurately
be determined by the new algorithm based on the clinical
data such as the pulse wave signal of the upper arm and the
pulse wave signal of the ankle, the brachial-ankle pulse
wave velocity derived from the pulse wave signal of the
upper arm and the pulse wave signal of the ankle, and the
phase diagram.

[0176] Either of the step of obtaining the pulse wave
velocity and the step of calculating the transfer function may
be performed first, or performed in parallel with each other.
[0177] According to still another aspect of the present
embodiment of the invention, a program causes a computer
to perform the measurement method.

[0178] According to the program of the present embodi-
ment of the invention, the measurement method can be
performed by a computer. Consequently, the presence or
absence of the abdominal aortic aneurysm in the subject can
accurately be determined.

[0179] Desirably the program is recorded in a computer-
readable recording medium. More preferably the program is
recorded in a non-transitory computer-readable recording
medium. Consequently, the computer can read the program
from the recording medium to perform the measurement
method. As a result, the presence or absence of the abdomi-
nal aortic aneurysm in the subject can accurately be deter-
mined.

[0180] As apparent from the above, according to the
measurement device, the measurement method, and the
program of the present embodiment of the invention, the
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presence or absence of abdominal aortic aneurysm in the
subject can accurately be determined by the new algorithm
based on the clinical data.

[0181] The above embodiments are illustrative, and are
modifiable in a variety of ways without departing from the
scope of this invention. It is to be noted that the various
embodiments described above can be appreciated individu-
ally within each embodiment, but the embodiments can be
combined together. It is also to be noted that the various
features in different embodiments can be appreciated indi-
vidually by its own, but the features in different embodi-
ments can be combined.

What is claimed is:

1. A measurement device that determines presence or
absence of an abdominal aortic aneurysm in a subject, the
measurement device comprising:

a pulse wave signal acquisition unit to acquire time-series
pulse wave signals of each of an upper arm and an
ankle of the subject;

a pulse wave velocity calculator to obtain a brachial-ankle
pulse wave velocity based on the pulse wave signal of
the upper arm and the pulse wave signal of the ankle;

a transfer function calculator to calculate a transfer func-
tion from the pulse wave signal of the upper arm and
the pulse wave signal of the ankle so as to produce at
least a phase diagram;

a phase diagram classifier to classify the phase diagram of
each subject into any one of four groups, the phase
diagram classifier setting a brachial-ankle pulse wave
velocity (baPWV) line representing a inclined phase
delay corresponding to the brachial-ankle pulse wave
velocity on a frequency-phase plane on which the phase
diagram is represented, and classifying the phase dia-
gram of each subject into

a first group in which the phase diagram is along the
baPWV line,

a second group in which the phase diagram is gradually
separated from the baPWV line with increasing fre-
quency,

a third group in which the phase diagram is separated
from the baPWV line stepwise with increasing ftre-
quency, and

a fourth group in which with increasing frequency, the
phase diagram is once separated from the baPWV line
and comes close to the baPWV line again; and

an aneurysm determinator to determine the presence or
absence of the abdominal aortic aneurysm by a crite-
rion that is set according to each group with respect to
each subject whose phase diagram is classified into any
one of the four groups.

2. The measurement device according to claim 1, wherein
the transfer function calculator produces a gain diagram in
addition to the phase diagram, and

in order to decide the criterion, the aneurysm determinator
calculates and uses

a first parameter representing a sum of differences
between the baPWV line and the phase diagram in a
predetermined target frequency range on the frequency-
phase plane,

a second parameter representing a frequency giving an
amplitude maximum value in the gain diagram,

a third parameter representing a frequency giving a gain
identical to a gain of a fundamental frequency of the
pulse wave signal in the gain diagram, and
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a fourth parameter representing a difference between a
statistical brachial-ankle pulse wave velocity obtained
from a statistical chart for healthy subjects having age,
sex and blood pressure identical to those of the subject
and the brachial-ankle pulse wave velocity measured
for the subject.

3. The measurement device according to claim 2, wherein

the criterion set according to the first group is a criterion
set by which it is determined that there is no abdominal
aortic aneurysm when the fourth parameter falls within
a first upper and lower limit range which are predeter-
mined and it is determined that there is the abdominal
aortic aneurysm when the fourth parameter is out of the
first upper and lower limit range,

the criterion set according to the second group and the
third group is a criterion set by which

it is determined that there is no abdominal aortic aneu-
rysm when the first parameter and the second parameter
are less than a first threshold and a second threshold
which are predetermined, respectively, and

it is determined that there is the abdominal aortic aneu-
rysm when the first parameter is larger than or equal to
the first threshold or when the second parameter is
larger than or equal to a third threshold larger than the
second threshold,

when the first parameter is less than the first threshold and
when the second parameter is larger than or equal to the
second threshold and less than the third threshold, it is
determined that there is no abdominal aortic aneurysm
when a data point defined by the fourth parameter and
the brachial-ankle pulse wave velocity falls within a
first allowable region, which is predetermined, on a
parameter plane in which the fourth parameter and the
brachial-ankle pulse wave velocity are axes orthogonal
to each other, and it is determined that there is the
abdominal aortic aneurysm when the data point is out
of the first allowable region,

the fourth group is classified into a first sub-group and a
second sub-group based on whether the third parameter
is less than or equal to a fourth threshold which is
predetermined,

the criterion set according to the first sub-group is a
criterion set by which it is determined that there is no
abdominal aortic aneurysm when the fourth parameter
falls within a second upper and lower limit range which
is predetermined and it is determined that there is the
abdominal aortic aneurysm when the fourth parameter
is out of the second upper and lower limit range, and

the criterion set according to the second sub-group is a
criterion set by which it is determined that there is no
abdominal aortic aneurysm when the data point defined
by the fourth parameter and the brachial-ankle pulse
wave velocity falls within a second allowable region,
which is predetermined, on the parameter plane in
which the fourth parameter and the brachial-ankle pulse
wave velocity are axes orthogonal to each other and it
is determined that there is the abdominal aortic aneu-
rysm when the data point is out of the second allowable
region.
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4. A measurement method for determining presence or
absence of an abdominal aortic aneurysm in a subject, the
measurement method comprising:

acquiring time-series pulse wave signals of each of an
upper arm and an ankle of the subject;

obtaining a brachial-ankle pulse wave velocity based on
the pulse wave signal of the upper arm and the pulse
wave signal of the ankle;

calculating a transfer function from the pulse wave signal
of the upper arm and the pulse wave signal of the ankle
so as to produce a gain diagram and a phase diagram;

classifying the phase diagram of each subject into any one
of four groups, setting a brachial-ankle pulse wave
velocity (baPWV) line representing a inclined phase
delay corresponding to the brachial-ankle pulse wave
velocity on a frequency-phase plane on which the phase
diagram is represented, and classifying the phase dia-
gram of each subject into

a first group in which the phase diagram is along the
baPWV line,

a second group in which the phase diagram is gradually
separated from the baPWV line with increasing fre-
quency,

a third group in which the phase diagram is separated
from the baPWV line stepwise with increasing fre-
quency, and

a fourth group in which with increasing frequency, the
phase diagram is once separated from the baPWV line
and comes close to the baPWV line again; and

determining the presence or absence of the abdominal
aortic aneurysm by a criterion that is set according to
each group with respect to each subject whose phase
diagram is classified into any one of the four groups.

5. A non-transitory computer-readable recording medium
storing program which, when executed by a computer,
causes the computer to perform a measurement method for
determining presence or absence of an abdominal aortic
aneurysm in a subject, the measurement method comprising:

acquiring time-series pulse wave signals of each of an
upper arm and an ankle of the subject;

obtaining a brachial-ankle pulse wave velocity based on
the pulse wave signal of the upper arm and the pulse
wave signal of the ankle;

calculating a transfer function from the pulse wave signal
of the upper arm and the pulse wave signal of the ankle
so as to produce a gain diagram and a phase diagram;

classifying the phase diagram of each subject into any one
of four groups, setting a brachial-ankle pulse wave
velocity (baPWV) line representing a inclined phase
delay corresponding to the brachial-ankle pulse wave
velocity on a frequency-phase plane on which the phase
diagram is represented, and classifying the phase dia-
gram of each subject into

a first group in which the phase diagram is along the
baPWV line,

a second group in which the phase diagram is gradually
separated from the baPWV line with increasing fre-
quency,

a third group in which the phase diagram is separated
from the baPWV line stepwise with increasing fre-
quency, and

a fourth group in which with increasing frequency, the
phase diagram is once separated from the baPWV line
and comes close to the baPWV line again; and
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determining the presence or absence of the abdominal
aortic aneurysm by a criterion that is set according to
each group with respect to each subject whose phase
diagram is classified into any one of the four groups.

N I I
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