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FIG. 2
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FIG. 3
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FIG. 6
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FIG. 7
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FIG. 8
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FIG. 9D

mode 2X

” X 025 0.30 033 040
1.0 1.00 1.00 1.00 1.00
1.2 0.88 0.88 0.89 0.90
14 077 0.79 0.80 0.82
16 0.6 0.71 072 075
20 057 0.60 062 0.66
30 0.45 0.49 052 056

mode 2R

” X 0.25 0.30 0.33 0.40
1.0 1,00 1.00 1.00 1.00
1.2 1.00 0.99 098 097
14 0.98 0.97 096 0.94
16 0.94 0.93 092 0.90
20 0.85 0.84 083 081
30 0.64 0.63 063 061
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FIG. 9E

mode 2X

1s 0.25 0.30 0.33 0.40
1.0 0.090 0.097 0.102 0.110
1.2 0.079 0.086 0.091 0.099
14 0.069 0.076 0.081 0.090
1.6 0.062 0.069 0.074 0.083
2.0 0.051 0.059 0.064 0.073
3.0 0.041 0.048 0.053 0.062
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FIG. 11

('s15: START )

\

ARITHMETIC BLOCK CORRECTS
MEASURED EIGEN-VIBRATION | 1591
FREQUENCY fe OF ELLIPSOIDAL SHELL
INTO EIGEN-VIBRATION FREQUENCY fs
OF EQUIVALENT OF SPHERICAL SHELL

|

ARITHMETIC BLOCK CALCULATES
MYOCARDIAL STIFFNESS USING $1522
PHYSICAL RELATIONAL EXPRESSION [
OF EIGEN-VIBRATION FREQUENCY
AND STIFFNESS OF SPHERICAL SHELL

|

ARITHMETIC BLOCK CALCULATES

INTRACARDIAC PRESSURE USING | _g1523

RELATIONSHIP BETWEEN STIFFNESS
OF ELLIPSOIDAL SHELL AND
INTRACARDIAC PRESSURE

Y
(' s15: END )




Patent Application Publication

Nov. 22,2012 Sheet 15 of 16 US 2012/0296209 A1

FIG. 12
o
ol I
o '
W
Q
612

DEPTH

3

il
il mml

301
A
o 30
@
0
i >
[T
D (b)
PALMIC TIME PHASE'

(a)



Patent Application Publication  Nov. 22,2012 Sheet 16 of 16 US 2012/0296209 A1

FIG. 13
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ULTRASONIC IMAGING DEVICE AND
INFORMATION PROCESSING DEVICE

TECHNICAL FIELD

[0001] The present invention relates to an ultrasonic imag-
ing device for medical use, or more particularly, to an ultra-
sonic imaging technology for measuring the stiffness of the
heart, which is desired by an examining person, or the blood
pressure inside the heart.

BACKGROUND ART

[0002] Cardiac diseases are one of three major causes of
death in many advanced countries. For early-stage diagnosis
or progress observation of the cardiac diseases, temporal
pressure information on the left atrium or left ventricle is used
as an index directly useful in diagnosis. What is referred to as
the pressure information on the inside of the heart refers to a
differential pressure with respect to an atmospheric pressure
and shall be called an intracardiac pressure.

[0003] For measuring the intracardiac pressure, an invasive
method of inserting a cardiac catheter into the inside ofa body
is adopted. Information acquired by the catheter includes
mainly a blood pressure in the aorta or left ventricle.

[0004] As a technology relating to noninvasive cardiac
pressure measurement, a technique of inferring the stiffness
of the cardiac muscle from an eigen-vibration frequency of
the left ventricle, and measuring an intracardiac pressure has
been devised. A method described in Non-patent Literature 2
is a technique that approximates the left ventricle to a spheri-
cal shell, and estimates the stiffness of the cardiac muscle
using a relational expression of an eigen-vibration frequency
of the spherical shell, which is filled with a fluid, and the
stiffness thereof which is introduced in Non-patent literature
1. When the cardiac muscle is stiff, the eigen-vibration fre-
quency increases. For example, when the intracardiac pres-
sure is high, the myocardial tissue gets tensed, and the eigen-
vibration frequency of a heart chamber increases. Further,
N-patent Literature 3 makes a proposal on a technique of
estimating the intracardiac pressure using a relational expres-
sion of the stiffness of the cardiac muscle and the intracardiac
pressure which is introduced in Non-patent Literature 4.

CITATION LIST
Patent Literature

[0005] Patent literature 1: Japanese Patent Application
Laid-Open Publication No. 10-5226

Non Patent Literature

[0006] Non-patent Literature 1: “Journal of Sound and
Vibration (12(4), 453-463, 1970)” by S. H. Advani and Y. C.
Lee, J.

[0007] Non-patent Literature 2: “American Journal of
Physiology—Heart and Circulatory Physiology (266, H881-
H890, 1994)” by H. Honda et al.

[0008] Non-patent literature 3: “Electronic Letters (32(11),
949-950, 1996)” by M. Sato et al.
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[0009] Non-patent Literature 4: “Cardiac Mechanics
(chapter 11, 1974)” by 1. Mirsky and W. W. Parmley
SUMMARY OF INVENTION
Technical Problem

[0010] When a cardiac catheter is employed, an intracar-
diac pressure can be measured. However, since the measure-
ment is invasive, a burden a patient incurs is quite heavy. In
addition, as described in the related literature, when the left
ventricle is approximated to a spherical shell in order to
calculate the stiffness of the cardiac muscle or the intracardiac
pressure from an eigen-vibration frequency, an obtained
value and an error due to shape dependence are on the order of
the same value, and lack precision.

[0011] An object of the present invention is to provide an
ultrasonic imaging device and information processing device
capable of noninvasively and highly precisely measuring a
myocardial stiffness and an absolute pressure inside the heart.

Solution to Problem

[0012] Inorderto accomplish the foregoing object, accord-
ing to the present invention, there is provided an ultrasonic
imaging device including an ultrasonic probe that transmits or
receives ultrasonic waves to or from the heart which is an
object, a signal processing unit that processes a reflected echo
signal received by the ultrasonic probe, and a display unit that
displays the results of signal processing performed by the
signal processing unit. The signal processing unit includes a
shape extraction block that extracts shape information on the
heart from the reflected echo signal, an eigen-vibration detec-
tion block that detects an eigen-vibration of the heart from the
reflected echo signal, and an arithmetic block that calculates
a myocardial stiffness or an intracardiac pressure from the
obtained shape information and eigen-vibration.

[0013] Inorderto accomplish the aforesaid object, accord-
ing to the present invention, there is provided an information
processing device that processes a reflected echo signal
obtained by transmitting or receiving ultrasonic waves to or
from the heart, and that includes a signal processing unit
which processes the reflected echo signal, and a display unit
which displays the results of processing performed by the
signal processing unit. The signal processing unit includes a
shape extraction block that extracts shape information on the
heart from the reflected echo signal, an eigen-vibration detec-
tion block that detects an eigen-vibration of the heart from the
reflected echo signal, and an arithmetic block that calculates
a myocardial stiffness or intracardiac pressure of the heart
from the obtained shape information and eigen-vibration.

Advantageous Effects of Invention

[0014] According to the present invention, a myocardial
stiffness and intracardiac pressure that are effective in diag-
nosis can be highly precisely provided by taking account of
shape information on the heart that is an object of imaging.

[0015] In the present invention, since the laws of physics
that take account of a geometric effect from an eigen-vibra-
tion frequency of the heart are used to noninvasively measure
the shape of the heart and a motion thereof according to an
ultrasonic image signal, a myocardial stiffness can be highly
precisely calculated. Further, based on the obtained myocar-
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dial stiffness, an intracardiac pressure can be calculated using
a relational expression of the stiffness of the heart and the
pressure of the heart.

BRIEF DESCRIPTION OF DRAWINGS

[0016] FIG.11isablock diagram showing an example of the
configuration of an ultrasonic imaging device of a first
example.

[0017] FIG. 2 is a flowchart presenting an example of
actions of a signal processing unit and relating to the first
example.

[0018] FIG. 3 is a diagram showing a B-mode image for
explaining a vibration of the heart and relating to the first
example.

[0019] FIG. 4 is a diagram for explaining a palmic time
phase of the heart which relates to the first example.

[0020] FIG. 5 is a diagram for explaining a vibration of a
cardiac wall in an end diastole which relates to the first
example.

[0021] FIG. 6 is a diagram for explaining an ellipsoidal
body and a vibration mode of the ellipsoidal body which
relates to the first example.

[0022] FIG.7isadiagram for explaining detailed actions of
the signal processing unit which relates to the first example.
[0023] FIG. 8is an explanatory diagram of a function based
on a spherical Bessel function which relates to a second
example.

[0024] FIG. 9A is an explanatory diagram (1) showing a
vibration frequency ratio between a spherical shell and ellip-
soidal shell and relating to the second example.

[0025] FIG. 9B is an explanatory diagram (2) showing the
vibration frequency ratio between the spherical shell and
ellipsoidal shell and relating to the second example.

[0026] FIG. 9C is an explanatory diagram (3) showing the
vibration frequency ratio between the spherical shell and
ellipsoidal shell and relating to the second example.

[0027] FIG. 9D is a diagram showing an example of tables
of vibration frequency ratios and relating to the second
example.

[0028] FIG. 9E is a diagram showing an example of a table
of non-dimensional parameters and relating to the second
example.

[0029] FIG. 10 is a schematic diagram for explaining an
ellipsoidal shell which relates to the second example.

[0030] FIG. 11 is a flowchart presenting an example of
actions of a signal processing unit and relating to the second
example.

[0031] FIG. 12 is a diagram showing an example of screen
display and relating to the examples.

[0032] FIG. 13 is a flowchart presenting an example of
actions of a signal processing unit and relating to a third
example.

DESCRIPTION OF EMBODIMENTS

[0033] Referring to the drawings, various examples that are
embodiments of the present invention will be described
below.

Example 1

[0034] To begin with, as the first example, an ultrasonic
imaging device that processes a reflected echo signal using
the finite element method will be described below. Specifi-
cally, a description will be made of the configuration of the
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ultrasonic imaging device that images an object using ultra-
sonic waves, and that includes an ultrasonic probe which
transmits or receives ultrasonic waves to or from the heart that
is the object, a signal processing unit which processes the
reflected echo signal received by the ultrasonic probe, and a
display unit which displays the results of signal processing
performed by the signal processing unit. The signal process-
ing unit includes a shape extracting block that extracts shape
information on the heart from the reflected echo signal, an
eigen-vibration detection block that detects an eigen-vibra-
tion of the heat from the reflected echo signal, and an arith-
metic block that calculates a myocardial stiffness or intracar-
diac pressure of the heart on the basis of the shape information
and eigen-vibration.

[0035] FIG.1isablock diagram showing an example of the
configuration of the ultrasonic imaging device of Example 1.
The ultrasonic imaging device includes a main body 1 and an
ultrasonic probe 2.

[0036] The main body 1 is what produces an ultrasonic
image while controlling the ultrasonic probe 2. The ultrasonic
probe 2 is brought into contact with a subject 3 such as a living
body according to a signal produced by an ultrasonic signal
generator 12, irradiates ultrasonic waves to a region of irra-
diation 30, and receives a reflected echo signal of the region of
irradiation 30.

[0037] Next, detailed components of the main body 1 will
be described below. The main body 1 includes an input unit
10, a control unit 11, the ultrasonic signal generator 12, an
ultrasound receiving circuit 13, a display unit 14, and a signal
processing unit 15. The input unit 10 is a keyboard or pointing
device with which an examining person who operates the
ultrasonic imaging device sets operating conditions for the
ultrasonic imaging device in the control unit 11, or an elec-
trocardiogram signal input unit to be used in a case where an
electrocardiogram is employed. The control unit 11 controls
the ultrasonic signal generator 12, ultrasound receiving cir-
cuit 13, display unit 14, and signal processing unit 15 on the
basis of the operating conditions for the ultrasonic imaging
device set with the input unit 10, and is constructed as, for
example, a sequencer or program run in a central processing
unit (CPU) included in a processing unit of a computer sys-
tem. The ultrasound receiving circuit 13 amplifies or phases a
reflected echo signal received by the ultrasonic probe 2, and
inputs the resultant signal to the signal processing unit 15.
The display unit 14 outputs image information, which is
provided by the signal processing unit, or a myocardial stiff-
ness or intracardiac pressure and the like, which will be
described later, onto a display. The signal processing unit 15
has the capability to produce an ultrasonic image on the basis
of'the reflected echo signal sent from the ultrasound receiving
circuit 13, that is, the ultrasonic probe 2.

[0038] Next, detailed components of the signal processing
unit 15 will be described below. The signal processing unit 15
includes a palmic time phase detection block 151, shape
extraction block 152, eigen-vibration detection block 153,
arithmetic block 154, and a memory 155 that is a memory
block. Incidentally, the palmic time phase detection block
151, shape extraction block 152, and eigen-vibration detec-
tion block 153, and arithmetic block 154, which are the func-
tional blocks of the signal processing unit 15, are realized
with program runs in the CPU. The palmic time phase detec-
tion block 151 detects the velocity or direction of a blood-
stream through a cardiac valve on the basis of an input signal,
reflected echo signal, or shape information fetched from the
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input unit 10, acquires the systolic or diastolic time phase of
the heart, and thus recognizes a palmic time phase. Other-
wise, the palmic time phase detection block 151 detects the
palmic time phase on the basis of the shape information
provided by the shape extraction block 152.

[0039] The shape extraction block 152 forms, according to
a reflected echo signal outputted from the ultrasound receiv-
ing circuit 13, atwo-dimensional tissular shape, which has the
heart as a center, using, for example, a Brightness (B) mode,
that is, planar imaging method for an object of ultrasound
irradiation, or a three-dimensional tissular shape using a ste-
reoscopic imaging method.

[0040] The eigen-vibration detection block 153 measures
aneigen-vibration of a tissue provided by the shape extraction
block 512. The arithmetic block 154 calculates the stiffness of
the tissue from the shape information and eigen-vibration
information on the tissue using the finite element method. The
memory 155 stores, in addition to, reflected echo signal data,
data, which is processed by the palmic time phase detection
block 151, shape extraction block 152, eigen-vibration detec-
tion block 153, or arithmetic block 154, and resultant data.
Needless to say, the memory 155 may be installed outside the
signal processing unit 15.

[0041] FIG. 2 presents a processing flow of the device of the
present example, or more particularly, of the signal process-
ing unit 15. In FIG. 2, as a concrete example, the region of
irradiation 30 in FIG. 1 is a region including the left ventricle
of the heart, but the region of irradiation 30 may be the left
atrium, right atrium, or right ventricle.

[0042] First, the shape extraction block 152 forms, accord-
ing to a reflected echo signal outputted from the ultrasound
receiving circuit 13, for example, a B-mode image, that is, a
two-dimensional shape image of the left ventricle based on a
planar imaging method for an object of ultrasound irradiation,
or a three-dimensional shape image of the left ventricle based
on a stereoscopic imaging method (S11), and transmits the
tissular shape image to the palmic time phase detection block
151. The palmic time phase detection block 151 detects a
palmic time phase on the basis of the reflected echo signal or
shape information sent from the ultrasound receiving circuit
13, or information fetched from the input unit 10 (S12), and
transmits the palmic time phase information to the shape
extraction block 152. Thereafter, the shape extraction block
152 determines information on a position, at which the tissue
in each image is located, from brightness information of the
tissular shape image using image processing, extracts shape
information on the left ventricle in a predetermined time
phase (S13), and transmits the shape information to the eigen-
vibration detection block 153.

[0043] Thereafter, the eigen-vibration detection block 153
detects an eigen-vibration at a predetermined point in the
shape information (S14), and transmits the eigen-vibration
information to the arithnietic block 154. Finally, the arith-
metic block 154 calculates stiffness information on the left
ventricle or information on an intracardiac pressure, which is
a pressure inside the heart, from the shape information on the
left ventricle and eigen-vibration information. When step 12
is executed, if the shape information acquired at step 11 is left
unused, the sequence of step 11 and step 12 may be reversed,
or step 11 and step 12 may be executed concurrently. The
sequence of step 13 and step 14 may be reversed, or step 13
and step 14 may be executed concurrently.

[0044] Referring to FIG. 3, an example of shape informa-
tion on the heart, which is an object, obtained at step 11 will
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be described below. FIG. 3 shows the left ventricle 31 of the
heart, left atrium 32, right ventricle 33, mitral valve 34, pos-
terior wall 35 of the left ventricle, and apex cordis 36 which
are imaged in a two-dimensional B-mode. The explanatory
diagram is a two-dimensional image, but a three-dimensional
image will do. The ultrasonic frequency for the B-mode
image may fall within the range from 1 MHz to 20 MHz
which permits imaging. In the present example, the center
frequency is 5 MHz. A pulse repetition frequency (PRF) for
imaging the heart shall fall within a range of 20 Hz or higher,
that is, a range within which a motion of the heart can be
caught.

[0045] An example of a palmic time phase detection
method at step 12 will be described below in conjunction with
FIG. 4.

[0046] FIG. 4 shows changes in time-sequential physical
quantities in a palmic time phase, for example, changes in an
electrocardiogram signal waveform 61, mitral valve inflow
velocity waveform 62, pulmonary-artery valve regurgitation
waveform 63, cardiac-wall velocity waveform 64, and car-
diac-wall motion waveform 65. When an electrocardiogram
signal is employed, a palmic time phase derived from the
electrocardiogram signal waveform 61 fetched from the input
unit 10 can be recognized. An electrocardiogram character-
istically shows the palmic time phase. The electrocardiogram
may be unemployed. When any of the physical quantities 62
to 65 in FIG. 4 which exhibit a characteristic change along
with a change in the electrocardiogram time phase can be
used, if a maximum value, minimum value, the largest value,
the smallest value, a slope, a zero-crossing, or the like is
employed, the time phase can be detected. As a waveform
acquisition method, for example, the mitral valve inflow
velocity waveform 62 of a bloodstream passing through the
mitral valve 34 is measured by measuring a Doppler signal.
Thus, the palmic time phase can be recognized. In addition, a
bloodstream waveform may be the pulmonary-artery valve
regurgitation waveform 63, a velocity waveform of a blood-
stream passing through the aortic valve or tricuspid valve, the
cardiac wall velocity waveform 64, or the cardiac wall motion
waveform 65 obtained by time-sequentially measuring a
movement of the cardiac wall in a motion (M) mode. Other-
wise, a waveform that time-sequentially expresses a vibration
detected by the eigen-vibration detection block 153 will do.
Anyway, the palmic time phase detection block 151 can rec-
ognize the palmic time phase from any of the waveforms.

[0047] Inthe present example, a time phase of an end dias-
tole 66 which is useful in diagnosis is especially noted. The
end diastole 66 is a time phase in which the left ventricle 31 is
filled with blood and which immediately precedes a time
phase in which blood is pumped out. A time phase in which
the volume of'the left ventricle is maximized may be detected.
Herein, what is referred to as a B-mode image is an image
expressing a tissular shape imaged with ultrasonic waves.
What is referred to as an M-mode image is an image time-
sequentially expressing a motion of a tissue by temporally
tracking the motion of the tissue on an arbitrary ultrasonic
scanning line and by marking the position of the tissue on the
scanning line on the axis of ordinates and time on the axis of
abscissas.

[0048] At step 13 in FIG. 2, positional information on a
tissue image obtained at step 11 is detected through image
processing. More particularly, since a tissue is detected as a
high luminance value in an ultrasonic image, a high-lumi-



US 2012/0296209 Al

nance value portion is regarded as a cardiac tissue and a
two-dimensional or three-dimensional cardiac-tissue posi-
tion is acquired.

[0049] At step 14, the eigen-vibration detection block 153
uses a reflected echo signal, which is outputted from the
ultrasound receiving circuit 13, to measure an eigen-vibration
frequency at a predetermined position in a tissue image
obtained at step 11. The predetermined position may be
selected from the tissue image by a user, or may be deter-
mined according to an instruction from the input unit 10.
Otherwise, the characteristic posterior wall 35 of the left
ventricle or apex cordis 36 may be determined through image
processing to be performed on by the signal processing unit
15. In the present example, a PRF in the M mode in which the
eigen-vibration frequency ranging from 10 Hz to 100 Hz is
calculated shall be equal to or higher than 200 Hz.

[0050] Step 14 will be detailed in conjunction with FIG. 3
and FIG. 5. A position at which an eigen-vibration is detected
may be any position on the wall of a heart chamber that is an
object. In the present example, the object is the left ventricle.
Therefore, detection of an eigen-vibration at the apex cordis
36 shown in FIG. 3 will be described as an example. As for an
eigen-vibration frequency detection method, a means using
the M mode will be described.

[0051] FIG. 5 shows an M-mode image obtained using the
ultrasonic scanning line 37 that encompasses a detection
point and is shown in FIG. 3. In the M mode, an eigen-
vibration in the end diastole 66 can be detected by time-
sequentially observing the oscillation of the cardiac-wall
motion waveform 65 representing a motion of the cardiac
wall. In the present example, the eigen-vibration in the time
phase of the end diastole 66 which is useful in diagnosis and
in which the heart is relaxed is noted. A wall vibration in the
end diastole 66 is subjected to spectrum analysis, whereby the
eigen-vibration frequency 39 at the apex cordis 36 can be
calculated. The spectrum analysis may be Fourier transform
or wavelet transform. The number of eigen-vibration fre-
quencies to be measured is one or more. When plural eigen-
vibration frequencies are measured, in addition to the eigen-
vibration frequency 39, an eigen-vibration frequency 38 on
the posterior wall 35 of the left ventricle and an eigen-vibra-
tion frequency in any other place may be measured.

[0052] Referring to FIG. 6, a relationship between an
eigen-vibration and a place of measurement will be
described. Numerous eigen-vibration modes of a shell are
present. Depending on a way of vibration in each of the
eigen-vibration modes, a place where a vibration is marked
and a place where a vibration is little are observed. Referring
to FIG. 6, a description will be made by taking a vibration of
an ellipsoidal shell for instance. In part (a) of FIG. 6, an
ellipsoidal shell 67 is present in a polar coordinate system
expressed with an axial direction x, radial direction r, and
circumferential direction 8. A vibration in a mode 2x of the
x-axis direction on an xr plane 671 is shown in part (b) of FIG.
6, and a vibration in a mode 27 of the r direction on an r6 plane
672 is shown inpart (¢) of FIG. 6. Typical deformed states 675
and 676 express opposite phases of vibrations.

[0053] Thevibration modes in parts (b) and (c) of FIG. 6 are
different from each other, and eigen-vibration frequencies are
different from each other accordingly. Since a vibration is
measured at plural positions, modes characteristic of the vari-
ous vibration modes can be grasped. For example, at a point
of measurement 673, a vibration in the mode 2x can be mark-
edly measured, but a vibration in the mode 2r is hardly
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detected. In contrast, at a point of measurement 674, eigen-
vibration frequencies in both the modes 2x and 2r can be
measured. Namely, when the number of points of measure-
ments is one, it is hard to identify a mode. By measuring
plural points, a mode can be identified.

[0054] At step 15 in FIG. 2, the arithmetic block 154 cal-
culates a tissular stiffness from shape information and eigen-
vibration information on a tissue using the finite element
method. In particular, when the finite element method is
implemented, two important physical quantities, that is, a
myocardial stiffness E [Pa] and intracardiac pressure p [Pa]
are unknown. In order to determine the physical quantities, a
repetition method is employed in the present example.
[0055] Referring to FIG. 7, detailed processing of the finite
element method in the present example will be described
below. Part (a) of FIG. 7 shows the detailed flow, while part
(b) of FIG. 7 shows schematic diagrams in line with the flow.
The arithmetic block 154 creates a finite element mesh Dm
from shape information Do extracted by the shape detection
block 152 (S1511). Herein, since a pressure is applied to the
inside of the heart, the cardiac muscle is stretched and the
heart chamber is dilated. A state in which the heart is wilted
with no pressure applied is inferred from the mesh Dm. The
wilted state is inferred using a scaling factor g.

[0056] The scaling factor g denotes a value ranging from 0
to 1 and is determined arbitrarily at the time of arithmetic
(S1512). By reducing the scale of the mesh information Dm
to a one-g-th, mesh information Dd in the wilted state is
calculated (S1513). Herein, the scale is reduced so that the
mass of a myocardial tissue is held intact. For example, the
diameter of the cardiac wall may be diminished, and the wall
thickness may be increased. At this time, the intracardiac
pressure is equivalent to an external pressure. A reference
pressure of the intracardiac pressure in the present example is
the atmospheric pressure, an indication of the intracardiac
pressure is a differential pressure from the atmospheric pres-
sure. Namely, the intracardiac pressure of the wilted cardiac
mesh Dd calculated at step 1513 is 0 mmHg. Thereafter,
parameters for the finite element method are determined.
Physical properties are set to ranges within which diagnostic
effectiveness is maintained. Namely, a myocardial density is
set to a constant ranging from 950 kg/m® to 1150 kg/m?, and
ablood density is set to a constant ranging from 950 kg/m? to
1150 kg/m>. As for a myocardial stiffness E, a relational
expression of formula (1) (Non-patent Literature 4) is
employed (S1514).

E=k,0+k, (formula 1)

where o denotes a stress of the left-ventricle wall in a wall to
thickness direction [Pa], and k1 (no unit) and k2 [gm/mm?]
denote constants concerning elasticity. Specifically, k1 is
known to range from 29.9 to 43.7, and an experimental mean
value is 37.3 (Non-patent Literature 4), and k, denotes a
constant ranging from 0 to —2.13 [gm/mm?].

[0057] Thereafter, the finite element method is used to
gradually increase the intracardiac pressure of the mesh Dd so
as to gradually dilate the mesh Ds. The mesh Dd is dilated to
have substantially the same size as the measured mesh infor-
mation Dm (S1515). The dilated mesh information shall be
mesh information Ds, and the intracardiac pressure at this
time shall be an intracardiac pressure p. Thereafter, the mesh
information Ds is used to calculate an eigen-vibration fre-
quency f. (S1516). The calculated eigen-vibration frequency
f. is compared with a measured eigen-vibration frequency fm
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(S1517). If both the eigen-vibration frequencies are very
close to each other, a finite element model satisfactorily
reflects the measured heart, and the stiffness E and pressure p
employed in the calculation are adopted as an actual stiffness
and intracardiac pressure.

[0058] Ifthe eigen-vibration frequency f, is different from
the measured vibration frequency f,,, the scale factor g is
changed and steps 1512 to 1517 are repeated. A decision that
the eigen-vibration frequency £, is satisfactorily close to the
measured vibration frequency fm may be made when, for
example, an error between the frequencies falls below a cer-
tain threshold. The threshold may be 15% or less that is a
permissible error. The scaling factor g may be exhaustively
changed, and the scaling factor g minimizing an error
between the eigen-vibration frequency fc and measured
vibration frequency fm may be selected. According to the
foregoing present example, the stiffness E of the heart that is
an object of imaging or the pressure p thereof can be calcu-
lated.

[0059] Next, a display image on the display unit of the
ultrasonic imaging device of the present example will be
detailed below. The display unit 14 in FIG. 1 displays, on the
screen thereof, an intracardiac pressure at one or more spatial
positions, at a certain time, or at one or more of successive
times, which is calculated by the arithmetic block 154 of the
signal processing unit 15, a vibration frequency, spectrum
analysis of the vibration frequency, a magnitude of movement
of a wall surface, or the stiffness of the heart. The spectrum
analysis may be short-term Fourier transform or wavelet
analysis making it possible to detect a frequency dependent
on a time phase. A spectrum analysis diagram is a contour
diagram having two axes one of which indicates time and the
other of which indicates a frequency. Spectral intensities may
be expressed in colors.

[0060] As an example, the lowest part (a) of FIG. 12 shows
a spectrum analysis diagram 613 derived from short-term
Fourier transform. One of axes may indicate a frequency, and
the other one thereof may indicate a spectral intensity. As
shown in part (a) of FIG. 12, an electrocardiogram 611 show-
ing a time phase, an M-mode display diagram 612, and the
spectrum analysis diagram 613 derived from Fourier trans-
form or the like may be displayed on the same screen. A tissue
image 30 shown in part (b) of FIG. 12 may be superposed on
an image, which is formed by the shape extraction block 152,
on the same screen. Further, a vibration mode may be indi-
cated with a motion picture or still image. As shown in part (b)
of FIG. 12, when ellipsoidal body approximation of step 13 in
the second example to be described later is carried out, a
cardiac tissue and ellipsoidal body 301 may be displayed
while being superposed on each other.

Example 2

[0061] Next, an ultrasonic imaging device of the second
example will be described below. In the first example, the
finite element method is used to calculate a myocardial stiff-
ness or intracardiac pressure. In the second example, the finite
element method is not used, but a heart chamber is approxi-
mated to an ellipsoidal shell and the laws of physics concern-
ing the ellipsoidal shell and eigen-vibration frequency are
employed. The ultrasonic imaging device of the present
example has the same configuration as the device shown in
FIG. 1 and described as Example 1. A difference lies in
processing to be performed by the signal processing unit 15 of
the device shown in FIG. 1. As described later, especially, the
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steps 13 and 15 of the processing flow described in FIG. 2 are
different from those in Example 1.

[0062] Prior to details of the present example, a description
will be made of the laws of physics concerning a spherical
shell and eigen-vibration frequency and extension to the rela-
tionship between an ellipsoidal shell and eigen-vibration fre-
quency. In the related art literatures, a dominant equation
(Non-patent Literature 1) representing an eigen-vibration fre-
quency of a spherical shell is introduced, but a relational
expression of an ellipsoidal shell, which resembles an actual
heart chamber, and an eigen-vibration frequency is unknown.
Herein, a description will be made of a technique that uses the
eigen-vibration frequency of the ellipsoidal shell to calculate
the stiffness of the ellipsoidal shell in compliance with the law
of the dominant equation representing the eigen-vibration
frequency of the spherical shell.

[0063] A dominant equation representing an eigen-vibra-
tion frequency of a spherical shell is expressed by a formula
(2) (Non-patent Literature 2). Herein, 3, denotes a variable
that is a dimensionless value of an eigen-vibration frequency
fn. Cq,, Caus Cops Cous Copy Caps Cops C,s and C, are nine
constants determined with a ratio h/r of a wall thickness to an
inner diameter which implies a shape, and a Poisson ratio c,.
J,(x) and J '(x) denote a spherical Bessel function of the n-th
kind of a variable x and its derivation.

CDBD +(C@ +CBIBD + (formula 2)
(€D +CDBD +(CB +COD
J, (formula 3)

n
Bu=Copip
Cp = Zﬂrpl/z(l — V2)1/2

@ indicates text missingor illegiblewhen filed

[0064] While the formula (2) is complex and numerically
solved, the function J (x)/J,'(x) varies, as shown in part (a) of
FIG. 8, depending on the x value from a negative infinite to a
positive infinite. The solution of 3,, meeting the formula (2)
numerously exists. This poses a problem in that a value E
cannot be uniquely determined.

[0065] In the present example, a unique solution can be
obtained using an asymptotic approximate expression (4) to a
zero point by utilizing the fact that an input part (c,fnE"?) of
a spherical Bessel function is so small as to be on the order of
0.001 in a vibration mode of the cardiac muscle.

limJ (formula4)
lim ™) = o

nt=nn-2)n-4)...

When this relational expression is assigned to the formula (2),
a formula below ensues.

(Cw R CypCq ],33 . (formula 5)
n
CopC,

CoC, a
(C4a+ — a),B::+(C2a+ T],B§+COG =0
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[0066] The use of the asymptotic approximation has two
merits. One of the merits is such that although the formula (2)
includes two variables of 3,, and E, the formula (5) includes
one variable of §,, alone. Specifically, the formula (2) implies
a possibility that the solution of 3,, may vary depending on the
tissular stiffness E value. In the formula (5), when a spherical
radius-vs.-wall thickness ratio and Poisson ratio are identical
to each other, coefficients are identical to one another. There-
fore, the Bn value is held unchanged irrespective of the tissu-
lar stiffness E value. Once a shape and the Poisson ratio are
determined, the f3, value is determined. This conclusion
drawn out from a spherical shell implies a possibility that
even when an ellipsoidal shell is employed, once a shape is
determined, the f3,, value can be determined irrespective of the
E value. The present inventor has extended the possibility,
which once the shape is determined, the {3, value can be
determined irrespective of the E value, to the ellipsoidal shell.
The extension will be described later.

[0067] The second merit lies in a point that since the for-
mula (5) is a cubic equation of B2, B,, can be calculated into
an analytical solution. This obviates the necessity of numeri-
cal repetitive calculation at the time of calculation of a myo-
cardial stiffness E, and signifies that a calculation time can be
shortened.

[0068] Part (b) of FIG. 8 shows an example of comparison
of an analyzed analytical solution (analytical) with a numeri-
cal solution (simulation) obtained according to the finite ele-
ment method. In the drawing, the axis of abscissas indicates a
stiffness (Elasticity), and the axis of ordinates indicates an
eigen-vibration frequency (Eigen frequency). A solid line and
dot line each indicate the relationship of the eigen-vibration
frequency based on the analytical solution to the stiffness, and
express amode 2 (n=2) and mode 4 (n=4) respectively. Round
marks and diamond marks indicate results of calculation
based on the finite element method, and express the mode 2
and mode 4 respectively. For both the mode 2 and mode 4, the
analytical solution and numerical solution agree with each
other. The validity of the solution of the formula (5) is dem-
onstrated.

[0069] Next, extension of an eigen-vibration frequency of a
spherical shell to an ellipsoidal body will be described below.
Based on the aforesaid finding that the dimensionless value 3,
derived from an asymptotic approximation technique for the
eigen-vibration frequency of the spherical shell and obtained
from a myocardial stiffness and eigen-vibration frequency is
determined with the shape of the shell and a Poisson ratio, it
is suggested that even when the ellipsoidal shell is concerned,
once the shape is determined, the value f3,, of the ellipsoidal
shell is determined. In order to verify the suggestion, an
eigen-vibration frequency ratio F between the ellipsoidal
shell, which is filled with a fluid, and the spherical shell is
calculated with a major-axis radius-vs.-minor-axis radius
ratio s as a function according to the finite element method. A
vibration mode is free vibration. Conditions for the calcula-
tion are that the densities of the fluid, with which the ellip-
soidal shell is filled, and the tissue of the shell are 1000kg/m?.
The calculation is performed in three cases to be described
below.

[0070] To begin with, in a case 1, in order to demonstrate
that a vibration-frequency ratio F does not depend on a stiff-
ness E or radius R, a spherical shell having a stiffness of 50
kPa and a radius of 30 mm, a spherical sell having a stiffness
of30 kPa and a radius of 30 mm, and a spherical shell having
a stiffness of 50 kPa and a radius of 15 mm are compared with
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one another. A Poisson ratio is set to 0.499, and a ratio of a
wall thickness to a spherical-shell radius is set to 5. In a case
2, in order to investigate an effect of the Poisson ratio v on the
vibration-frequency ratio F, the Poisson ratio v is varied. In
the case 2, the spherical shell having the stiffness of 50 kPa,
the radius of 30 mm, and the ratio of the wall thickness to the
spherical-shell radius of ¥4 is adopted as an object of calcu-
lation. In a case 3, in order to investigate an effect of the ratio
of the wall thickness to the radius (X=h/r), the X value is
varied. In the case 3, the spherical shell having the stiffness of
50 kPa, the radius of 30 mm, and the Poisson ratio of 0.499 is
adopted as an object of calculation.

[0071] FIG.9A, FIG. 9B, and FIG. 9C each show an eigen-
vibration frequency ratio F (axis of ordinates) between an
ellipsoidal shell, which is filled with a fluid, and a spherical
shell as a function of a major-axis radius-vs.-minor-axis
radius ratio s (axis of abscissas) in relation to each of three
cases 1,2, and 3. Herein, the radius of the spherical body shall
be equal to the minor-axis radius of the ellipsoidal body. FIG.
9A shows a mode 2R (n=2) on the r0 plane shown in FIG. 6,
FIG. 9B shows a mode 2X (n=2) on the xr plane shown in
FIG. 6, and FIG. 9C shows a mode 4R (n=4) on the rf plane
shown in FIG. 6.

[0072] When the major-axis radius-vs.-minor-axis radius
ratio s takes on 1, the ellipsoidal body assumes a sphere, and
the frequency ratio is 1. As the s value gets smaller, the
ellipsoidal body frequency decreases. In the case of the mode
2R, when the major-axis radius-vs.-minor-axis radius ratio s
takes on 0.5, that is, when the minor-axis radius is a half of the
major-axis radius, the frequency of the ellipsoidal body is
decreased down to about 60%. When the stiffness of the
cardiac muscle is a square of the frequency, an effect is
exerted. Therefore, assuming that the frequency of the ellip-
soidal body is measured and the spherical body is treated,
there is a possibility that a calculated stiffness may be esti-
mated to be as low as several tens of percent of an actual
stiffness. As for calculation in the case 1, the frequency ratios
in the respective modes in FIG. 9A, FIG. 9B, and FIG. 9C are
consistent with one another. This signifies that the frequency
ratio does not depend on a size or stiffness. In the case 2, a
slight effect of a Poisson ratio is observed, but the frequency
ratios in all the modes are nearly consistent with one another.
In the case 3, it is seen that an effect of the ratio of the wall
thickness to the radius, that is, the shape of the spherical shell
is markedly manifested.

[0073] In the present example, based on the foregoing
results of the calculation, the signal processing unit adopts a
technique of determining the dimensionless vibration fre-
quency f3,, of the ellipsoidal shell using the major-axis radius-
vs.-minor-axis radius ratio of the ellipsoid. The detailed flow
of step 15 in FIG. 2 in the case of the second example will be
described below in conjunction with FIG. 11. The configura-
tion of the device of the second example is identical to the
configuration of the device of the first example. The process-
ing flow of the present example is identical to the processing
shown in FIG. 2. However, in the processing flow of the signal
processing unit 15, the details of step 13 and step 15 are
different. Therefore, the steps 13 and 15 will be described
below.

[0074] First, at step 13 in the present example, positional
information on a tissue image obtained at step 11 is detected
through image processing. More particularly, since a tissue in
an ultrasonic image is recognized as a high luminance value,
ahigh-luminance value portion is regarded as a cardiac tissue,
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and a two-dimensional or three-dimensional cardiac-tissue
position is acquired. Further, if an examining person finds it
necessary, the shape extraction block 152 approximates shape
parameters, which define the shape of the heart or each heart
chamber that is part of the heart, that is, as shown in FIG. 10,
an inner radius r [m] and cardiac wall thickness [m] with the
heart chamber wall as an ellipsoid, and calculates a major-
axis radius-vs.-minor-axis radius ratio s (herein s is equal to or
smaller than 1). The inner radius r and cardiac wall thickness
h may be averages among the heart chambers or local values.
An ellipsoid approximation method for a heart chamber may
be pattern matching of the volume of the heart chamber, a
heart chamber section of an ellipsoidal body, and an ellipsoid.
[0075] Thereafter, at step 15 in the present example, the
arithmetic block 154 of the signal processing unit 15 approxi-
mates a heart chamber to an ellipsoidal shell, and employs the
laws of physics concerning the ellipsoidal shell and an eigen-
vibration frequency.

[0076] FIG. 11 shows a detailed flow of step 15. At step
1521, the arithmetic block 154 corrects a measured eigen-
vibration frequency f, , [Hz] of an ellipsoidal shell in a mode
n into an eigen-vibration frequency f; ,, [Hz] of an equivalent
of a spherical shell in the mode n. Herein, for calculation of
the eigen-vibration frequency f, , of the equivalent of the
spherical shell in the mode n, the vibration frequency ratio F
between the spherical shell and ellipsoidal shell shown in
each of FIG. 9A, FIG. 9B and FIG. 9C may be used for
correction, or an eigen-vibration dimensionless value 3, ,, of
the ellipsoidal shell may be used directly.

[0077] For calculation of the value f3,,, a numerical solution
may be obtained using the finite element method or an ana-
lytical solution may be obtained using a Mathieu function.
The vibration frequency ratio F or dimensionless value 3, are,
as described later, stored in advance in the memory 155 of the
signal processing unit 15 in FIG. 1 as a table, fitting function,
or analytic function.

P _& (formula 6)
s =

[0078] Thereafter, the arithmetic block 154 calculates the
stiffness of the cardiac muscle using a physical relational
expression of an eigen-vibration frequency and the stiffness
ofa spherical shell expressed as the formula (3) (S1522). The
formula (3) may be simplified and a resultant formula (7) may
be employed. The stiffness E is calculated from the eigen-
vibration frequency f, ,, of the spherical shell in the mode n.

E=C.r? fszn (formula 7)

el =)
T i

where a coefficient C, takes on a constant determined indi-
vidually for the heart according to the formula (7). A value the
coefficient takes on for the typical heart ranges from 6x10* to
4x10° [kg/m?]. FIG. 9D shows an example of tables of the
resultant vibration frequency ratios F. The upper part of FIG.
9D shows the table for the mode 2X, and the lower part
thereof shows the table for the mode 2R.

[0079] Similarly to the vibration frequency ratio F, a
dimensionless parameter 3, ,, may be calculated in advance
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from parameters 1, f, ,,, E, and p, which are used for calcula-
tion in the finite element method, according to the finite
element method, and stored in the memory 155 as a table,
fitting function, or analytic function. At the time of actual
measurement, the stiffness E may be obtained according to a
formula (9). FIG. 9E shows an example of a table of the
dimensionless parameters 3, ,,. The table for the mode 2x is

presented as an example.

o (formula 8)
Bep =1fop| i
fom 2 (formula 9)
F=n (B]
[0080] Based on the stiffness E of the cardiac muscle cal-

culated according to the formula (9), an intracardiac pressure
is calculated using a relational expression (10) below of a
myocardial stiffness of an ellipsoidal shell and an intracardiac
pressure thereof.

(formula 10)
1+G
E=|daV + o
h
T r2-5%)
hl Y h
= - z)
_aiV, - b v (formula 1 1)
TV, + bV
6—(2+Gh]1+ u + " +(1+Gm](l+hs]
- r 2r  4r2 2r 2r
-3 h hs R
@=3- -5t
hs  2h
by =—+—
r r
A R hs( ks
R L ) +Z( _Z)
h Y ks
bzz;[2+ﬁ]+7

where V denotes the volume of the lumen of a heart chamber,
and V, denotes the volume of the wall of the heart chamber.
In addition, a denotes a coefficient experimentally obtained
and expressed as a formula (12). C, denotes a coefficient of
57.3 Pa.

aV=In(p/c,) (formula 12)

[0081] Referring back to FIG. 11, an intracardiac pressure
is finally calculated from the obtained stiffness using a rela-
tional expression of the myocardial stiffness of the ellipsoidal
body and the intracardiac pressure thereof (S1523). When the
intracardiac pressure is not calculated, step 1523 may be
omitted.

[0082] When a heart chamber can be recognized as a
spherical shell, the stiffness of the heart may be calculated
using formulae (13) and (14).
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(formula 13)

(formula 14)

[0083] Further, a formula (15) is obtained using the formu-
lae (12), (13), and (14).

(formula 15)

PREAA PR PR T
=°v, +7m +ﬁ(+n(P/0p))P

[0084] The formula (15)is an implicit description concern-
ing an intracardiac pressure p, that is, a description requiring
generally numerical repetitive calculation to obtain a solu-
tion. Herein, when a fitting relational expression (16) is
employed, the intracardiac pressure p of the formula (17) can
be implicitly obtained, that is, the intracardiac pressure p on
the left side can be outputted merely by inputting parameters
onto the right side. Accordingly, a numerical calculation time
can be shortened.

PN p 9 p )
I+l —[|[—=-|—
cpllep  4lc,

4E V,, /6
e, V.

7 Ve 12 3
e 2 e =
( v r2+h2]( +2r3]

[0085] Further, using the formulae (7) and (17), the intrac-
ardiac pressure p may be calculated by inputting shape
parameters.

(formula 16)

(formula 17)

p=c

Example 3

[0086] Next, an ultrasonic imaging device of the third
example will be described below. In the first example, the
finite element method is repetitively used to calculate a myo-
cardial stiffness and intracardiac pressure. In the third
example, iteration is not used to calculate the myocardial
stiffness and intracardiac pressure. Specifically, the present
example is the ultrasonic imaging device that images an
object by utilizing ultrasonic waves, and includes an ultra-
sonic probe that transmits or receives ultrasonic waves to or
from the heart which is an object, a signal processing unit that
processes a reflected echo signal received by the ultrasonic
probe, and a display unit that displays the results of signal
processing performed by the signal processing unit. The sig-
nal processing unit includes a shape extraction block that
extracts shape information on the heart from the reflected
echo signal, and an eigen-vibration detection block that
detects an eigen-vibration frequency of the heart by perform-
ing finite element calculation using the shape information.
Using the obtained eigen-vibration frequency and measured
eigen-vibration frequency, the stiffness of the cardiac muscle
or an intracardiac pressure thereof is calculated using a rela-
tional rule between the eigen-vibration frequency and the
stiffness of the cardiac muscle. The configuration of the ultra-
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sonic imaging device of the present example is identical to
that of the device in FIG. 1 described in relation to Example
1. A difference lies in processing of the signal processing unit
15 of the device in FIG. 1. As described later, the difference
from the device in FIG. 1 is step 15 of the processing flow
described in FIG. 2.

[0087] A dominant equation representing an eigen-vibra-
tion frequency of a spherical shell is expressed as the formula
(2) (Non-patent Literature 2). 3,, denotes a variable that is a
dimensionless value of an eigen-vibration frequency f,,. Cq,,
Caas Cans Cous Cops Caps Copy C,, and C,, denote nine constants
determined with a ratio of a wall thickness to an inner diam-
eter, b/r, which implies a shape, and a Poisson ratio C,. J (x)
and J,'(x) denote a spherical Bessel function of the n-th kind
of'avariable x and its derivation. According to the formula (5)
presented in Example 2, the 3, value does not depend on the
value of a tissular stiffness E but remains unchanged all the
time. Once a shape and the Poisson ratio are determined, the
B,, value is determined. This conclusion deduced from the
spherical shell implies a possibility that even when the gen-
eral shape of the heart is concerned, once the shape is deter-
mined, the f§,, value is determined irrespective of the E value.
In the present example, the possibility that once a shape is
determined, the {3,, value is determined irrespective of the E
value is extended to the general shape of the heart.

[0088] An extension method in the present example will be
described below. f§ in the formula (3) denotes a value that is
uniquely determined as long as a shape is determined.
Namely, if the shape is a similarity shape, 3 takes on the same
value. This is expressed as a formula (18). Herein, subscripts
A, B, C, and D denote cases that are different from one
another in a size and stiffness. The § value is identical among
the cases. A subscript true denotes a true value of the stiffness
of the cardiac muscle or an eigen-vibration frequency which
a user wants to measure.

fa b/l fe bis) Jirue (formula 18)
[0089] When the formula (18) is deformed, itis rewritten as

a formula (19). Even when an arbitrary value Ea is set, a true
value Etrue of the stiffness of the heart can be obtained using
the eigen-vibration frequency fa obtained according to the
finite element method and the eigen-vibration frequency ftrue
obtained through measurement.

fa 19)
Epue = Es f}
[0090] Referring to FIG. 13, detailed processing of the

finite element method in the present example will be
described below. The arithmetic block 154 creates a finite
element mesh Dm from shape information Do extracted by
the shape extraction block 152 (S1531). Thereafter, an arbi-
trary myocardial stiffness EA is set (81532), and the pro-
duced finite element mesh Dm is used to calculate an eigen-
vibration frequency fA (S1533). The arbitrary myocardial
stiffness EA may be inputted at the input unit by a user or may
be stored in the memory. Thereafter, using the formula (19),
the myocardial stiffness E is calculated from the measured
eigen-vibration frequency (S1534). Thereafter, using the for-



US 2012/0296209 Al

mula (12), anintracardiac pressure p is calculated based on an
internal volume V calculated from shape information
(S1535).

[0091] Various examples of the present invention have been
cited and described so far. Needless to say, the present inven-
tionis not limited to the examples. For example, even in a case
where reflected echo signal data produced by accumulating a
signal obtained by shaping a reflected echo signal, which is
received by the ultrasonic probe included in the aforesaid
ultrasonic imaging device, in the ultrasound receiving circuit
is employed, and processed using an information processing
device such as an ordinary computer including a signal pro-
cessing unit, memory unit, display unit, and input unit, when
the aforesaid present invention is utilized, information on the
stiffness of the heart of a desired subject or an intracardiac
pressure thereof can be highly precisely acquired.

INDUSTRIAL APPLICABILITY

[0092] The present invention relates to an ultrasonic imag-
ing device for medical use or an information processing
device, and proves quite useful as an ultrasonic imaging tech-
nology for measuring the stiffness of the heart, which is
desired by an examining person, or an intracardiac pressure
thereof.

REFERENCE SIGNS LIST
[0093] 1: Main body
[0094] 2: Ultrasonic probe
[0095] 3: Living body
[0096] 10: Input unit
[0097] 11: Control unit
[0098] 12: Ultrasonic signal generator
[0099] 13: Ultrasound receiving circuit
[0100] 14: Display unit
[0101] 15: Signal processing unit
[0102] 31: Left ventricle
[0103] 32: Left atrium
[0104] 33: Right ventricle
[0105] 34: Mitral valve
[0106] 35: Posterior wall of left ventricle
[0107] 36: Apex cordis
[0108] 37: Ultrasonic scanning line
[0109] 38, 39: Eigen-vibration frequency
[0110] 61: Mitral valve inflow velocity
[0111] 62: Pulmonary-artery valve regurgitation velocity
[0112] 63: Pulmonary-artery valve regurgitation velocity
[0113] 64: Cardiac wall motion velocity
[0114] 65: Cardiac wall motion
[0115] 66: End diastole
[0116] 67: Ellipsoidal shell

1. An ultrasonic imaging device that images an object by
utilizing ultrasonic waves, comprising:

an ultrasonic probe that transmits or receives ultrasonic
waves to or from the heart that is the object;

a signal processing unit that processes a reflected echo
signal received by the ultrasonic probe; and

a display unit that displays the results of signal processing
performed by the signal processing unit, wherein

the signal processing unit includes

a shape extraction block that extracts shape information on
the heart from the reflected echo signal;

an eigen-vibration detection block that detects an eigen-
vibration of the heart from the reflected echo signal; and
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an arithmetic block that calculates a myocardial stiffness of
the heart or an intracardiac pressure thereof from the
shape information and eigen-vibration.

2. The ultrasonic imaging device according to claim 1,
wherein the eigen-vibration detection block detects one or
more predetermined eigen-vibration modes of a heart cham-
ber shape of the heart which is obtained as the shape infor-
mation by the shape extraction block, and calculates an eigen-
vibration frequency that is a frequency in the eigen-vibration
mode.

3. The ultrasonic imaging device according to claim 2,
wherein the eigen-vibration detection block determines a
detection point for the eigen-vibration mode of the heart
chamber shape.

4. The ultrasonic imaging device according to claim 1,
wherein the arithmetic block performs finite element calcu-
lation using a relational rule among the shape information,
myocardial stiffness, and intracardiac pressure so as to cal-
culate the intracardiac pressure or the stiffness of the cardiac
muscle.

5. The ultrasonic imaging device according to claim 1,
wherein the shape extraction block approximates the left
ventricle of the heart to an ellipsoidal shell, and calculates the
inner diameter on the minor axis or major axis of the ellip-
soidal shell, a shell thickness, and a major-axis radius-vs.-
minor-axis radius ratio.

6. The ultrasonic imaging device according to claim 5,
wherein the arithmetic block calculates the myocardial stiff-
ness from the eigen-vibration frequency of the ellipsoidal
shell.

7. The ultrasonic imaging device according to claim 6,
wherein the arithmetic block performs correction so as to
correct the eigen-vibration frequency of the ellipsoidal shell
into that of a spherical shell.

8. The ultrasonic imaging device according to claim 6,
wherein the arithmetic block uses a correction table to correct
the eigen-vibration frequency of the ellipsoidal shell into that
of the spherical shell.

9. The ultrasonic imaging device according to claim 6,
wherein the arithmetic block calculates the intracardiac pres-
sure using a relational rule between the myocardial stiffness
and intracardiac pressure observed during approximation to
the ellipsoidal shell.

10. The ultrasonic imaging device according to claim 1,
wherein the signal processing unit further includes a palmic
time phase detection block that detects the palmic time phase
of the heart, and calculates the myocardial stiffness or intra-
cardiac pressure in a predetermined palmic time phase
detected by the palmic time phase detection block.

11. The ultrasonic imaging device according to claim 2,
wherein the arithmetic block calculates the myocardial stiff-
ness or intracardiac pressure using a plurality of eigen-vibra-
tion modes calculated by the eigen-vibration detection block.

12. The ultrasonic imaging device according to claim 2,
further comprising an input unit with which a predetermined
point is set in the image displayed on the display unit,
wherein:

the signal processing unit detects the eigen-vibration mode

at the predetermined point set with the input unit.

13. The ultrasonic imaging device according to claim 1,
wherein the display unit displays the myocardial stiffness or
intracardiac pressure calculated by the arithmetic block.

14. The ultrasonic imaging device according to claim 10,
wherein the display unit displays a spectrum analysis diagram
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produced by plotting the eigen-vibration frequency of the
eigen-vibration calculated by the arithmetic block, and the
palmic time phase, which is detected by the palmic time phase
detection block, in a two-dimensional space.

15. The ultrasonic imaging device according to claim 1,
wherein the signal processing unit performs finite element
calculation using the shape information, detects the eigen-
vibration frequency ofthe heart, and calculates the stiffness of
the cardiac muscle or the intracardiac pressure using the
relational rule between the eigen-vibration frequency of the
heart and the stiffness of the cardiac muscle.

16. An information processing device that processes a
reflected echo signal obtained by transmitting or receiving
ultrasonic waves to or from the heart, comprising:
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a signal processing unit that processes the reflected echo
signal; and

a display unit that displays the results of processing per-
formed by the signal processing unit, wherein

the signal processing unit extracts shape information on the
heart from the reflected echo signal, detects the eigen-
vibration of the heart from the reflected echo signal, and
calculates the myocardial stiffness of the heart or the
intracardiac pressure of the heart from the shape infor-
mation and eigen-vibration.

Ed sk sk Ed Ed
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