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(57)  [Problem] There is provided an ultrasonic imag-
ing apparatus and method capable of measuring the
hardness of an organ in consideration of the vibration
mode of the organ.

[Means for Resolution] When an ultrasonic signal is
transmitted to an organ caused to vibrate and the hard-
ness of the organ is measured by using an ultrasonic
reception signal received from the organ, the speeds of
atleasttwo locations on the organ are calculated by using
the ultrasonic reception signal, and the speeds of the two

ULTRASONIC IMAGING APPARATUS AND METHOD FOR MEASURING HARDNESS

locations are analyzed to identify a plurality of vibration
modes of the organ 30 and a vibration frequency in each
of the vibration mode. On the other hand, a constant used
to calculate the hardness is calculated in advance for
each of the plurality of vibration modes. The hardness of
the organ 30 is calculated by using the identified frequen-
cies of the vibration modes, information on the size of
the organ 30, and a constant calculated in advance for
each of the plurality of vibration modes.
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Description
Technical Field

[0001] The present invention relates to an ultrasonic
imaging apparatus, and particularly to an ultrasonic im-
aging apparatus having the function of calculating hard-
ness of an organ and a method for measuring the hard-
ness.

Background Art

[0002] To perform early diagnosis and progress obser-
vation of a heart disease, information on pressure in the
left atrium and the left ventricle is an important index. As
an approach for noninvasive measurement of intracardi-
ac pressure, NPL 1 proposes a method for estimating
the hardness of the heart muscle from the natural fre-
quency of the vibration of the left ventricle and further
estimating the intracardiac pressure (PTL 1, NPL 1). To
calculate the natural frequency of the vibration of the left
ventricle, the technology described in NPL 1 uses ap-
proximation of the left ventricle to be a spherical shell,
butthe technology described in PTL 1 obtains information
on the shape of the heart and improve the precision in
calculation of the natural frequency in consideration of a
shape factor.

[0003] Changes in the intracardiac pressure (cardiac
failure) can be broadly classified into a change resulting
from a decrease in the cardiac function and a change
resulting from a burden acting on the heart due to con-
gestion across the body although the cardiac function is
normal. The different causes require different treatments.
Thatis, depending onthe cause, itis necessary to choose
administration of a cardiac stimulant that enhances the
cardiac function or administration of a diuretic agent that
eliminates congestion, but it is difficult for an approach
based on a change in the intracardiac pressure to deter-
mine a cause of cardiac failure.

Citation List
Patent Literature
[0004]

PTL 1: International Publication No.

WO02011/102221 Non Patent Literature
NPL 1: Honda, H etal. Am J Physiol Heart Circ Phys-
iol 266: H881-H890 (1994)

Summary of Invention
Technical Problem
[0005] To solve the problem, for example, itis conceiv-

able that knowledge of the degree of congestion in the
kidney, which deeply relates to the heart, is likely to allow
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identification of the aforementioned causes of a change
in intracardiac pressure. Applying the method of related
art for estimating the intracardiac pressure to the diag-
nosis of the state of congestion in the kidney brings up
several problems. First, the approach of relate art uses
approximation of the left atrium to be a spherical shell or
an elliptical shell, but the shape approximation cannot be
applied to the kidney. Further, in the approach of related
art, the natural frequency is estimated in a predetermined
vibration mode of the heart, but there are a variety of
vibration modes, and a vibration mode appropriate for
hardness measurement varies in accordance with a tar-
get organ.

[0006] An object of the invention is to provide an ultra-
sonic imaging apparatus and method capable of meas-
uring the hardness of an organ in consideration of the
vibration mode of the organ.

Solution to Problem

[0007] To achieve the object described above, an ul-
trasonic imaging apparatus according to the invention
measures vibration on the basis of an ultrasonic echo
signal and identifies a vibration mode on the basis of a
result of the measurement. Having identified the vibration
mode, the ultrasonic imaging apparatus calculates a nat-
ural frequency in the vibration mode and estimates the
hardness of the organ.

[0008] That is, an ultrasonic imaging apparatus ac-
cording to the invention includes an ultrasonic measure-
ment section thatincludes an ultrasonic probe and meas-
ures an echo signal from a region containing a desired
organ and a signal processing section that performs com-
putation by using the echo signal, and the signal process-
ing section includes a speed calculating section that cal-
culates speeds of at least two locations on the organ by
using the echo signal, a vibration mode identifying sec-
tion that analyzes the speeds of the two locations to iden-
tify a plurality of vibration modes of the organ and a vi-
bration frequency in each of the vibration modes, and a
hardness calculating section that calculates hardness of
the organ by using the vibration modes and the vibration
frequencies identified by the vibration mode identifying
section, a constant determined in advance in relation to
the organ, and information on a size of the organ.

Advantage of Invention

[0009] According to the invention, since a vibration
mode appropriate for estimation of the hardness of an
organ is identified in correspondence with the organ and
the hardness is then estimated, the hardness or the in-
organ internal pressure derived from the hardness can
be measured with increased precision. The invention is
applicable not only to the kidney but to an arbitrary organ.
However, for example, adapting the invention to meas-
urement of the hardness of the kidney allows provision
of diagnosis information leading to identification of a
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cause of a heart failure difficult to locate.
Brief Description of Drawings
[0010]

[Fig. 1] Fig. 1 shows the overall configuration of an
ultrasonic imaging apparatus to which the invention
is applied.

[Fig. 2] Fig. 2 shows an embodiment of hardness
measurement.

[Fig. 3] Fig. 3 shows the spectrum of vibration of an
organ.

[Fig. 4] Fig. 4 shows results of a simulation for de-
termining a constant (vibration constant) used in
hardness calculation.

[Fig. 5] Figs. 5 (a) and 5 (b) each show a vibration
mode of the kidney.

[Fig. 6] Fig. 6 shows the procedure of processes car-
ried out by a signal processing section in a first em-
bodiment.

[Fig. 7] Fig. 7 shows an example of size measure-
ment.

[Fig. 8] Fig. 8 describes speed measurement loca-
tions.

[Fig. 9] Fig. 9 shows an example of the timing chart
of vibration excitation and ultrasonic wave transmis-
sion.

[Fig. 10] Fig. 10 describes vibration excitation in M-
mode imaging.

[Fig. 11] Fig. 11 shows the procedure of vibration
mode identification in the first embodiment.

[Fig. 12] Fig. 12 diagrammatically shows RF signals
measured at two locations.

[Fig. 13] Fig. 13 describes the vibration mode iden-
tification in the first embodiment, Fig. 13(a) showing
a spectrum sum and a spectrum of a speed sum and
Fig. 13 (b) showing a difference spectrum.

[Fig. 14] Figs. 14 (a) to 14 (c) each show an example
of display on a display section.

[Fig. 15] Figs. 15(a) to 15(d) each show a variation
of an echo signal measuring method.

[Fig. 16] Fig. 16 shows the procedure of the vibration
mode identification in a second embodiment.

[Fig. 17] Fig. 17 describes the vibration mode iden-
tification in the second embodiment, Fig. 17(a) show-
ing changes in speeds of two points and Fig. 17 (b)
showing the phase difference between spectra at
the two points.

Description of Embodiments

[0011] An embodiment of an ultrasonic imaging appa-
ratus according to the invention will be described below.
[0012] The embodiment of an ultrasonic imaging ap-
paratus to which the invention is applied will first be de-
scribed with reference to Fig. 1. The ultrasonic imaging
apparatus (ultrasonic wave transmitting/receiving appa-
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ratus) shown in Fig. 1 includes an ultrasonic probe 2, an
apparatus body 1, which produces an ultrasonic image
while controlling drive operation of the ultrasonic probe
(hereinafter simply referred to as probe) 2, and a vibration
exciter 5, which excites predetermined vibration of a sub-
ject 3. The vibration exciter 5 may be so configured that
the probe 2 also serves as the vibration exciter 5 or may
be an external vibration exciter separate from the probe
2 and is hereinafter collectively referred to as a vibration
exciting section 5.

[0013] The probe 2 includes a large number of vibra-
tors arranged one-dimensionally or two-dimensionally in
the vicinity of a surface where the probe 2 comes into
contact with the subject 3 and along the contact surface,
and the probe 2 irradiates the subject 3 with an ultrasonic
wave emitted from each of the vibrators in accordance
with a signal sent from the apparatus body 1, receives
reflection echo reflected off an organ 30 or any other
object in the subject 3, and sends the received reflection
echo in the form of an RF signal to the apparatus body 1.
[0014] The apparatus body 1 includes a transmission
section 12, which transmits a transmission pulse electric
signal to the ultrasonic probe 2, a reception section 13,
which receives an ultrasonic wave (acoustic signal) that
is a wave reflected off an inspection target, a signal
processing section 15, which processes the signal re-
ceived by the reception section 13 to create an image
and performs a variety of types of computation, a control
section 11, which controls the action of each portion of
the apparatus body 1, and a memorizing section (mem-
ory) 16. The apparatus body 1 further includes an input
section 17, including a keyboard, a pointing device, and
other components that allow an inspector who operates
the ultrasonic imaging apparatus to set conditions under
which the ultrasonic imaging apparatus operates in the
control section 11, and a display section 14, which dis-
plays a result of a process carried out by the signal
processing section 15 and other pieces of information.
The input section 17 and the display section 14 may be
so disposed as to be close to each other and may function
as a user interface via which the inspector interactively
operates the apparatus body 1.

[0015] In the present specification, the functions of the
probe 2, the transmission section 12, and the reception
section 13 and the control section, which causes the sec-
tions described above to operate, are collectively called
an ultrasonic measurement section 10.

[0016] The action of the ultrasonic measurement sec-
tion 10 is the same as the action of a typical ultrasonic
wave transmitting/receiving apparatus and will be briefly
described as follows : A beam former of the transmission
section 12 first sends a transmission pulse electric signal
to the probe 2 via a digital/analog (D/A) converter, and
the probe 2 issues an ultrasonic wave (acoustic signal)
toward an inspection target. The acoustic signal reflected
in the course of propagation of the acoustic signal in the
inspection target is received with the probe 2, converted
into an electric signal, and sent as reception data via an
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A/D converter that is not shown to a reception beam
former of the reception section 13. The reception beam
former sums signals received with a plurality of elements
in consideration of a temporal delay for which the trans-
mission is performed at the time of transmission. The
reception signal having undergone the summation then
undergoes attenuation correction and other types of
processing in a correction section that is not shown and
sent in the form of RF data to the signal processing sec-
tion 15. The signal processing section 15 uses the RF
data measured by the measurement section 10 to create
an image and calculate the hardness of the target organ.
[0017] The hardness measurementin the present em-
bodiment uses a pre-calculated characteristic of the vi-
bration mode of the organ to identify a measurement lo-
cation where the vibration mode can be clearly extracted.
The signal processing section 15 identifies the vibration
mode from measured data measured at the identified
location and calculates the hardness of the organ in the
identified vibration mode. In the hardness measurement,
a basic process carried out by the signal processing sec-
tion 15 includes size measurement S201, vibration mode
identification S202, and hardness calculation S203, as
shown in Fig. 2. To carry out the processes described
above, the signal processing section 15 in the present
embodiment includes a tomographic image forming sec-
tion 151, a size measuring section 152, a tissue speed
calculating section (hereinafter simply referred to as
speed calculating section) 153, a vibration mode identi-
fying section 154, and a hardness calculating section
155. The signal processing section 15 can further include
a display image crating section 157, which creates an
image that allows the display section 131 to display a
result of a process.

[0018] The tomographic image forming section 151
creates a morphologicimage of a cross section irradiated
with the ultrasonic wave. The size measuring section 152
measures the size of the target organ, such as the diam-
eter along the major axis and the diameter along the mi-
nor axis by using the morphologic image created by the
tomographic image forming section 151 (S201). The
speed calculating section 153 calculates the speed of a
predetermined position on the organ in the morphologic
image by using a temporal change in the position. The
vibration mode identifying section 154 identifies a vibra-
tion mode used in the hardness calculation by using the
difference between speeds of at least two locations cal-
culated by the speed calculating section 153 (S202). The
hardness calculating section 155 calculates the hard-
ness of the target organ by using the speeds calculated
by the speed calculating section 153, the natural vibration
frequency in the vibration mode identified by the vibration
mode identifying section 154, and a constant (constant
relating to shape) 400 determined in advance (S203).
The display image creating section 157 creates animage
for displaying the tomographic image created by the to-
mographic image forming section 151, the hardness cal-
culated by the hardness calculating section 155, and oth-
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er pieces of information in a predetermined display for-
mat. The display image creating section 157 further cre-
ates, for example, a Ul that allows the inspector to input
an instruction and a condition necessary for control and
signal processing via the input section 17.

[0019] Inthe process described above, the size meas-
uring section 152 produces information on the size by
using the morphologicimage created by the tomographic
image forming section 151. Instead, an image acquired
by an imaging apparatus other than the ultrasonic imag-
ing apparatus, for example, an X-ray imaging apparatus
is captured, and the size can be measured on the basis
of the captured image. In this case, the tomographic im-
age formation is not essential.

[0020] The function of each of the functional sections
described above that form the signal processing section
15 can be achieved by a processor (CPU (central
processing unit) or GPU (graphics processing unit) ) that
executes a program stored in the memory. Instead, part
or entirety of the functions may be achieved by hardware,
such as an ASIC (application specific integrated circuit)
and an FPGA (field-programmable gate array).

[0021] The control section 11 is primarily formed of a
CPU and controls the actions of the transmission section
12, the reception section 13, and the signal processing
section 15. In the case where part or entirety of the func-
tions of the signal processing section 15 is achieved by
a CPU, the CPU may also serve as the CPU that forms
the control section 11.

[0022] The memorizing section 16 stores numerical
values, such as parameters necessary for computation
inthe signal processing section 15, and datain the course
of the computation or a result of the computation, and
the memorizing section 16 may include an internal mem-
ory as well as an external storage device. In the present
embodiment, the memorizing section 16 stores con-
stants (Fig. 2, reference character 400) used in the cal-
culation performed by the hardness calculating section
155 .

[0023] On the basis of the configuration described
above, an embodiment of the hardness measurement
performed by the ultrasonicimaging apparatus according
to the present embodiment will be described below.

<First embodiment>

[0024] In the present embodiment, the vibration mode
and the vibration frequency thereof are identified on the
basis of data measured at atleasttwo locations thatmove
differently in accordance with the vibration mode, and
the hardness of the target organ is calculated by using
the size of the target organ and a shape-relating constant
(vibration constant) specified in advance on a vibration
mode basis.

[0025] The relationship between the vibration constant
determined in advance by calculation and the vibration
mode will first be described. The vibration constant used
herein is a constant determined by the shape of an organ
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and having a value that varies in accordance with the
vibration mode. In general, when predetermined vibra-
tion is applied to an organ, frequency analysis of the vi-
bration of the organ provides a spectrum having peaks
at different frequencies determined in accordance with
the vibration mode, as shown in Fig. 3. Fig. 3 diagram-
matically shows a spectrum having two peaks, and the
height of each of the peaks and the number of peaks vary
in accordance with an organ that vibrates. The peaks
correspond to a plurality of vibration modes having dif-
ferent natural frequencies.

[0026] The present inventors have studied an organ
having a shape that approximates to a spherical or ellip-
tical shell, such as the heart, and have shown that the
hardness E of the organ can be expressed by Expression
(1) by using a frequency fn of a vibration mode n (PTL 1).
[Expression 1]

E=pCrf; (1)

where p represents the density of the organ, and r rep-
resents the diameter of the organ. Cn represents a con-
stant (vibration constant) determined by the shape of the
organ and have a value that varies in accordance with
the vibration mode.

[0027] Expression (1) has been extended to an organ
having lengths in the major and minor axis directions dif-
ferent from each other, such as the kidney, and a simu-
lation has been performed by using a size factor L, as a
size factor in place of "r", determined by the length in the
major axis direction or the combination of the length in
the major axis direction and the length in the minor axis
direction. The result of the simulation shows that Expres-
sion (2) holds true also for an organ having a shape that
does not approximate to a spherical or elliptical shell. In
Expressions (1) and (2), the vibration constant is ex-
pressed by the same character Cn, but Cn has different
values in Expressions (1) and (2).

[Expression 2]

E=pCLf} (2)

[0028] That is, the hardness E is proportional to the
square of the vibration frequency, p is a constant fixed
when an organ is determined, and L is a constant meas-
urable from the morphology of the organ. Therefore, once
the vibration mode n is determined, the hardness E can
be calculated by using the vibration constant Cn and the
frequency fn of the vibration mode n.

[0029] The vibration constant Cn can be calculated in
a simulation by substituting an imaginary value for E into
Expression (3), which is a deformation of Expression (2).
[Expression 3]
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E

" pLf?

[0030] Thatis, a human kidney having specified E, p,
and L and caused to vibrate is simulated in each vibration
mode to calculate the natural frequency of the kidney.
The vibration frequency fn in each vibration mode is thus
calculated. The calculated vibration frequency fn is sub-
stituted into Expression (3) to calculate Cn.

[0031] Fig. 4 shows results of an actual simulation per-
formed on the right and left kidneys. The values in the
table shown in Fig. 4 are calculated Cn values. It has
been assumed that the simulated vibration modes are
the following two modes specific to the kidney: a bending
mode shown in Fig. 5 (a) ; and an expansion/contraction
mode shown in Fig. 5(b). The size factor L is assumed
to be calculated as follows: L=a2 or L=aXxb, where a rep-
resents the length of the kidney in the major axis direction,
and b represent the length of the kidney in the minor axis
direction. The calculated Cn values for the right kidney
well coincide with those for the left kidney irrespective of
the form of the size factor or the type of the vibration
mode, whereby Expression (2) has been found to be val-
id.

[0032] The Cn values derived from the simulation are
stored along with the vibration mode and the size factor
in the memorizing section 16. The simulation can be per-
formed by using a computer different from the ultrasonic
imaging apparatus according to the present embodi-
ment, and results of the simulation may be stored in the
memorizing section 16 of the ultrasonic imaging appara-
tus. Instead, a simulator that performs the calculation de-
scribed above can be provided as part of the signal
processing section 15 of the ultrasonic imaging appara-
tus.

[0033] The procedure of the hardness measurement
performed by the signal processing section 15 will next
be described with reference to a case where the organ
is the kidney. Fig. 6 shows an overview of the procedure.
[0034] The tomographic image forming section 151
first creates a morphologic image of the kidney by using
a signal measured by the measurement section 10 and
representing measurement of the whole kidney as an
imaging target (S601). The size measuring section 152
then measure the size of the kidney by using the mor-
phologic image created by the tomographic image form-
ing section 151 (S602) to acquire the size factor L. To
determine the vibration mode, imaging for measuring
speeds of two points on the target organ is performed
(S603), and the speed calculating section 153 calculates
the speeds of the two points. The vibration mode identi-
fying section 154 then determines the vibration mode n
and the vibration frequency fn by using a change in the
speeds of the two points (S604). The hardness calculat-
ing section 155 calculates the hardness E in accordance
with Expression (2) by using the vibration frequency fn
of the vibration mode n calculated by the vibration mode

(3)
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identifying section 154, the vibration constant Cn for the
vibration mode n read from the memorizing section 16,
and the size factor L (S605). The display image creating
section 157 creates a result-showing image in a prede-
termined display form and causes the display section 14
to display the image (S606). In Fig. 6, the processes in
S601 and S602 relating to the size measurement and
the processes in S603 and S604 relating to the vibration
mode identification are sequentially arranged, but the or-
der of the processes may be reversed, or part of the proc-
esses can be concurrently carried out.

[0035] The process carried out by each of the sections
of the signal processing section 15 will be specifically
described below.

[0036] To performthe size measurement, the ultrason-
ic measurement section 10 first causes the transmission
section 12 and the reception section 13 to operate and
receives an ultrasonic signal under the control of the con-
trol section 11. The tomographic image forming section
151 creates a B-mode image (tomographic image) from
the received ultrasonic signal (S601). A method of the
imaging method and the creation of a B-mode image are
the same as those in a known ultrasonic imaging appa-
ratus.

[0037] The size measuring section 152 measures the
size of the inspection target, the lengths of the kidney in
the major and minor axes thereof in the description, on
the basis of data on the image (S602) . An approach to
the size measurement may be a manual approach in-
volving the inspector or may be an automatic approach
involving no inspector. In the former case, the display
image creating section 157 causes the display section
14 to display the tomographic image and accepts the
inspector’s instruction of an on-screen start point and end
point in the length measurement. The size measuring
section 152 calculates the distance between the two
points on the basis of the coordinates of the accepted
two points in the major axis direction and two points in
the minor axis direction and determines the length a in
the major axis direction and the length b in the minor axis
direction, as shown in Fig. 7. In the latter case, the dif-
ference in luminance in the image is used to extract the
contour of the organ, and the lengths of the extracted
contour in the major and minor axis directions are deter-
mined. For example, the greatest diameter of the contour
may be determined as the length in the major axis direc-
tion, and the axis passing through the center of the major
axis between the two points and perpendicular to the
major axis may be determined to be the minor axis and
the length along the thus determined minor axis may be
determined as the length in the minor axis direction. In-
stead, an oblong that circumscribes the contour of the
morphologic image may be defined, and the length of the
long sides of the oblong may be determined as the length
in the major axis direction. The minor axis is the same
as described above. The number of cross sections each
of which forms a morphologic image is not limited to one,
and a plurality of cross sections created by changing the
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position where the ultrasonic probe 2 comes into contact
with the subject 3 and the angle at which the ultrasonic
probe 2 comes into contact with the subject 3 may be
used to calculate the lengths in the major and minor axis
directions. The thus calculated lengths in the major and
minor axis directions are memorized in the memorizing
section 16 and used in the hardness calculation (S605).
[0038] In the imaging step S603, the measurement
section 10 first performs imaging (S603) for obtaining
information necessary for the vibration mode identifica-
tion (S604). The measurement section 10 acquires a
one-line image passing through predetermined two
points on the kidney, and the tomographic image forming
section 151 creates an M-mode image. The line passing
through the predetermined two points (ultrasonic beam
scan line) is preferably a line 800, which passes through
alocation where a difference between the two represent-
ative vibration modes of the kidney, the bending mode
and the expansion/contraction mode, is shown, specifi-
cally, passes through a point in the vicinity of a deep
protruding site A of the kidney, as shown in Fig. 8. Such
two points A and B may, for example, be specified by the
inspector with a tomographic image 850 acquired in step
S601 displayed on the display section 14 or can, for ex-
ample, be automatically set by using an image recogni-
tion technology, as in the automatic size measurement
described above.

[0039] In the high-speed M-mode imaging, the vibra-
tion exciting section 5 is activated to excite vibration of
the kidney. The action of the vibration exciting section 5
may be controlled by the control section 11 or may be
controlled separately from the ultrasonic imaging appa-
ratus. The frequency of the vibration excited by the vi-
bration exciting section 5 is preferably the frequency of
white-noise-like excited vibration that completely covers
frequency bands of vibration to be observed and falls
within a range from about 1 to 300 MHz. The frequency
of an ultrasonic wave used to perform the M-mode im-
aging falls within a range from about 1 to 30 MHz, which
is used to perform typical ultrasonic imaging. The vibra-
tion excited by the vibration exciting section 5 may be
push pulses having a duration of about 300 ps. Fig. 9
shows an example of the relationship between the vibra-
tion excited by the vibration exciting section 5 and the
ultrasonic pulses. In this example, the push pulses and
the ultrasonic wave pulse irradiation in the high-speed
M-mode imaging are repeated in a fixed cycle, and a
plurality of RF signals are acquired at different points of
time within each of the ultrasonic wave pulse irradiation
periods. The vibration excitation direction is not limited
to a specific direction. In the case where the ultrasonic
probe 2 excites vibration, the orientation of the ultrasonic
probe 2 is so adjusted as to excite vibration in a desired
direction, as shown in Fig. 10. In the case where an ex-
ternal vibration exciting device is used, in which the flex-
ibility is increased, the vibration excitation direction can
be selected as appropriate in accordance with the posi-
tion and orientation of the organ.
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[0040] The vibration mode identifying section 154 then
identifies the vibration mode by using a signal produced
in the high-speed M-mode imaging described above
(S604). Fig. 11 shows the vibration mode identification
in detail. The speed calculating section 153 first detects
the phase difference between the waveforms of M-mode
RF signals measured at different points of time and cal-
culates the speed of a point that is observation target
(81101) . The phase difference can be detected by using
autocorrelation or improved autocorrelation frequently
used in ultrasonic Doppler, and the speed calculating
section 153 is equipped with an algorithm that achieves
the phase difference detection. Since the phase differ-
ence corresponds to the distance over which the point
that is observation target has moved in a certain period
(difference between points of time when RF signals are
measured), the speed can be determined by dividing the
difference by the period. The speed is calculated at each
of the two points A and B shown in Fig. 8, and a temporal
change in the speed is determined.

[0041] Fig. 12 diagrammatically shows changes in the
thus calculated speeds of the two points (A, B). In Fig.
12, the solid line represents the speed of the point A
(deep protruding site of kidney), and the dotted line rep-
resents the speed of the point B. The two points move
at roughly the same speed for some periods and move
at totally different speeds for other periods, as seen from
Fig. 12, which means that in the bending mode shown in
Fig. 5(a), the two points move in roughly the same man-
ner in the scan line direction (line passing through two
points), whereas in the expansion/contraction mode
shown in Fig. 5 (b), for example, when the kidney ex-
pands or contracts in the scan line direction, the points
A and B move in opposite directions.

[0042] The vibration mode identifying section 154 then
enhances or attenuates one of the vibration modes and
identifies the vibration mode by using the difference be-
tween the changes in the speeds of the two points cal-
culated by the speed calculating section 153. Specifical-
ly, frequency analysis based on Fourier transform or any
other type of operation is performed data on the change
in the speed of each of the points to produce a spectrum
of the speed of the point, and the sum of the spectra is
determined (S1102). A peak that appears in a spectrum
corresponds to a vibration mode, as described above,
and the spectrum at each of the points contains peaks
corresponding to a plurality of vibration modes. The mag-
nitude of a peak varies in accordance with the position
of each of the points. That is, the following two types of
spectrum are obtained: a spectrum showing the bending
mode more clearly than the expansion/contraction mode
in accordance with the position of each of the points; and
a spectrum showing the expansion/contraction mode
more clearly than the bending mode in accordance with
the position of each of the points. Summing the spectra
allows increase in the magnitude of the vibration of each
of the vibration modes.

[0043] The vibration mode identifying section 154
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sums the speeds of the two points (speed sum) and cal-
culates the spectrum of the speed sum (S1103). The
speeds of the two points behave as follows: The two
points move roughly in synchronization with each other
in the bending mode; and the motions of the two points
have opposite phases in the expansion/contraction
mode, as shown in Fig. 12. Therefore, in the speed sum,
the value of the speed in the bending mode is roughly
doubled and hence enhanced, whereas the value of the
speed is attenuated in the expansion/contraction mode.
Therefore, in the spectrum of the speed sum, the peak
in the bending mode dominates. Fig. 13 (a) diagrammat-
ically shows the "spectrum sum" 910 produced in S1102
and the "spectrum of speed sum" 920 produced in S1103.
In Fig. 13(a), the solid line represents the "spectrum
sum," and the dashed line represents the "spectrum of
speed sum." The processes in S1102 and S1103 can be
carried out in any order.

[0044] As the last step, the vibration mode identifying
section 154 calculates the difference between the "spec-
trum sum" and the "spectrum of speed sum" (S1104). In
the resultant difference spectrum 930, only the peak in
one of the vibration modes (expansion/contraction mode
in the description) remains, as shown in Fig. 13(b). The
difference spectrum allows determination of the vibration
mode and the natural vibration frequency thereof
(S1105) . That is, the vibration mode n and the natural
vibration frequency fn in Expression (2) are identified.
[0045] Further, in a case where the two vibration
modes each have a peak, as shown in Fig. 13, identifi-
cation of one of the two vibration modes (expansion/con-
traction mode in the description) allows identification of
the other (bending mode), whereby the natural vibration
frequencies in the vibration modes can be identified. Fur-
ther, in the above description, the vibration mode to be
identified first is the expansion/contraction mode. In-
stead, the two points on the organ can be so selected
that they move in the direction opposite the direction de-
scribed above.

[0046] Once the vibration mode is identified as de-
scribed above, the hardness calculating section 155 cal-
culates the hardness E of a kidney 30, which is the meas-
urement target, by using the vibration constant Cn of the
vibration mode n memorized in the memorizing section
16, the size factor L measured by the size measuring
section 152 and determined by the lengths a and b of the
kidney 30 in the major and minor axis directions thereof,
and the natural vibration frequency fn identified by the
vibration mode identifying section 154 (S605). In this
case, fn and Cn of a plurality of vibration modes can be
used to calculate the respective hardness E forimprove-
ment in precision of the calculation and ascertainment of
the degree of accuracy of the measurement.

[0047] The displayimage creating section 157 can dis-
play results of the calculation performed by the vibration
mode identifying section 154 and the hardness calculat-
ing section 155 on the display section 14 in a variety of
display forms (S606). Fig. 14 shows several display ex-
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amples. Fig. 14(a) shows that calculated hardness E of
the kidney is displayed in the form of a numeral. In the
illustrated example, the hardness E is so displayed in the
form of a numeral as to be superimposed on the tomo-
graphic image of the kidney. Further, the tomographic
image of the kidney may be combined with the position
of the scan line and the measured two points and further
with arrows diagrammatically indicating the vibration
mode and other pieces of information. Fig. 14(b) shows
that a spectrum ("spectrum sum, " for example) is dis-
played, and each peak of the spectrum is labeled with a
corresponding vibration mode in the form of letters.
[0048] Fig. 14(c) shows that the phase is displayed on
a frequency basis. In the display example, itis assumed
that a spectrum has been derived for each of a plurality
of regions of the kidney. For example, in the bending
mode shown on the left in the figure, in which the kidney
is divided into three regions, the regions on the opposite
sides change in the same phase, and the phase of these
regions is opposite the phase of the central region. In the
expansion/contraction mode shown on the right in the
figure, the upper and lower sides of the organ divided by
a center line roughly perpendicular to the scan line
change in opposite phases. A temporal change in the
phase (ranging from - to +m) can be shown by using
color codes, contour lines, or any other display method,
whereby the motion of the kidney can be grasped in de-
tail.

[0049] The display examples shown in Fig. 14 are not
necessarily employed and can be arbitrarily combined
with each other or can be combined with another piece
of information. For example, the hardness of the heart
may be measured by using a known method (method
described in PTL 1, for example), and a result of the
measurement may be displayed along with the hardness
of the kidney side by side. Such a display image serves
as an assistant image in diagnosis of a heart disease.
[0050] As described above, the ultrasonic imaging ap-
paratus according to the present embodiment analyzes
the speeds of locations where a difference between vi-
bration modes of the displacement due to vibration oc-
curs to identify the vibration mode and the frequency.
Further, the constant (vibration constant) relating to the
shape of an organis determined in advance on avibration
mode basis, and the vibration constant in the identified
vibration mode, the vibration frequency, and the size fac-
tor of the organ are used to calculate the hardness of the
organ.

[0051] Accordingtothe presentembodiment, the hard-
ness can be calculated on the basis of identification of
the vibration mode, whereby the precision of the hard-
ness calculation can be improved. As aresult, in the case
where the kidney is the target organ, the state of conges-
tion in the kidney can be estimated by an index in the
form of the hardness, whereby a heart disease can be
more accurately diagnosed.

[0052] The present invention is not limited to the em-
bodiment shown in the drawings having been referred to
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in the description and can be changed in a variety of
manners. For example, Fig. 8 shows the case where two
points on the kidney and one scan line passing through
the two points are set, and the same measurement may
be performed by using the line passing through two sym-
metrically positioned points where a similar vibration be-
havior is observed. In a case where the measurement is
performed by using two or more lines, one-line measure-
ment may be repeated (Fig. 15 (a)), or in the case of an
apparatus having a dual Doppler function that allows si-
multaneous irradiation along two scan lines, simultane-
ous two-line measurement may be performed (Fig.
15(b)). In a case where the measurement is performed
by using three or more line, sparse imaging in which a
transducer is so driven that thinning imaging is performed
may be employed (Fig. 15(c)). Further, the measurement
may be performed by using defocus imaging (Fig. 15(d)).
[0053] In the above description, the square of the
length in the major axis direction (a2) and the length in
the major axis direction X the length in the minor axis
direction (axb) are presented as examples of the shape
factor L, but the shape factor is not specifically limited
thereto and may be any constant that satisfies Expres-
sion (2), for example, the area of an organ.

[0054] The present embodiment has been described
with reference to the case where the kidney is the meas-
urement target organ. The present embodiment is, how-
ever, also applicable to a variety of organs that does not
approximate to a spherical or elliptical shell in addition
to the kidney.

<Second embodiment>

[0055] In the first embodiment, spectra of the speeds
(spectrum sum and spectrum of speed sum) are used to
identify the vibration mode. On the other hand, in the
present embodiment, a spectrum phase difference is cal-
culated, and the vibration mode is identified from the
phase difference. That is, the vibration mode identifying
section in the present embodimentidentifies the vibration
mode and the frequency in the vibration mode by using
the phase difference between the spectra of the speeds
of the two locations.

[0056] In the present embodiment, since the overview
of the configuration of the signal processing section 15
and processes carried out by the signal processing sec-
tion 15 is the same as that in the first embodiment, the
processes in the present embodiment will be described
with the aid of Fig. 6 used in the first embodiment. The
tomographic image forming section 151 first creates a
morphologicimage of a target organ by using a reception
signal measured by the measurement section 10 (S601),
and the size measuring section 152 measures the size
of the target organ (S602) . In addition to the imaging
(S601), the measurement section 10 selects at least two
points where the vibration mode is likely to vary and per-
forms the M-mode high-speed measurement (S603), and
the speed calculating section 153 calculates the speeds
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of the two points (S604).

[0057] Thevibration mode identifying section 154 iden-
tifies the vibration mode by using the speeds of the two
points calculated by the speed calculating section 153.
Fig. 16 shows the procedure of the processes carried out
by the vibration mode identifying section 154. The vibra-
tion mode identifying section 154 first calculates the
spectra of the speeds of the two points (S1601) and de-
termines the phase difference between the two spectra
(81602) . As described in the first embodiment, in the
case of the speeds of the two points A and B, where there
is a difference between the two representative vibration
modes of the kidney, the bending mode and the expan-
sion/contraction mode, as shown, for example, in Fig. 8,
the phases in the two modes roughly coincide with each
other in some periods, and they are roughly opposite
each otherin other periods (Fig. 17 (a)). When the phases
in the two modes roughly coincide with each other, the
vibration in the bending mode is dominant, and when
they are roughly opposite each other, the vibration in the
expansion/contraction mode is dominant. The shiftin the
phase also appears in the spectra. Calculating the phase
difference between the spectratherefore provides a peak
in the expansion/contraction mode, in which a large
phase difference between the spectra is provided, as
shown in Fig. 17 (b). The vibration mode identifying sec-
tion 154 identifies the peak to be a peak in an expansion
mode (first vibration mode) and identifies the frequency
at the peak to be the vibration frequency in the expan-
sion/contraction mode (S1603).

[0058] Out of two peaks (highest peak and peak show-
ing second largest magnitude) present in the spectra de-
termined from the speeds of the two points, the peak that
does not correspond to the peak of the vibration frequen-
cy identified in S1603 is identified to be a compression
mode (second vibration mode) and the vibration frequen-
cy in the compression mode is identified (S1604).
[0059] After the two vibration modes and vibration fre-
quencies are identified, the hardness calculating section
155 calculates the hardness of the organ by using the
vibration frequency fn, the size factor L, and the vibration
constant Cn (S605), as in the first embodiment. In Fig.
16, two vibration modes are identified, and the hardness
can be calculated even by using one vibration mode.
[0060] According to the present embodiment, appro-
priately setting a site where the speed measurement is
made allows the vibration mode to be more readily iden-
tified than in the first embodiment. The variations de-
scribed in the first embodiment are similarly applicable
to the present embodiment.

[0061] The embodiments of the invention have been
described above. The invention is characterized in that
a vibration mode identifying section is provided in the
measurement of the hardness of an organ, and a variety
of changes can be made to the invention without restrict-
ed to the embodiments or the drawings used to describe
the embodiments. For example, the invention also en-
compasses an aspect in which some of the configura-

10

15

20

25

30

35

40

45

50

55

tions and functional sections described in the embodi-
ments are omitted and an aspect in which a known con-
figuration is added to the ultrasonic imaging apparatus
although not described in the embodiments.

Reference Signs List

[0062] 1: Apparatus body, 2: Ultrasonic probe, 3: Sub-
ject, 10: Ultrasonic measurement section, 11: Control
section, 12, Transmission section, 13: Reception section,
14: Display section, 15: Signal processing section, 16:
Storage section (memory), 17: Input section, 1151: To-
mographic image forming section, 152: Size measuring
section, 153: Speed calculating section, 154: Vibration
mode identifying section, 155: Hardness calculating sec-
tion, 157: Display image creating section

Claims
1. An ultrasonic imaging apparatus comprising:

an ultrasonic measurement section that in-
cludes an ultrasonic probe and measures an
echo signal from a region containing a desired
organ; and

a signal processing section that performs com-
putation by using the echo signal, the ultrasonic
imaging apparatus characterized in that

the signal processing section includes

a speed calculating section that calculates
speeds of at least two locations on the organ by
using the echo signal,

a vibration mode identifying section that analyz-
es the speeds of the two locations to identify a
plurality of vibration modes of the organ and a
vibration frequency in each of the vibration
modes, and

a hardness calculating section that calculates
hardness of the organ by using the vibration
modes and the vibration frequencies identified
by the vibration mode identifying section, a con-
stant determined in advance in relation to the
organ, and information on a size of the organ.

2. The ultrasonic imaging apparatus according to claim
1, characterized in that
the signal processing section further includes a size
measuring section that calculates the information on
a size of the organ based on a morphologic image
of the organ.

3. The ultrasonic imaging apparatus according to claim
2, characterized in that
the morphologic image of the organ is an ultrasonic
image formed from the echo signal measured by the
ultrasonic measurement section.
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The ultrasonicimaging apparatus according to claim
1, characterized in that

the constant is a value calculated by performing a
simulation that uses a following expression and ac-
cepts an input of imaginary hardness as the hard-
ness of the organ,

Cn=E'/pL?fn”

(inthe expression, E’ represents the imaginary hard-
ness, p represents a density of the organ, Cn repre-
sents a constantin a vibration mode n (nis aninteger
greater than or equal to 1, the same holds true for
the following n), L represents the size information,
and fn represents a natural frequency in the vibration
mode n).

The ultrasonicimaging apparatus according to claim
1, characterized in that

the ultrasonic imaging apparatus further comprises
a memorizing section that memorizes the constant.

The ultrasonicimaging apparatus according to claim
1, characterized in that

the vibration mode identifying section identifies the
vibration modes and the frequencies in the vibration
modes by using a difference between a spectrum of
a sum of the speeds of the two locations and a sum
of spectra at the two locations.

The ultrasonicimaging apparatus according to claim
1, characterized in that

the vibration mode identifying section identifies the
vibration modes and the frequencies in the vibration
modes by using a phase difference between spectra
of the speeds of the two locations.

The ultrasonic imaging apparatus according to claim
1, characterized in that

the information on the size of the organ includes any
one of a size of the organ along a major axis thereof,
a size of the organ along a minor axis thereof, a vol-
ume of the organ, and an area of a predetermined
cross section of the organ.

The ultrasonicimaging apparatus according to claim
1, characterized in that

the plurality of vibration modes include a bending
mode and an expansion/contraction mode.

The ultrasonic imaging apparatus according to claim
1, characterized in that

the hardness calculating section calculates the hard-
ness by using a following expression:
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E=pCnL’Fn?

(in the expression, E represents the hardness, p rep-
resents a density of the organ, Cn represents a con-
stant in a vibration mode n, L represents the size
information, and fn represents a natural frequency
in the vibration mode n).

The ultrasonic imaging apparatus according to claim
1, characterized in that

the echo signal used by the speed calculating section
is an echo signal measured in a situation in which a
vibration exciter excites vibration of the organ.

The ultrasonic imaging apparatus according to claim
11, characterized in that

the ultrasonic probe also serves as the vibration ex-
citer.

The ultrasonicimaging apparatus according to claim
1, characterized in that

the organ is a kidney, and the two locations are lo-
cated on a side shifted from a center of a longitudinal
length of the kidney toward one end thereof and at
different ultrasonic depths.

The ultrasonic imaging apparatus according to claim
1, characterized in that
the ultrasonic imaging apparatus further comprises
a display image creating section that causes a dis-
play device to display a result calculated by the hard-
ness calculating section.

A method for calculating hardness of an organ by
using an ultrasonic reception signal received from
the organ by transmitting an ultrasonic signal to the
organ caused to vibrate, characterized in that the
method comprises:

calculating speeds of at least two locations on
the organ by using the ultrasonic reception sig-
nal,

analyzing the speeds of the two locations to
identify a plurality of vibration modes of the or-
gan and a vibration frequency in each of the vi-
bration modes, and

calculating hardness of the organ by using the
identified vibration modes and vibration frequen-
cies, information on a size of the organ, and a
vibration constant calculated in advance for
each of the plurality of vibration modes.
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