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(57) ABSTRACT

An ultrasound diagnostic apparatus that transmits a push
pulse for focusing ultrasonic waves on a specific part of a
subject to physically press tissues using an ultrasound probe,
repeatedly transmits and receives the ultrasonic waves to
and from the subject, and detects a propagation state of shear

(22) Filed: Oct. 20, 2016 waves in a region of interest, includes: a push pulse trans-
mission unit that transmits the push pulse; a displacement
(30) Foreign Application Priority Data detection unit that transmits detection waves to the subject,
receives reflected detection waves, generates a plurality of
Oct. 27,2015 (IP) oo 2015-210514 received signals in time series, and detects displacement of
the tissues; an elasticity measurement unit that analyzes the
. e L propagation state of the shear waves and measures elasticity
Publication Classification of each tissue; a probe movement detection unit that detects
(51) Imt.ClL a moving speed of the ultrasound probe; a sequence holding
A6IB 8/08 (2006.01) unit that holds a plurality of operation sequences; and a
AG6IB 8/00 (2006.01) sequence selection unit that selects one operation sequence.
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FIG. 11
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FIG. 13
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ULTRASOUND DIAGNOSTIC APPARATUS
AND ULTRASOUND SIGNAL PROCESSING
METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The entire disclosure of Japanese Patent Applica-
tion No. 2015-210514 filed on Oct. 27, 2015 including
description, claims, drawings, and abstract are incorporated
herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] Field of the Invention

[0003] The present invention relates to an ultrasound
diagnostic apparatus and an ultrasound signal processing
method, and more particularly, to the measurement of the
hardness of tissues using shear waves.

[0004] Description of the Related Art

[0005] In recent years, an ultrasound diagnostic apparatus
having a function of evaluating the hardness of tissues in a
subject has come into widespread use. There are two main
methods for evaluating hardness using an ultrasound diag-
nostic apparatus. One method presses the tissues in the
subject from the surface of the body, using an ultrasound
probe, releases the pressure, and evaluates the relative
hardness of the tissues in the subject from the amount of
distortion of the tissues in the subject due to the pressure.
This method can evaluate whether the tissues are harder or
softer than peripheral tissues. That is, this method can
evaluate the relative hardness of the tissues in the subject.
[0006] The other method generates shear waves in a
region of interest (ROI) which is set in the subject, acquires
the displacement of the tissues in the region of interest in
time series, and evaluates the propagation speed of the shear
waves. Since the propagation speed of the shear waves
varies depending on the elastic modulus of the tissues, this
method can evaluate the absolute hardness (for example, the
elastic modulus) of the tissues. As a method for generating
the shear waves, for example, a method is used which
focuses a push pulse which is called an acoustic radiation
force impulse (ARFI) and displaces the tissues in the subject
on the focus, using the sound pressure of the push pulses
which are ultrasonic waves. The use of the ARFI makes it
possible to evaluate hardness even if the region of interest is
so deep that it is not capable of being pressed from the
surface of the body. Therefore, image diagnosis using both
a so-called ultrasound image (B-mode image) and an elastic
image obtained by evaluating hardness is performed.
[0007] However, when the ultrasound probe is moved
during the evaluation of hardness, it is difficult to evaluate
the hardness. For example, when the ultrasound probe is
moved during image diagnosis using an ultrasound image
and an elastic image which are generated at the same time,
it may be difficult to determine whether a tissue image in the
elastic image and a tissue image in the ultrasound image are
the same tissue image. The reason is as follows. The
transmission of push pulses and the propagation analysis of
shear waves need to be performed in order to generate the
elastic image. As a result, the frame rate of the elastic image
is significantly lower than that of the ultrasound image.
Therefore, when the ultrasound probe is moved, the devia-
tion between the regions of interest in the elastic image and
the ultrasound image occurs, which makes it difficult to
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perform diagnosis using the comparison between the tissue
image in the elastic image and the tissue image in the
ultrasound image which are related to the same tissue. In
addition, for example, when the ultrasound probe is moved
during a process of acquiring the displacement of the tissues
due to the shear waves in time series, it is difficult to detect
the displacement. JP 2013-544615 A discloses a technique
that performs correction for excluding the influence of the
movement of the ultrasound probe from the detected dis-
placement. However, the correction is not necessarily suf-
ficient.

SUMMARY OF THE INVENTION

[0008] The present disclosure has been made in view of
the above-mentioned problems and an object of the present
disclosure is to provide an ultrasound diagnostic apparatus
that can respond to the movement of an ultrasound probe.

[0009] To achieve the abovementioned object, according
to an aspect, an ultrasound diagnostic apparatus that trans-
mits a push pulse for focusing ultrasonic waves on a specific
part of a subject to physically press tissues in the specific
part using an ultrasound probe, repeatedly transmits and
receives the ultrasonic waves to and from the subject using
the ultrasound probe, and detects a propagation state of shear
waves generated from the pressed tissues of the specific part,
which are a vibration source, in a region of interest set in the
subject, reflecting one aspect of the present invention com-
prises: a push pulse transmission unit that transmits the push
pulse; a displacement detection unit that transmits detection
waves to the subject a plurality of times after the push pulse
is transmitted, receives reflected detection waves corre-
sponding to the detection waves from the subject, generates
a plurality of received signals in time series, and detects
displacement of the tissues in the subject due to the shear
waves caused by the push pulse at each time when the
reflected detection waves are received; an elasticity mea-
surement unit that analyzes the propagation state of the shear
waves in the region of interest on the basis of a detection
result of the displacement detection unit and measures
elasticity of each tissue in the subject; a probe movement
detection unit that detects a moving speed of the ultrasound
probe; a sequence holding unit that holds a plurality of
operation sequences defining a series of operations per-
formed by the push pulse transmission unit, the displace-
ment detection unit, and the elasticity measurement unit in
cooperation with each other which enables the elasticity
measurement unit to measure the elasticity; and a sequence
selection unit that selects one operation sequence from the
plurality of operation sequences held by the sequence hold-
ing unit on the basis of a detection result of the probe
movement detection unit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The above and other objects, advantages and fea-
tures of the present invention will become more fully
understood from the detailed description given hereinbelow
and the appended drawings which are given by way of
illustration only, and thus are not intended as a definition of
the limits of the present invention, and wherein:

[0011] FIG. 1is a block diagram illustrating an ultrasound
diagnostic apparatus according to a first embodiment;
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[0012] FIG. 2 is a flowchart illustrating the overall opera-
tion of the ultrasound diagnostic apparatus according to the
first embodiment;

[0013] FIG. 3 is a flowchart illustrating a first operation
sequence according to the first embodiment;

[0014] FIG. 4A is a diagram schematically illustrating the
focal position of push pulses in the first operation sequence
and F1IG. 4B is a diagram schematically illustrating the focal
position of the push pulses in a second operation sequence;
[0015] FIGS. 5A to 5E are diagrams schematically illus-
trating an aspect of the generation and propagation of shear
waves;

[0016] FIGS. 6A to 6F are diagrams schematically illus-
trating a shear wave propagation analysis operation accord-
ing to the first embodiment;

[0017] FIG. 7Ais a diagram schematically illustrating the
measurement of the speed of the shear waves and FIG. 7B
is a diagram schematically illustrating an example of an
elastic image;

[0018] FIGS. 8A-1 to 8A-4 are diagrams schematically
illustrating the analysis results of propagation for each
sub-sequence in the first operation sequence, FIG. 8B is a
diagram schematically illustrating the analysis results of
propagation for each sub-sequence, FIG. 8C is a diagram
schematically illustrating an example of a weighting coef-
ficient in the integration of the analysis results of propaga-
tion, and FIGS. 8D-1 and 8D-2 are diagrams schematically
illustrating the analysis results of propagation for each
sub-sequence in the second operation sequence;

[0019] FIG. 9 is a flowchart illustrating the second opera-
tion sequence according to the first embodiment;

[0020] FIG. 10 is a flowchart illustrating the overall opera-
tion of an ultrasound diagnostic apparatus according to a
second embodiment;

[0021] FIG. 11 is a flowchart illustrating a third operation
sequence according to the second embodiment;

[0022] FIGS. 12A-1 and 12A-2 are diagrams schemati-
cally illustrating the transmission of detection waves when
the detection waves are plane waves, FIGS. 12B-1 and
12B-2 are diagrams schematically the transmission of the
detection waves when the detection waves are focus waves,
and FIGS. 12C-1 and 12C-2 are schematic diagrams when
reflected detection waves are intermittently received in
terms of time;

[0023] FIG. 13 is a flowchart illustrating a third operation
sequence according to a modification example of the second
embodiment;

[0024] FIG. 14 is a flowchart illustrating the overall opera-
tion of an ultrasound diagnostic apparatus according to a
third embodiment;

[0025] FIG. 15 is a flowchart illustrating a fourth opera-
tion sequence according to the third embodiment;

[0026] FIGS. 16A and 16B are schematic diagrams when
the regions of interest in a tomographic image signal and a
reference tomographic image signal are not matched with
each other, FIG. 16C is a diagram schematically illustrating
a displacement detection operation in the first operation
sequence, and FIG. 16D is a diagram schematically illus-
trating a displacement detection operation in the fourth
operation sequence;

[0027] FIG. 17 is a flowchart illustrating the overall opera-
tion of an ultrasound diagnostic apparatus according to a
fourth embodiment;
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[0028] FIG. 18 is a flowchart illustrating a fifth operation
sequence according to the fourth embodiment; and

[0029] FIG. 19 is a flowchart illustrating the overall opera-
tion of an ultrasound diagnostic apparatus according to
another modification example (1).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0030] Hereinafter, an embodiment of the present inven-
tion will be described with reference to the drawings.
However, the scope of the invention is not limited to the
illustrated examples.

How Embodiments of the Invention were Achieved

[0031] The inventors conducted various examinations in
an ultrasound diagnostic apparatus that evaluated the hard-
ness of tissues using shear waves in order to respond to the
movement of an ultrasound probe.

[0032] In the ultrasound diagnostic apparatus that evalu-
ates the hardness of the tissues using the shear waves, there
are a plurality of influences of the movement of the ultra-
sound probe. Therefore, problems caused by each influence
will be described.

[0033] First, in the ultrasound diagnostic apparatus that
evaluates the hardness of the tissues, in general, an elastic
image in which the distribution of hardness in a region of
interest is represented by colors is displayed or the elastic
image is displayed so as to be superimposed on an ultra-
sound image having the same region of interest as the elastic
image. Here, the ultrasound image is, for example, a B-mode
tomographic image. The reason is as follows. When the
shape of a tissue having a different hardness from peripheral
tissues is visually displayed and the hardness of the tissue is
represented by colors, the operator more easily recognizes
the tissue than that when the hardness of tissues at each
position of the region of interest is represented by values. In
addition, since the elastic image is compared with the
ultrasound image having the same region of interest as the
elastic image, the operator can know the image of the tissue
in the ultrasound image and this method assists in diagnosis.
In contrast, as described above, since the time required to
transmit push pulses and to perform propagation analysis of
shear wave is long, the frame rate of the elastic image is
significantly lower than the frame rate of the ultrasound
image. Therefore, when the ultrasound probe is moved at a
certain speed or more, the regions of interest in the elastic
image and the ultrasound image are not matched with each
other and it is difficult to exactly associate the tissue images.
Hereinafter, the reason will be described. In each of the
ultrasound image and the elastic image, when the ultrasound
probe is moved for the period from the start to the end of the
generation of an image, the actual region of the subject in
which ultrasonic waves are transmitted and received, that is,
a region which is processed as the region of interest by the
ultrasound diagnostic apparatus is not matched with a region
from which the operator acquires information, that is, an
examination target region assumed by the operator. The
reason is as follows. The ultrasound diagnostic apparatus
sets the region of interest as a relative position based on the
position and direction of the ultrasound probe. Therefore,
when the position or direction of the ultrasound probe is
changed, the region of interest is moved in operative asso-
ciation with the change in the position or direction. When the
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moving speed of the ultrasound probe is constant, the
amount of movement of the ultrasound probe between
frames increases as the frame rate is reduced. Therefore, as
the frame rate is reduced, the amount of movement of the
region of interest increases. For this reason, even if the
operator sets the region of interest such that the examination
target regions are the same in the ultrasound image and the
elastic image, the amounts of movement of the region of
interest are different in the ultrasound image and the elastic
image and the regions of interest in the ultrasound image and
the elastic image are not matched with each other. Therefore,
a coordinate point in the elastic image and a coordinate point
in the ultrasound image which is the same as the coordinate
point in the elastic image do not necessarily correspond to
the same position in the subject. As a result, the tissue image
in the elastic image and the tissue image in the ultrasound
image, which have been acquired from the same tissue, are
not capable of being associated with each other.

[0034] The inventors conducted an examination on a tech-
nique for improving the frame rate of an elastic image,
considering the above-mentioned problems.

[0035] In addition, the ultrasound diagnostic apparatus
that evaluates the hardness of the tissues detects displace-
ment in the region of interest. As a method for detecting
displacement, the following methods are used: a method that
repeatedly transmits and receives ultrasonic waves to
acquire received signals in time series while shear waves are
propagated and detects displacement on the basis of the
absolute difference between each acquired received signal
and a reference signal which is acquired at the time when no
displacement occurs; and a method that detects displacement
on the basis of the relative difference (the time rate of change
in the absolute difference) between each received signal
acquired in time series and the reference signal. In the
method based on the relative difference, even if the ultra-
sound probe is moved, the overlap area between the regions
of interest in the received signals is not very small and it is
easy to detect displacement. However, errors in the relative
differences are accumulated and the accuracy of the amount
of displacement is likely to be reduced. In contrast, in the
method based on the absolute difference, it is easy to
improve the accuracy of the amount of displacement. How-
ever, when the regions of interest in the received signal and
the reference signal deviate from each other, the size of a
region in which displacement is not capable of being cal-
culated increases as the deviation between the regions of
interest increases. In the related art, displacement is detected
on the basis of the absolute difference on the assumption that
the ultrasound probe is not moved while the hardness of
tissues is being evaluated. When the moving speed of the
ultrasound probe is high, the region in which displacement
is not capable of being calculated region is extended. In
some cases, a region in which the elasticity of tissues is not
capable of being evaluated is generated.

[0036] The inventors conducted an examination on a tech-
nique for changing a displacement calculation method
according to the moving speed of the ultrasound probe,
considering the above-mentioned problems.

[0037] The inventors conducted an examination on a tech-
nique that did not start to generate an elastic image until the
moving speed of the ultrasound probe was less than a
predetermined speed when the moving speed of the ultra-
sound probe was greater than the predetermined speed, from
the point of view that a high moving speed of the ultrasound
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probe caused the above-mentioned various problems and
was not suitable for evaluating the hardness of tissues.
[0038] The inventors conceived a technique for changing
a portion of an operation for evaluating the hardness of
tissues according to the moving speed of an ultrasound
probe, on the basis of the examination result, and ultrasound
diagnostic apparatuses according to embodiments were
achieved.

[0039] Hereinafter, ultrasound diagnostic apparatuses
according to the embodiments will be described in detail
with reference to the drawings.

First Embodiment

[0040] FIG. 1 is a block diagram illustrating an ultrasound
diagnostic apparatus 1 according to the first embodiment.
The ultrasound diagnostic apparatus 1 includes a control umt
11, a shear wave excitation unit 12, an ultrasound signal
acquisition unit 13, a displacement detection unit 14, a
propagation analysis unit 15, a probe movement detection
unit 16, a sequence selection unit 17, a tomographic image
storage unit 18, a displacement amount storage unit 19, a
sequence holding unit 20, and an elastic image storage unit
21. An ultrasound probe 2 and a display unit 3 are configured
so as to be connected to the control unit 11. FIG. 1 illustrates
a state in which the ultrasound probe 2 and the display unit
3 are connected to the ultrasound diagnostic apparatus 1.
[0041] The ultrasound probe 2 includes, for example, a
plurality of transducers (not illustrated) which are arranged
in a one-dimensional direction. Each transducer is made of,
for example, lead zirconate titanate (PZT). The ultrasound
probe 2 receives an electric signal (hereinafter, referred to as
an “ARFI driving signal”) generated by the shear wave
excitation unit 12 or an electric signal (hereinafter, referred
to as a “transmission driving signal”) generated by the
ultrasound signal acquisition unit 13 from the control unit 11
and converts the electric signal into ultrasonic waves. The
ultrasound probe 2 transmits an ultrasonic wave beam
including a plurality of ultrasonic waves, which have been
converted from the ARFI driving signal or the transmission
driving signal and emitted from a plurality of transducers, to
a measurement target of a subject in a state in which a
transducer-side outer surface of the ultrasound probe 2 is in
contact with a surface such as the surface of the skin of the
subject. Then, the ultrasound probe 2 receives a plurality of
reflected detection waves, which correspond to transmitted
detection waves based on the transmission driving signal,
from the measurement target, converts the reflected detec-
tion waves into electric signals (hereinafter, referred to as
“element reception signals™) using a plurality of transducers,
and supplies element reception signals to the ultrasound
signal acquisition unit 13 through the control unit 11.
[0042] The shear wave excitation unit 12 generates the
ARFTI driving signal which is an electric signal for trans-
mitting push pulses to the ultrasound probe 2. The push
pulse is a pulsed ultrasonic wave for displacing tissues in the
subject in order to generate shear waves in the subject.
Specifically, the push pulse is an ultrasonic wave that is
focused on a certain region in a region of interest in the
subject and has a larger wave number than a transmitted
detection wave which will be described below. Therefore,
the ARFI driving signal is a pulsed electric signal that is
generated such that ultrasonic waves generated from each
transducer element of the ultrasound probe 2 are transmitted
to the focus. The shear wave excitation unit 12 receives, for
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example, the focal position of each push pulse, the trans-
ducer used for transmission, a wave number, or transmission
duration defined in an operation sequence, which will be
described below, from the control unit 11 and generates the
ARFT driving signal on the basis of the operation sequence.

[0043] The ultrasound signal acquisition unit 13 transmits
the transmission driving signal which is an electric signal for
transmitting the transmitted detection wave to the ultrasound
probe 2. For example, the transmission driving signal is a
pulsed electric signal that is generated such that the trans-
mitted detection waves transmitted from each transducer
element of the ultrasound probe 2 become plane waves
which travel in a specific direction and synchronizes the
operations of each transducer element or shifts the operation
time stepwise from one end to the other end of a transducer
column at a fixed pitch. Alternatively, the transmission
driving signal may be, for example, a pulsed electric signal
that is generated such that the transmitted detection waves
transmitted from each transducer element of the ultrasound
probe 2 become focus waves which reach a transmission
focus point at the same time and makes the transducer
elements operate at different times. In addition, the ultra-
sound signal acquisition unit 13 performs phasing addition
for the element reception signal based on the reflected
detection waves to generate an acoustic line signal. When
the transmitted detection waves are plane waves, the trans-
mitted detection waves are transmitted so as to pass through
the entire region of interest and an acoustic line signal for the
entire region of interest is generated on the basis of reflected
ultrasonic waves. In contrast, when the transmitted detection
waves are focus waves, an acoustic line signal based on the
reflected ultrasonic waves is generated for each region,
which is obtained by dividing the region of interest includ-
ing a transmission focus point and the periphery of the
transmission focus point in a portion of the region through
which the transmitted detection waves have passed, in the
direction of an element column. Therefore, when the trans-
mitted detection waves are focus waves, the transmission of
the transmitted detection waves and the reception of the
reflected detection waves are repeatedly performed while the
transmission focus point is moved in the direction of the
element column, in order to obtain the acoustic line signal
for the entire region of interest. The ultrasound signal
acquisition unit 13 outputs the generated acoustic line signal
to the tomographic image storage unit 18 through the control
unit 11.

[0044] The displacement detection unit 14 acquires a
plurality of acoustic line signals (hereinafter, referred to as
“tomographic image signals”) related to one tomographic
image which is a displacement detection target and a plu-
rality of reference acoustic line signals (hereinafter, referred
to as “reference tomographic image signals™) related to one
tomographic image from the tomographic image storage unit
18 through the control unit 11. The reference tomographic
image signal is used to extract displacement due to shear
waves from the tomographic image signal. Specifically, the
reference tomographic image signal is a tomographic image
signal obtained by capturing the region of interest before a
push pulse is transmitted. Then, the displacement detection
unit 14 detects the displacement of each pixel of the tomo-
graphic image signal from the difference between the tomo-
graphic image signal and the reference tomographic image
signal and generates a displacement image in which dis-
placement is associated with the coordinates of each pixel.
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The displacement detection unit 14 outputs the generated
displacement image to the displacement amount storage unit
19 through the control unit 11.

[0045] The propagation analysis unit 15 acquires the dis-
placement image from the displacement amount storage unit
19 through the control unit 11. The propagation analysis unit
15 detects the position of the wave front of the shear waves
and the traveling direction and speed of the shear waves at
each time when the displacement image is acquired from the
displacement image, calculates the elastic modulus of the
tissues of the subject corresponding to each pixel of the
displacement image, and generates an elastic image. The
propagation analysis unit 15 outputs the generated elastic
image to the elastic image storage unit 21 through the
control unit 11.

[0046] The probe movement detection unit 16 detects the
moving speed of the ultrasound probe 2 and outputs the
moving speed to the sequence selection unit 17. Specifically,
the probe movement detection unit 16 acquires the latest
tomographic image signal and a previous tomographic
image signal from the tomographic image storage unit 18
and detects the moving speed of the ultrasound probe 2 from
the difference between the two tomographic image signals.
For example, the moving speed of the ultrasound probe 2
can be calculated by calculating the difference (displace-
ment) between the latest tomographic image signal and the
previous tomographic image signal for each pixel and mul-
tiplying the minimum value of the difference for each pixel
by the frame rate of the tomographic image. In addition,
other representative values, such as an intermediate value,
may be used, instead of the minimum value of the difference
for each pixel. For example, the moving speed of the
ultrasound probe 2 may be calculated using the difference
for the pixels corresponding to the positions through which
the shear waves are not capable of being passing, such as the
focal positions of push pulses and the positions where only
the depth is different. Alternatively, when the difference
(displacement) is calculated, only the difference (displace-
ment) between components in the arrangement direction of
the elements may be detected. The reason is that, since
displacement caused by the shear waves occurs in the depth
direction in principle, the difference (displacement) in the
arrangement direction of the elements is likely to be caused
by the movement of the ultrasound probe 2. A method for
detecting the moving speed of the ultrasound probe 2 is not
limited to the above-mentioned method and any method
using a tomographic image signal may be used. Alterna-
tively, for example, the ultrasound probe 2 may further
include a speed sensor and the probe movement detection
unit 16 may use the detection value of the speed sensor.
Alternatively, for example, the ultrasound diagnostic appa-
ratus 1 may further include a camera for detecting the
movement of the ultrasound probe 2, the ultrasound probe 2
may include a mark for detecting the position and direction
of the ultrasound probe 2 using the camera, and the probe
movement detection unit 16 may detect the movement of the
marker from an image acquired by the camera ultrasound
probe 2 to detect the moving speed.

[0047] The sequence selection unit 17 selects one opera-
tion sequence from a plurality of operation sequences held
by the sequence holding unit 20, using the moving speed of
the ultrasound probe 2 detected by the probe movement
detection unit 16. Here, the operation sequence indicates a
series of operations of the ultrasound diagnostic apparatus 1
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generating one elastic image. Specifically, the operation
sequence includes at least one or more push pulse transmis-
sion operations, an operation for transmitting detection
waves and receiving reflected detection waves for each push
pulse transmission operation, and a propagation analysis
operation. That is, a series of operations performed by the
shear wave excitation unit 12, the ultrasound signal acqui-
sition unit 13, the displacement detection unit 14, and the
propagation analysis unit 15 in cooperation with each other
is assumed the operation sequence. The operation sequence
includes, for example, the number of times a push pulse is
transmitted, the focal position of each push pulse, the
transducer used for transmission, a wave number, transmis-
sion duration, information indicating whether detection
waves are plane waves or focus waves, the transmission
direction of detection waves when the detection waves are
plane waves, the number of transmission focus points, the
position of each transmission focus point, and an acoustic
line signal generation region corresponding to the position
of each transmission focus point when detection waves are
focus waves, and the frame rate of a tomographic image
signal. In addition, the operation sequence may further
include information for defining operations associated with
a series of operations, such as the detection wave transmis-
sion operation, the reflected detection wave receiving opera-
tion, and the propagation analysis operation. For example,
the operation sequence may include information indicating
whether to generate an elastic image and information about
the display form of an elastic image.

[0048] The control unit 11 performs an operation of out-
putting the tomographic image generated by the ultrasound
signal acquisition unit 13 and the elastic image generated by
the propagation analysis unit 15 to the display unit 3, in
addition to an operation of controlling each of the above-
mentioned components. When the elastic image is output to
the display unit 3, the control unit 11 performs geometric
transformation. When the tomographic image is output to
the display unit 3, the control unit 11 performs, for example,
envelope detection and logarithmic compression, in addition
to geometric transformation.

[0049] The tomographic image storage unit 18, the dis-
placement amount storage unit 19, the sequence holding unit
20, and the elastic image storage unit 21 store tomographic
images, displacement images, operation sequence data, and
elastic image data, respectively. Each of the tomographic
image storage unit 18, the displacement amount storage unit
19, the sequence holding unit 20, and the elastic image
storage unit 21 is implemented by a storage medium, such
as a RAM, a flash memory, a hard disk, or an optical disk.
Two or more of the tomographic image storage unit 18, the
displacement amount storage unit 19, the sequence holding
unit 20, and the elastic image storage unit 21 may be
implemented by a single storage medium. Alternatively, the
tomographic image storage unit 18, the displacement
amount storage unit 19, the sequence holding unit 20, and
the elastic image storage unit 21 may be implemented in
other components of the ultrasound diagnostic apparatus 1.
For example, the sequence holding unit 20 may be a portion
of the sequence selection unit 17. In addition, one or more
of the tomographic image storage unit 18, the displacement
amount storage unit 19, the sequence holding unit 20, and
the elastic image storage unit 21 may be provided outside the
ultrasound diagnostic apparatus 1 and may be connected to
the ultrasound diagnostic apparatus 1 through an interface,
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such as a USB, eSATA, or SDIO, or may be resources which
can be accessed by the ultrasound diagnostic apparatus 1
through a network, for example, a file server or a network
attached storage (NAS).

[0050] Each of the control unit 11, the shear wave exci-
tation unit 12, the ultrasound signal acquisition unit 13, the
displacement detection unit 14, the propagation analysis unit
15, the probe movement detection unit 16, and the sequence
selection unit 17 may be implemented by hardware, such as
a field programmable gate array (FPGA) or an application
specific integrated circuit (ASIC). Two or more of them may
be configured as a single component. For example, the shear
wave excitation unit 12 and the ultrasound signal acquisition
unit 13 may be configured as one component. In this case,
the ARFI driving signal is generated using the same struc-
ture as that for generating the transmission driving signal of
the ultrasound signal acquisition unit 13, which makes it
possible to implement the shear wave excitation unit 12
using the structure of the ultrasound signal acquisition unit
13. Some or all of them may be implemented by a single
FPGA or ASIC. In addition, each of the above-mentioned
units or each unit including two or more of the above-
mentioned units may be implemented by a memory, a
programmable device, such as a central processing unit
(CPU), or a general purpose graphic processing unit
(GPGPU), and software.

[0051] <Operation>

[0052] The operation of the ultrasound diagnostic appa-
ratus 1 according to the first embodiment will be described.
FIG. 2 is a flowchart illustrating the overall operation of the
ultrasound diagnostic apparatus 1.

[0053] First, ultrasonic waves are transmitted to and
received from the subject and an acquired received signal is
stored (step S10). Specifically, the following operation is
performed. First, a transmission event is performed as
follows. At the beginning, the ultrasound signal acquisition
unit 13 generates a pulsed transmission signal. Then, the
ultrasound signal acquisition unit 13 forms a transmission
beam for setting the delay time of each element of the
ultrasound probe 2 for the transmission signal and generates
a plurality of transmission driving signals corresponding to
each element of the ultrasound probe 2. Each transducer of
the ultrasound probe 2 converts the corresponding transmis-
sion driving signal into ultrasonic waves and an ultrasonic
beam is transmitted to the subject. Then, each transducer of
the ultrasound probe 2 acquires ultrasonic waves reflected
from the subject and converts the reflected ultrasonic waves
into an element reception signal. The ultrasound signal
acquisition unit 13 performs phasing addition for the ele-
ment reception signal to generate an acoustic line signal. The
control unit 11 acquires the acoustic line signal from the
ultrasound signal acquisition unit 13 for each transmission
event and stores a plurality of acoustic line signals forming
one tomographic image in the tomographic image storage
unit 18.

[0054] Then, the moving speed of the ultrasound probe 2
is detected (step S20). Specifically, the probe movement
detection unit 16 acquires an acoustic line signal related to
the latest transmission event and an acoustic line signal
related to the previous transmission event from the tomo-
graphic image storage unit 18 and detects the difference
(displacement) between the acoustic line signals using a
correlation process. For example, the probe movement
detection unit 16 can multiply a representative value, such as
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the minimum value or intermediate value of the difference,
by a difference in the execution time of the transmission
event to calculate the moving speed of the ultrasound probe
2.

[0055] Next, an operation sequence is determined (steps
S30 and S40). Specifically, the sequence selection unit 17
determines whether the moving speed of the ultrasound
probe 2 is greater than a predetermined threshold value (step
S30). Here, the predetermined threshold value is, for
example, 10 mm/s. When the moving speed of the ultra-
sound probe 2 is equal to or less than the predetermined
threshold value (No in S30), the sequence selection unit 17
selects a first operation sequence that is the same as that of
the ultrasound diagnostic apparatus according to the related
art (step S40). In the first operation sequence, the region of
interest is divided into n (u is an integer equal to or greater
than 2) small regions and one push pulse transmission
operation and a plurality of detection wave transmitting and
receiving operations which follow the push pulse transmis-
sion operation are performed for each small region to
perform shear wave propagation analysis (a series of opera-
tions is referred to as a “sub-sequence”). Then, the analysis
results of propagation by n sub-sequences are combined
with each other to generate an elastic image. Hereinafter, a
case in which n 1s 4 will be described. On the other hand,
when the moving speed of the ultrasound probe 2 is greater
than the predetermined threshold value (Yes in S30), the
sequence selection unit 17 selects a second operation
sequence (step S41). In the second operation sequence, in
order to improve the frame rate of the elastic image, the
region of interest is divided into m (m is an integer that is
equal to or greater than 1 and is less than n) small regions,
propagation analysis is performed for each small region by
the sub-sequence, and the analysis results of propagation by
m sub-sequences are combined with each other to generate
an elastic image. Hereinafter, a case in which m is 2 will be
described.

[0056] Then, the operation sequence is performed (steps
S50 and S60).
[0057] Here, only step S50 will be described. The differ-

ence between step S60 and step S50 will be described below.
FIG. 3 is a flowchart illustrating the detailed operation of the
operation sequence in S50.

[0058] First, the control unit 11 sets a region of interest
(step S410). For example, a method for setting the region of
interest is as follows. The latest tomographic image stored in
the tomographic image storage unit 18 is displayed on the
display unit 3 such that the operator designates the region of
interest through an input unit (not illustrated), such as a
touch panel, a mouse, or a trackball. The method for setting
the region of interest is not limited thereto. For example, the
entire tomographic image may be set as the region of interest
or a certain range including a central portion of the tomo-
graphic image may be set as the region of interest. In
addition, when the region of interest is set, another tomo-
graphic image may be acquired.

[0059] Then, ultrasonic waves are transmitted to and
received from the region of interest and an acquired received
signal is stored as the reference signal (step S420). Specifi-
cally, a transmission event is performed and a plurality of
acoustic line signals forming one tomographic image are
stored as the reference tomographic image signals in the
tomographic image storage unit 18.
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[0060] Then, a sub-sequence including a push pulse trans-
mission operation, a plurality of detection wave transmitting
and receiving operations following the push pulse transmis-
sion operation, and a shear wave propagation analysis opera-
tion is performed. First, a first sub-sequence (steps S441 to
S444 when 1 is 1) is performed (step S430).

[0061] In the first sub-sequence, first, a push pulse is
transmitted (step S441). Specifically, the shear wave exci-
tation unit 12 generates a pulsed ARFI signal on the basis of
the focal position of a push pulse which is defined as a first
push pulse in the first operation sequence, a transducer used
for transmission, a wave number, or transmission duration.
Then, the shear wave excitation unit 12 forms a transmission
beam for setting the delay time of each element of the
ultrasound probe 2 for the ARFI signal and generates a
plurality of ARFI driving signals corresponding to each
element of the ultrasound probe 2. The focal position of the
first push pulse is, for example, the center of one of n small
regions (here, n is 4) obtained by dividing the region of
interest in the column direction of the transducers. A detailed
example will be described with reference to FIG. 4A. In
FIG. 4A, the x direction is the column direction of the
transducers and the y direction is a depth direction. In this
case, a region of interest 401 is divided into four small
regions 402, 403, 404, and 405 and the first push pulse is
transmitted so as to be focused on a focal position 412 in the
small region 402. Each transducer of the ultrasound probe 2
converts the corresponding transmission driving signal into
ultrasonic waves and push pulses are transmitted into the
subject.

[0062] Here, the generation of shear waves by push pulses
will be described with reference to the schematic diagrams
illustrated in FIGS. 5A to 5E. FIG. 5A is a diagram sche-
matically illustrating tissues in a region of the subject which
corresponds to the region of interest before push pulses are
applied. In FIGS. 5A to 5E, “0” indicates some of the tissues
of the subject in the region of interest and an intersection
point between dashed lines indicates the center of the tissue
“0” when there is no load. Here, when push pulses are
applied to a focus 101 with the ultrasound probe 2 coming
into close contact with a skin surface 100, a tissue 132 that
is located at the focus 101 is pushed and moved in the
traveling direction of the push pulses, as illustrated in the
schematic diagram of FIG. 5B. In addition, a tissue 133
which is close to the tissue 132 in the traveling direction of
the push pulses is pushed to the tissue 132 and is moved in
the traveling direction of the push pulses. Then, when the
transmission of the push pulses ends, the tissues 132 and 133
return to the original positions. Therefore, as illustrated in
the schematic diagram of FIG. 5C, the tissues 131 to 133
start to vibrate in the traveling direction of the push pulses.
Then, as illustrated in the schematic diagram of FIG. 5D,
vibration is propagated to tissues 121 to 123 and tissues 141
to 143 which are adjacent to the tissues 131 to 133. In
addition, as illustrated in the schematic diagram of F1G. 5E,
vibration is further propagated to tissues 111 to 113 and
tissues 151 to 153. Therefore, in the subject, vibration is
propagated in a direction operation the vibration direction.
That is, shear waves are generated at the position where the
push pulses are applied and are propagated through the
subject.

[0063] Returning to FIG. 3, the description will be con-
tinued. Then, ultrasonic waves are transmitted to and
received from the region of interest a plurality of times and
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a plurality of acquired ultrasound signals are stored (step
S442). Specifically, immediately after the transmission of
the push pulses ends, the same operation as that in step S10
is repeated, for example, 10000 times per second. In this
way, the tomographic image of the subject is repeatedly
acquired until propagation ends immediately after shear
waves are generated.

[0064] Then, the displacement of each pixel is detected
(step S443). Specifically, first, the displacement detection
unit 14 acquires the reference tomographic image signal
stored in the tomographic image storage unit 18 in step
S420. Then, the displacement detection unit 14 detects the
displacement of each pixel at the time when the reflected
detection waves related to each tomographic image signal
stored in the tomographic image storage unit 18 in step S442
are received from the difference between the reference
tomographic image signal and the tomographic image sig-
nal. Specifically, for example, a correlation process between
the tomographic image signal and the reference tomographic
image signal is performed to search for the correspondence
relationship between the pixels of the tomographic image
signal and the pixels of the reference tomographic image
signal and the difference between the coordinates of the
pixels is specified as displacement corresponding to the
pixels of the tomographic image signal. A method for
detecting the displacement is not limited thereto the corre-
lation process. For example, any technique for detecting the
amount of movement between two tomographic image sig-
nals, such as pattern matching, may be used. An example of
the pattern matching is a method that divides a tomographic
image signal is regions with a predetermined size, such as a
size of 8 pixelsx8 pixels and performs pattern matching
between each region and the reference tomographic image
signal to detect the displacement of each pixel of the
tomographic image signal. An example of the pattern match-
ing method is a method that calculates the difference
between the brightness values of the corresponding pixels in
each region and a reference region which has the same size
as the region in the reference tomographic image signal,
calculates the sum of the absolute values of the differences,
considers a region and the reference region, which form a
pair and have the minimum sum, to be the same region, and
detects the distance between a reference point (for example,
the upper left corner) of the region and a reference point of
the reference region as the displacement. In addition, the
region with the predetermined size may have other sizes and,
for example, the sum of the squares of the differences
between the brightness values may be used, instead of the
sum of the absolute values of the differences between the
brightness values. When displacement is detected by the
correlation process or the pattern matching, the difference
(difference in depth) between the y-coordinates of the cor-
responding pixels may be used as the magnitude of displace-
ment, in addition to the difference between the coordinates
of the corresponding pixels. The reason is that, since the
propagation direction of shear waves is the column direction
(x direction) of the elements in principle, the direction of the
displacement caused by the shear waves is a direction
perpendicular to the propagation direction and is the depth
direction (y direction) in principle. The amount of move-
ment of the tissues of the subject, which correspond to each
pixel of each tomographic image signal, by the push pulses
or the shear waves is calculated as displacement by the
above-mentioned process. The displacement detection umit
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14 associates the displacement of each pixel of one tomo-
graphic image with the coordinates of the pixels to generate
a displacement image and outputs the generated displace-
ment image to the displacement amount storage unit 19.
[0065] Then, shear wave propagation analysis is per-
formed (step S444). Specifically, the wave front of the shear
waves is extracted from each displacement image and a
wave front image is generated. The use of the wave front
image makes it possible to easily detect the position, ampli-
tude, traveling direction, and speed of the wave front. The
wave front image is generated by, for example, the order of
a displacement region extraction process, a thinning process,
a spatial filtering process, and a temporal filtering process.
[0066] A detailed process will be described with reference
to FIGS. 6A to 6E. FIG. 6A illustrates an example of the
displacement image. Similarly to FIGS. 5A to 5E, in FIG.
6A, “0” indicates some of the tissues of the subject in the
region of interest and an intersection point between dashed
lines indicates a position before push pulses are applied. The
propagation analysis unit 15 extracts a region with a large
displacement amount & on the basis of a dynamic threshold
value, using the displacement amount d for each y-coordi-
nate as the function of a coordinate x. In addition, the
propagation analysis unit 15 extracts a region that is greater
than a certain threshold value as the region with a large
displacement amount § on the basis of the dynamic thresh-
old value, using the displacement amount & for each x-co-
ordinate as the function of a coordinate y. The dynamic
threshold value is a threshold value determined by perform-
ing signal analysis or image analysis for a target region. The
threshold value is not a constant value and varies depending
on, for example, the width or maximum value of the signal
of the target region. FIG. 6A illustrates a graph 211 obtained
by plotting a displacement amount on a straight line 210
corresponding to y=y, and a graph 221 obtained by plotting
a displacement amount on a straight line 220 corresponding
to x=X,. In this way, for example, it is possible to extract a
displacement region 230 in which the displacement amount
d is greater than the threshold value.

[0067] Then, the propagation analysis unit 15 performs a
thinning process for the displacement region to extract the
wave front. Displacement regions 240 and 250 illustrated in
the schematic diagram of FIG. 6B are the regions that have
been extracted as the displacement regions in step S52. The
propagation analysis unit 15 extracts the wave front, using,
for example, a Hilditch thinning algorithm. For example, in
the schematic diagram of FIG. 6B, a wave front 241 is
extracted from the displacement region 240 and a wave front
251 is extracted from the displacement region 250. The
thinning algorithm is not limited to the Hilditch thinning
algorithm and any thinning algorithm may be used. A
process that removes the coordinates where the displace-
ment amount d is equal to or less than the threshold value
from the displacement region is repeatedly performed for
each displacement region until the displacement region
becomes a line with a width of one pixel, while increasing
the threshold value.

[0068] Then, the propagation analysis unit 15 performs
spatial filtering for wave front image data subjected to the
thinning process to remove a wave front with a small length.
For example, the propagation analysis unit 15 detects the
length of each wave front extracted in step S53 and removes
awave front with a length that is less than half of the average
value of the lengths of all of the wave fronts as noise.
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Specifically, as illustrated in the wave front image of FIG.
6C, the propagation analysis unit 15 calculates the average
value of the lengths of wave fronts 261 to 264 and removes
the wave fronts 263 and 264 with a length that is less than
the average value as noise. In this way, it is possible to
remove a wave front that has been erroneously detected.

[0069] The propagation analysis unit 15 performs the
displacement region extraction process, the thinning pro-
cess, and the spatial filtering operation for all of the dis-
placement images. In this way, wave front image data which
is in one-to-one correspondence with the displacement
images is generated.

[0070] Finally, the propagation analysis unit 15 performs
temporal filtering for a plurality of wave front image data
items to remove the wave front which has not been propa-
gated. Specifically, the propagation analysis unit 15 detects
a change in the position of the wave front over time in two
or more temporally continuous wave front images and
removes a wave front of which the speed is abnormal as
noise. For example, the propagation analysis unit 15 detects
a change in the position of the wave front over time in a
wave front image 270 at a time t=t;, a wave front image 280
at a time t=t;+At, and a wave front image 290 at a time
t=t,+2At. For example, the propagation analysis unit 15
performs a correlation process with a wave front 271 in a
region 276, in which a shear wave is moved from the same
position as that of the wave front 271 for a time At in a
direction (the x-axis direction in FIGS. 6A to 6E) perpen-
dicular to the wave front, in the wave front image 280. In this
case, the correlation process is performed in a range includ-
ing both the positive direction (the right side of FIGS. 6A to
6F) and the negative direction (the left side of FIGS. 6A to
6F) of the x-axis of the wave front 271, in order to detect
both transmitted waves and reflected waves. In this way, it
is detected that the movement destination of the wave front
271 is a wave front 281 in the wave front image 280 and the
moving distance of the wave front 271 for the time At is
calculated. Similarly, for each of wave fronts 272 and 273,
the propagation analysis unit 15 performs the correlation
process with each of the wave fronts in a region, in which
a shear wave is moved from the same position as that of the
wave fronts for the time At in a direction perpendicular to the
wave fronts, in the wave front image 280. In this way, it is
detected that the wave front 272 has moved to the position
of the wave front 283 and the wave front 273 has moved to
the position of the wave front 282. The same process is
performed for the wave front image 280 and the wave front
image 290 and it is detected that the wave front 281 has
moved to the position of a wave front 291, the wave front
282 has moved to the position of a wave front 292, and the
wave front 283 has moved to the position of a wave front
293. Here, the moving distance of one wave front repre-
sented as the wave front 273, the wave front 282, or the wave
front 292 is significantly less than that of other wave fronts
(the propagation speed thereof is significantly lower than
that of other wave fronts). This wave front is regarded as
noise and is removed since it is likely to be erroneously
detected. In this way, it is possible to detect wave fronts 301
and 302 as illustrated in a wave front image 300 of FIG. 6E.

[0071] The propagation analysis unit 15 calculates the
position and speed of the wave front, using the generated
wave front image data at each time and the correspondence
information of the wave fronts. Here, the correspondence
information of the wave fronts indicates information about
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the correspondence between the wave fronts considered as
the same wave front in the wave front images. For example,
in FIG. 6D, when it is detected that the wave front 272 has
moved to the position of the wave front 283, the correspon-
dence information of the wave front is information indicat-
ing that the wave front 283 and the wave front 272 are the
same wave front. Next, a method for calculating the speed
of the wave front will be described with reference to FIGS.
7A and 7B. FIG. 7A illustrates a case in which a wave front
image at a certain time t, and a wave front image at a time
t, (t,<t,) are combined into one wave front image 310. Here,
it is assumed that there is correspondence information
indicating that a wave front 311 at the time t, and a wave
front 312 at the time t, are the same wave front. The
propagation analysis unit 15 detects coordinates (X,,, ¥,,) on
the wave front 312 corresponding to coordinates (X,;, ¥,;) on
the wave front 311 from the correspondence information. In
this way, it is possible to estimate that a shear wave which
has passed through the coordinates (x,;, v,,) at the time t,
reaches the coordinates (x,,, ¥,,) at the time t,. Therefore, the
speed v(x,,, ¥,,) of the shear wave which has passed through
the coordinates (X,,, ¥,;) can be estimated as a value obtained
by dividing a distance d between the coordinates (x,, y,,)
and the coordinates (X,,, y,,) by a required time At=t,-t,.
That is, v(x,, y)=d/At=V{(x,,-X,))*+(y o=V, )*}/At is estab-
lished. The propagation analysis unit 15 performs the above-
mentioned process for all of the wave fronts to acquire the
speeds of the shear waves for all coordinates through which
the wave fronts have passed and stores the speeds of the
shear waves.

[0072] Returning to FIG. 3, the description will be con-
tinued. The first sub-sequence is completed by the above-
mentioned operation. Since all of the sub-sequences have
not been completed after the first sub-sequence ends (Yes in
step S445), a second sub-sequence is performed (step S446).
[0073] Then, the second sub-sequence is performed. In the
second sub-sequence, the same operation as that in the first
sub-sequence except for the characteristics of the push pulse
transmitted in step S441 is performed. In the transmission of
the push pulse related to the second sub-sequence (i=2 in
step S441), the push pulse is transmitted to the center of a
small region that is different from that in the first sub-
sequence, for example, a focal position 422 illustrated in
FIG. 4A. Since the operation in steps S442 to S444 is the
same as that in the first sub-sequence, the description thereof
will not be repeated.

[0074] Hereinafter, similarly, a third sub-sequence and a
fourth sub-sequence are performed. In the third sub-se-
quence, similarly, in the transmission of the push pulse (i=3
in step S441), the push pulse is transmitted to the center of
a small region that is different from those in the first
sub-sequence and the second sub-sequence, for example, a
focal position 432 illustrated in FIG. 4A. In the fourth
sub-sequence, similarly, in the transmission of the push
pulse (i=4 in step S441), the push pulse is transmitted to the
center of a small region that is different from those in the first
to third sub-sequences, for example, a focal position 442
illustrated in FIG. 4A.

[0075] After all of the sub-sequences end (No in step
S445), the propagation analysis unit 15 integrates the analy-
sis results of propagation (step S450). Specifically, the
propagation analysis unit 15 collects the direction and speed
of the shear waves calculated for each sub-sequence and
calculates the direction and speed of the shear waves at each
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coordinate point in the region of interest. This will be
described with reference to the schematic diagrams of FIGS.
8A-1 to 8D-2. FIGS. 8§A-1 to 8A-4 illustrate the positional
relationship among the region of interest, the speed distri-
bution of the shear waves, and the focus of the push pulse
in the first to fourth sub-sequences, respectively. For
example, in a speed distribution chart 410 illustrated in FIG.
8A-1, a focal position 412 of the push pulse is close to the
left end of a region of interest 411 and a region 413 in which
the propagation speed of the shear waves is high is detected.
Similarly, in a speed distribution chart 420 illustrated in FIG.
8A-2, a focal position 422 of the push pulse is present on the
left side of the center of a region of interest 421 and a region
423 in which the propagation speed of the shear waves is
high is detected. In addition, in a speed distribution chart 430
illustrated in FIG. 8A-3, a focal position 432 of the push
pulse is present on the right side of the center of a region of
interest 431 and a region 433 in which the propagation speed
of the shear waves is high is detected. Similarly, in a speed
distribution chart 440 illustrated in FIG. 8A-4, a focal
position 442 of the push pulse is close to the right end of a
region of interest 441 and a region 443 in which the
propagation speed of the shear waves is high is detected. In
practice, the regions 413, 423, 433, and 443 in which the
propagation speed of the shear waves is high correspond to
one tissue. In some cases, the attenuation of the shear waves
causes the boundary between a portion that is close to the
focal position of the push pulse and other regions to be clear
and causes the boundary between a portion that is far from
the focal position of the push pulse and other regions to be
unclear. These charts are integrated to create one speed
distribution chart 450 illustrated in FI1G. 8B. Specifically, the
speed of the shear waves at each coordinate point is acquired
from the speed distribution charts 410, 420, 430, and 440
and a representative value is calculated. As a method for
calculating the representative value, for example, a weighted
average or a maximum value may be used, or an average
value except for invalid data (for example, since the speed
is not capable of being acquired, there is no value and there
is a large difference from any of the speeds acquired from
other speed distribution charts) may be used. When the
weighted average is used, a value that increases as the
distance from the focal position of the push pulse decreases
and decreases as the distance from the focal position of the
push pulse increases can be used as a weighting coeflicient
a;. The reason is that, as the distance from the focus distance
of the push pulse decreases, the energy of the shear waves
increases and the accuracy of the speed of the shear waves
is expected to be high. As an example of the weighting
coefficient a,, 0 may be used as long as the difference
between the focal position (the x-coordinate is x;) of the
push pulse and the x-coordinate is equal to or greater than a
predetermined value as illustrated in a coefficient 461 of
FIG. 8C or an arbitrary function that increases as the
difference between the focal position (the x-coordinate is x,)
of the push pulse and the x-coordinate decreases may be
used as illustrated in coefficients 462 to 464 of FIG. 8C. In
this case, it is possible to generate the speed distribution
chart 450 in which the whole aspect of the region 453 having
a high propagation speed of shear waves can be checked.

[0076] Finally, the propagation analysis unit 15 generates
an elastic image (step S460). Specifically, the propagation
analysis unit 15 calculates an elastic modulus for each pixel
of the speed distribution chart from the speed of the shear
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waves and associates each pixel with the elastic modulus to
generate an elastic image. An elastic modulus E(x,, y,) at
coordinates (X,, y,) can be calculated as follows, using the
speed v(x,. y,) of the shear waves at the coordinates:

E(,p)=2140)pv(x,2,Y

[0077] (where y is the Poisson’s ratio of tissues at the
coordinates (X, y,) and p is density).
[0078] For example, the elastic modulus may be approxi-
mately calculated as follows, using v=0.5 and p=1 g/em?:
E(x,p=3vix,y)’.
[0079] Each pixel and the elastic modulus are associated
with each other by, for example, the matching of color
information. In this way, for example, as illustrated in FIG.
7B, an elastic image 320 which is color-coded such that a
coordinate point where the elastic modulus is equal to or
greater than a predetermined value is red, a coordinate point
where the elastic modulus is less than the predetermined
value is green, and a coordinate point where no elastic
modulus is acquired is block is generated. The classification
is not limited to binarization and classification and color
coding may be performed in predetermined stages. In FIG.
7B, a region 322 in which the elastic modulus is equal to or
greater than a predetermined value corresponds to an inclu-
sion 321. In FIG. 7B, the inclusion 321 is illustrated for ease
of explanation. However, the inclusion 321 does not directly
appear on the actual elastic image. The propagation analysis
unit 15 outputs the generated elastic image to the control unit
11 and the control unit 11 outputs the elastic image to the
elastic image storage unit 21.
[0080] The execution of the operation sequence ends.
Then, returning to FIG. 2, the process will be continuously
described. Then, the control unit 11 displays the elastic
image and the ultrasound image (step S50). Specifically, the
control unit 11 performs geometric transformation for the
elastic image generated in step S460 and the reference
tomographic image signal acquired in step S420 such that
the elastic image and the reference tomographic image
signal become image data for screen display and outputs the
elastic image and the ultrasound image subjected to the
geometric transformation to the display unit 3.
[0081] The control unit 11 receives information indicating
whether to continue the process from the user (operator).
When the process is continued, the control unit 11 returns to
step S10 and resumes the process. When the process is not
continued, the control unit 11 ends the process (step S70).
[0082] A case in which the second operation sequence
(step S60) is performed will be described. FIG. 9 is a
flowchart illustrating in detail the second operation
sequence. The same operations as those in FIG. 3 are
denoted by the same step numbers and the description
thereof will not be repeated. The second operation sequence
is the same as the first operation sequence except that steps
S471, S475, and S480 are performed, instead of steps S441,
S445, and S450, and the number of times a sub-sequence
including step S471 and steps S442 to S444 is performed is
different from that in the first operation sequence. Therefore,
hereinafter, the difference between the second operation
sequence and the first operation sequence will be described.
[0083] Inthe second operation sequence, since the number
of sub-sequences is m (=2) less than n (=4), the focal
position of the push pulse is different from that in the first
operation sequence. In step S471, for example, the focal
position of the first push pulse (i=1) is the center of one of



US 2017/0112471 Al

m small regions (here, m is 2) obtained by dividing the
region of interest in the column direction of the transducers.
A detailed example will be described with reference to FIG.
4B. Aregion of interest 407 is divided into two small regions
408 and 409 and the first push pulse is transmitted to a focal
position 472 in the small region 408. Similarly, the second
push pulse (i=2) is transmitted to a focal position 482 in the
small region 409.

[0084] After all of the sub-sequences end (No in step
S475), the propagation analysis unit 15 integrates the analy-
sis results of propagation (step S480). A detailed process is
the same as that in step S450 except for the number of
sub-sequences. Therefore, as illustrated in FIGS. 8D-1 and
8D-2, there are only two speed distribution charts 470 and
480 which are related to the first sub-sequence and the
second sub-sequence, respectively. In the speed distribution
chart 470, a focal position 472 of the push pulse is present
on the left side of the center of a region of interest 471 and
a region 473 in which the propagation speed of the shear
waves is high is detected. Similarly, in the speed distribution
chart 480, a focal position 482 of the push pulse is present
on the right side of the center of a region of interest 481 and
a region 483 in which the propagation speed of the shear
waves is high is detected. Similarly, in practice, the regions
473 and 483 in which the propagation speed of the shear
waves 1s high correspond to one tissue. These speed distri-
bution charts are integrated to create one speed distribution
chart 450 illustrated in FIG. 8B. In this case, when a
weighting average is used, the same weighting coeflicient as
that in step S450 may be used. For example, a coeflicient
that causes a weighting coefficient to be greater than that in
step S450 even though the distance from the focal position
of the push pulse is large, specifically, a coefficient 465
illustrated in FI1G. 8C may be used. The reason is that the
number of targets to be integrated is less than that in step
S450 and, when a weighting coeflicient for extracting only
the vicinity of the focus of the push pulse is used, a region
in which the speed is not capable of being acquired is likely
to be generated.

[0085] As described above, in the second operation
sequence, the number of times the sub-sequence is pet-
formed is less than that in the first operation sequence.
Therefore, it is possible to reduce the time required to
generate one elastic image by about m/n times, that is, by %.
As a result, it is possible to improve the frame rate of an
elastic image by about n/m times, that is, two times.
[0086] <Summary>

[0087] According to the above-mentioned structure, when
the moving speed of the ultrasound probe is greater than a
predetermined threshold value, the operation sequence
selection unit selects the second operation sequence in
which the number of sub-sequences required to generate one
elastic image is small. Therefore, when the moving speed of
the ultrasound probe is high, the frame rate of the elastic
image can be improved to reduce the influence of the
moving speed of the ultrasound probe, such as the deviation
between the region of interests in the ultrasound image and
the elastic image. In addition, since the frame rate of the
elastic image can be improved, it is possible to improve a
following performance for the movement of the ultrasound
probe. On the other hand, when the moving speed of the
ultrasound probe is equal to or less than the predetermined
threshold value, the operation sequence selection unit selects
the first operation sequence in which the number of sub-

Apr. 27,2017

sequences required to generate one elastic image is large.
When the moving speed of the ultrasound probe is low, it is
possible to improve the accuracy of an elastic image. There-
fore, the ultrasound diagnostic apparatus according to this
embodiment can select an operation sequence that is most
suitable for the moving speed of the ultrasound probe and
perform the operation sequence.

Second Embodiment

[0088] In the first embodiment, when the moving speed of
the ultrasound probe is greater than a predetermined thresh-
old value, the operation sequence selection unit selects the
second operation sequence in which the number of sub-
sequences required to generate one elastic image is small to
improve the frame rate of the elastic image.

[0089] In contrast, in this embodiment, a case in which the
frame rate of the elastic image is improved by other methods
will be described.

[0090] <Operation>

[0091] The operation of an ultrasound diagnostic appara-
tus according to the second embodiment will be described.
FIG. 10 is a flowchart illustrating the overall operation of the
ultrasound diagnostic apparatus. The same operations as
those in FIG. 2 are denoted by the same step numbers and
the description thereof will not be repeated.

[0092] Inthe second embodiment, when the moving speed
of the ultrasound probe is equal to or less than a predeter-
mined threshold value (No in S30), the exact same operation
as that when the moving speed of the ultrasound probe is
equal to or less than the predetermined threshold value in the
first embodiment is performed. When the moving speed of
the ultrasound probe is greater than the predetermined
threshold value (Yes in S30), a third operation sequence in
which resolution is less than that in the first operation
sequence is selected (step S40). Here, the resolution is
related to the transmission and reception of detection waves
after a push pulse is transmitted, the detection of displace-
ment, and propagation analysis and will be described in
detail below.

[0093] FIG. 11 is a flowchart illustrating in detail the
execution (step S90) of the third operation sequence. The
same operations as those in FIG. 3 are denoted by the same
step numbers and the description thereof will not be
repeated. The third operation sequence differs from the first
operation sequence only in an operation in steps S492 to
S494 related to a sub-sequence, a propagation analysis result
integration operation in step S510, and an elastic image
generation operation in step S520. Hereinafter, the operation
of the third operation sequence will be described. The
description of the same operation as that in the first operation
sequence will not be repeated and only the difference will be
described.

[0094] In the sub-sequence of the third operation
sequence, the transmission of a push pulse (S441) is the
same as that in the first operation sequence and the second
operation sequence according to the first embodiment. In
contrast, in the transmission and reception of detection
waves, the detection of displacement, and shear wave propa-
gation analysis, a process is performed with reduced reso-
Iution. Hereinafter, this embodiment will be described in
detail below. In this embodiment, a case in which resolution
is “spatially” low will be described.

[0095] First, ultrasonic waves of which the spatial reso-
lution has been reduced are transmitted to and received from
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a region of interest a plurality of times and a plurality of
acquired ultrasound signals are stored (step S492). Specifi-
cally, immediately after the transmission of a push pulse
ends, an operation of transmitting and receiving detection
waves of which the spatial resolution has been reduced is
repeated 10000 times per second. In this way, the tomo-
graphic image of a subject is repeatedly acquired until
propagation ends immediately after shear waves are gener-
ated. An operation related to each transmission event will be
described in detail with reference to FIGS. 12A-1 to 12C-2.
FIGS. 12A-1 and 12A-2 are schematic diagrams when the
transmitted detection waves are plane waves. When the
transmitted detection waves are plane waves, in a transmis-
sion event related to the first operation sequence, for
example, as illustrated in a schematic diagram 510, trans-
mitted detection waves 512 are transmitted by all of the
transducer rows of the ultrasound probe or some successive
transducers so as to pass through a region of interest 511. In
contrast, in a transmission event related to step S492, for
example, as illustrated in a schematic diagram 520, every
other transducer is selected from all of the transducer rows
of the ultrasound probe or some successive transducers and
transmitted detection waves 522 are transmitted by only the
selected transducers so as to pass through a region of interest
521. In the reception of the reflected detection waves,
similarly, in the transmission event related to step S492,
every other transducer 1s selected from all of the transducer
rows of the ultrasound probe and an element reception signal
is generated by only the selected transducers. An acoustic
line signal is generated by reducing resolution in the x
direction by half. FIGS. 12B-1 and 12B-2 are schematic
diagrams illustrating a case in which the transmitted detec-
tion waves are focus waves. When the transmitted detection
waves are focus waves, in the transmission event related to
the first operation sequence, for example, as illustrated in a
schematic diagram 530, a series of focus waves 532 is
transmitted so as to scan a region of interest 531. In contrast,
in the transmission event related to step S492, for example,
as illustrated in a schematic diagram 540, the moving pitch
of the focus waves is doubled such that the number of focus
waves 532 used for scanning is reduced by half and a region
of interest 541 is scanned with the focus waves. In this case,
phasing addition is performed whenever a reflected detec-
tion wave with respect to one focus wave is received.
Therefore, the number of focus waves is reduced by half and
the resolution of the acoustic line signal in the x direction is
inevitably reduced by half. In this example, every other
transducer is selected as the elements for transmitting and
receiving plane waves. However, the invention is not limited
thereto. For example, every third transducer or every fourth
transducer may be selected. In addition, in this embodiment,
the moving pitch of the focus waves is doubled. However,
the moving pitch may be tripled or quadrupled. In this case,
the spatial resolution of the acoustic line signal in the x
direction is reduced to Y2 to %4 of the original value. In this
way, the amount of calculation required for phasing addition
for generating an acoustic line signal is reduced to 14 to V4
of the original value.

[0096] The description will be continued returning to FIG.
11. Then, displacement is detected for each received signal
(step S493). A detailed operation is the same as that in step
S443. Since the resolution of a tomographic image signal in
the x direction 1s low, the amount of calculation is reduced.
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As a result, the resolution of an output displacement image
in the x direction is also reduced.

[0097] Then, shear wave propagation analysis is per-
formed (step S494). A detailed operation is the same as that
in step S444. Since the resolution of a displacement image
in the x direction is low, the amount of calculation is
reduced. As a result, the spatial resolution of the speed of the
obtained shear waves is reduced in the x direction.

[0098] After all of the sub-sequences end (No in step
S445), the propagation analysis unit 15 integrates the analy-
sis results of propagation (step S510). A detailed process is
the same as that in step S450. Since the spatial resolution of
the speed of the shear waves obtained in each sub-sequence
is reduced in the x direction, the amount of calculation is
reduced. As a result, the spatial resolution of the speed of the
obtained shear waves is also reduced in the x direction.
[0099] Finally, the propagation analysis unit generates an
elastic image (step S520). A detailed process is the same as
that in step S460. Since the spatial resolution of the speed of
the shear waves is reduced in the x direction, the amount of
calculation is reduced. As a result, the spatial resolution of
the obtained elastic image is also reduced in the x direction.
[0100] As described above, in the third operation
sequence, the amount of calculation required for the sub-
sequence is less than that in the first operation sequence and
an operation time is reduced. Specifically, the amount of
calculation for phasing addition in step S492 and the amount
of calculation related to all of steps S493 and S494 and steps
510 to S520 is reduced to %2 to Y4 of the original value.
Therefore, it is possible to reduce the time required to
generate one elastic image.

Modification Example

[0101] In the second embodiment, in the sub-sequence of
the third operation sequence, the “spatial” resolution is
reduced in the transmission and reception of detection
waves, the detection of displacement, and shear wave propa-
gation analysis. In contrast, in this modification example, in
the sub-sequence of the third operation sequence, a case in
which “temporal” resolution is reduced in the transmission
and reception of detection waves, the detection of displace-
ment, and shear wave propagation analysis will be
described.

[0102] FIG. 13 is a flowchart illustrating in detail the
execution of a third operation sequence according to this
modification example. The same operations as those in
FIGS. 3 and 11 are denoted by the same step numbers and
the description thereof will not be repeated. The third
operation sequence according to this modification example
differs from the third operation sequence according to the
second embodiment in that an elastic image is generated in
step S460 similarly to the first operation sequence and in an
operation in steps S495 to S497 related to a sub-sequence
and the integration of the analysis results of propagation in
step S530. Since the generation of the elastic image in step
S460 has been described in the first embodiment, only the
difference between this modification example and the sec-
ond embodiment will be described below.

[0103] First, ultrasonic waves are transmitted to and
received from a region of interest a plurality of times at a
large time interval and a plurality of acquired ultrasound
signals are stored (step S495). Specifically, immediately
after the transmission of a push pulse ends, the transmission
and reception of detection waves of which the temporal
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resolution has been reduced are repeated. The temporal
resolution (frame rate) of the detection waves is lower than
that in step S442 related to the first operation sequence in
order to increase the transmission and reception time intet-
val. This will be described in detail with reference to FIGS.
12C-1 and 12C-2. FIG. 12C-1 is a schematic diagram
illustrating step S442 related to the first operation sequence
and p ultrasound signals, that is, ultrasound signals 550-1 to
550-p are acquired. An ultrasound signal acquisition time
interval Ata is, for example, 100 microseconds (10000 times
per second). In contrast, FIG. 12C-2 is a schematic diagram
illustrating step S492 related to this modification example
and q ultrasound signals, that is, ultrasound signals 560-1 to
560-¢ are acquired. An ultrasound signal acquisition time
interval Atb is p/q times longer than Ata and is, for example,
200 microseconds (5000 times per second). That is, the time
when the acquisition of an ultrasound signal starts and the
time when the acquisition of an ultrasound signal ends are
constant in step S495 related to this modification example
and step S442 related in the first operation sequence and
only the time interval at which ultrasound signals are
successively acquired, that is, the temporal resolution (frame
rate) of the ultrasound signals is different in step S495 and
step S442. According to this structure, the number of ultra-
sound signals to be acquired can be reduced to g/p.

[0104] The description will be continued using FIG. 13
again. Then, displacement is detected for each received
signal (step S496). A detailed operation is the same as that
in step S443. Since the number of received signals is
reduced to g/p, the amount of calculation is reduced to g/p
and the number of displacement images to be obtained is
also reduced to g/p.

[0105] Then, shear wave propagation analysis is per-
formed (step S497). A detailed operation is the same as that
in step S444. Since the number of displacement images is
reduced to q/p, the amount of calculation is reduced to g/p.
[0106] As described above, in the operation sequence
according to this modification example, the amount of
calculation in the sub-sequence is less than that in the first
operation sequence and a calculation time is reduced. Spe-
cifically, the amount of calculation for phasing addition in
step 3495 and the amount of calculation related to all of
steps S496 and S497 are reduced to g/p. Therefore, it is
possible to reduce the time required to generate one elastic
image.

[0107] <Summary>

[0108] According to the above-mentioned structure, when
the moving speed of the ultrasound probe is greater than a
predetermined threshold value, the operation sequence
selection unit selects the third operation sequence in which
the (spatial and/or temporal) resolution related to the trans-
mission and reception of detection waves after a push pulse
is transmitted, the detection of displacement, and propaga-
tion analysis is lower than that in the first operation
sequence. Therefore, when the moving speed of the ultra-
sound probe is high, it is possible to improve the frame rate
of an elastic image, similarly to the first embodiment.

Third Embodiment

[0109] In the first embodiment and the second embodi-
ment, when the moving speed of the ultrasound probe is
greater than a predetermined threshold value, an operation
sequence for improving the frame rate of an elastic image is
selected.
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[0110] In contrast, in this embodiment, a case in which,
when the moving speed of the ultrasound probe is greater
than a predetermined threshold value, operation sequences
using different displacement detection methods are selected
will be described.

[0111] <Operation>

[0112] The operation of an ultrasound diagnostic appara-
tus according to the third embodiment will be described.
FIG. 14 is a flowchart illustrating the overall operation of the
ultrasound diagnostic apparatus. The same operations as
those in FIGS. 2 and 10 are denoted by the same step
numbers and the description thereof will not be repeated.
[0113] Inthe third embodiment, when the moving speed of
the ultrasound probe is equal to or less than a predetermined
threshold value, (No in S30), the exact same operation as
that when the moving speed of the ultrasound probe is equal
to or less than the predetermined threshold value in the first
embodiment is performed. On the other hand, when the
moving speed of the ultrasound probe is greater than the
predetermined threshold value (Yes in S30), a fourth opera-
tion sequence in which displacement is detected on the basis
of the difference between the received signals is selected
(step S43).

[0114] FIG. 15 is a flowchart illustrating in detail the
execution (step S110) of the fourth operation sequence. The
same operations as those in FIG. 3 are denoted by the same
step numbers and the description thereof will not be
repeated. The fourth operation sequence differs from the first
operation sequence in only an operation in step S543 related
to the detection of displacement. Therefore, hereinafter, the
difference will be described.

[0115] First, before the operation is described, the influ-
ence of the moving speed of the ultrasound probe on the
detection of displacement will be described. FIGS. 16A and
16B are schematic diagrams when displacement is detected
using two ultrasound signals in which the regions of interest
are not matched with each other. As described above,
displacement is detected by searching for corresponding
points between a tomographic image signal, which is a
displacement detection target, and a reference tomographic
image signal and detecting the difference between the coor-
dinates of the corresponding points. In this case, for
example, as illustrated in FIG. 16A, when a region of
interest 602 in a tomographic image signal which is a
displacement detection target includes a region 603 and a
region 605 and a region of interest 601 in a reference
tomographic image signal includes the region 603 and a
region 604, displacement is detected in the overlap region
603. However, displacement is not capable of being detected
in the region 605 since there is no corresponding point in the
reference ultrasound signal. As illustrated in FIG. 16B, when
aregion of interest 607 in a tomographic image signal which
is a displacement detection target includes a region 608 and
a region 610 and a region of interest 606 in a reference
tomographic image signal includes the region 608 and a
region 609, the overlap region 608 is narrower than the
region 603 and the region 609 in which displacement is not
capable of being detected is wider than the region 605.
Although not illustrated here, when the region of interest in
the tomographic image signal which is a displacement
detection target and the region of interest in the reference
tomographic image signal does not completely overlap, it is
difficult to detect the corresponding points. Therefore, dis-
placement is not detected at all.
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[0116] Here, the tomographic image signal and the refer-
ence tomographic image signal used in the displacement
detection method in step S443 related to the first operation
sequence are reconfirmed. FIG. 16C is a diagram schemati-
cally illustrating a tomographic image signal and a displace-
ment image. As described above, in step S443, the reference
tomographic image signal which has been acquired in step
S420 performed before the transmission of the push pulse is
used. That is, displacement images 631, 632, and 633 are
generated, using a reference tomographic image signal 620
acquired in step S420 for tomographic image signals 621,
622, and 623 acquired in step S442, respectively. Therefore,
when the ultrasound probe is moved, the overlap area
between the regions of interest decreases as the difference
between the time when the tomographic image signal is
acquired and the time when the reference tomographic
image signal is acquired increases. Therefore, the proportion
of a region in which displacement is not capable of being
detected to the displacement image increases. As a result, it
is difficult to perform propagation analysis for a portion
through which shear waves pass late, that is, a portion which
is far away from the focal position of the push pulse. When
the moving speed of the ultrasound probe is high, the
reliability of the measurement result of elasticity in a portion
that is far away from the focal position of the push pulse is
reduced or it is difficult to measure elasticity.

[0117] In contrast, a displacement detection method in
step S543 related to the fourth operation sequence will be
described below. FIG. 16D is a diagram schematically
illustrating a tomographic image signal and a displacement
image. In step S523, similarly to step S443, the reference
tomographic image signal which has been acquired in step
S420 performed before the transmission of the push pulse is
used as a tomographic image signal which is acquired first.
However, for the subsequent tomographic image signal, a
tomographic image signal that is one frame before the
tomographic image signal is used as the reference tomo-
graphic image signal to generate a difference displacement
image indicating a relative displacement corresponding to
one frame and the difference displacement image is com-
bined with a displacement image corresponding to the
tomographic image signal before one frame to generate a
displacement image corresponding to the tomographic
image signal. Hereinafter, this will be described in detail.
First, similarly to step S443, displacement is detected from
a tomographic image signal 621 that is acquired first, on the
basis of a tomographic image signal 620, and a displacement
image 631 is generated. In contrast, displacement is detected
from a tomographic image signal 622, on the basis of the
tomographic image signal 621 before one frame, and a
difference displacement image 642 is generated. Here, dis-
placement indicated by the difference displacement image
642 is the displacement between the tomographic image
signal 622 and the tomographic image signal 621. In other
words, the displacement is the difference between a dis-
placement image corresponding to the tomographic image
signal 622 and a displacement image 631 corresponding to
the tomographic image signal 621. Therefore, a composition
process which adds the amounts of displacement corre-
sponding to the same pixels in the displacement image 631
and the difference displacement image 642 is performed to
acquire a displacement image 652 corresponding to the
tomographic image signal 622. Similarly, displacement is
detected from a tomographic image signal 623, on the basis
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of the tomographic image signal 622 before one frame, and
a difference displacement image 643 is generated. The
displacement image 652 is combined with the difference
displacement image 643 to obtain a displacement image 653
corresponding to the tomographic image signal 623. Accord-
ing to this structure, the difference between the times when
the reference image signal and the reference tomographic
image signal for obtaining a difference displacement image
are acquired is always small (the difference is one frame in
the above-mentioned example). Therefore, it is possible to
maintain the proportion of the overlap area to the region of
interest at a high value and to avoid the region in which
displacement is not capable of being detected from being
extended even if the moving speed of the ultrasound probe
is high. When the moving speed of the ultrasound probe is
low, this method ideally has the same displacement detection
accuracy as the method in step S443. However, in practice,
the displacement detection accuracy of this method is gen-
erally lower than that in step S443. The reason is as follows.
As the difference between the time when the tomographic
image signal is acquired and the time when the push pulse
is transmitted increases, a larger number of difference dis-
placement images need to be combined. As a result, errors
included in the amount of displacement of each difference
displacement image are accumulated by addition. Therefore,
when the moving speed of the ultrasound probe is low, it is
preferable to select the first operation sequence.

<Summary>

[0118] According to the above-mentioned structure, when
the moving speed of the ultrasound probe is greater than a
predetermined threshold value, the operation sequence
selection unit selects the fourth operation sequence in which
displacement is detected on the basis of the difference
between the received signals. Therefore, when the moving
speed of the ultrasound probe is high, it is possible to prevent
the generation of a region in which it is difficult to detect
displacement.

Fourth Embodiment

[0119] In the first to third embodiments, when the moving
speed of the ultrasound probe is greater than a predeter-
mined threshold value, in the operation sequence in which a
displacement detection method for improving the frame rate
of an elastic image to reduce the influence of the moving
speed of the ultrasound probe is selected.

[0120] In contrast, in this embodiment, when the moving
speed of the ultrasound probe is greater than a predeter-
mined threshold value, an operation sequence which waits
for a reduction in the moving speed of the ultrasound probe
and then starts to measure elasticity is selected.

[0121] <Operation>

[0122] The operation of an ultrasound diagnostic appara-
tus according to the fourth embodiment will be described.
FIG. 17 is a flowchart illustrating the overall operation of the
ultrasound diagnostic apparatus. The same operations as
those in FIG. 2 are denoted by the same step numbers and
the description thereof will not be repeated.

[0123] In the fourth embodiment, when the moving speed
of the ultrasound probe is equal to or less than a predeter-
mined threshold value, (No in S30), the exact same opera-
tion as that when the moving speed of the ultrasound probe
is equal to or less than the predetermined threshold value in
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the first embodiment is performed. On the other hand, when
the moving speed of the ultrasound probe is greater than the
predetermined threshold value (Yes in S30), a fifth operation
sequence which waits until the moving speed of the ultra-
sound probe is reduced is selected (step S44).

[0124] FIG. 18 is a flowchart illustrating in detail the
execution (step S120) of the fifth operation sequence. The
same operations as those in FIG. 3 are denoted by the same
step numbers and the description thereof will not be
repeated. The fifth operation sequence differs from the first
operation sequence in that steps S550 to S580 are added
before a region of interest is set (step S410). Hereinafter,
only the difference between the fifth operation sequence and
the first operation sequence will be described.

[0125] First, ultrasonic waves are transmitted to and
received from a subject and an acquired received signal is
stored (step S550). Then, the moving speed of the ultrasound
probe is detected (step S560). The detailed operations in step
S550 and step S560 are the same as those in step S10 and
step S20, respectively. Therefore, it is possible to calculate
the moving speed of the ultrasound probe.

[0126] Then, it is determined whether the moving speed of
the ultrasound probe is less than a second threshold value
(step S570). The second threshold value is equal to or less
than the predetermined threshold value related to step S30.
For example, both the predetermined threshold value and the
second threshold value are 30 mm/s. Alternatively, for
example, the predetermined threshold value may be 30
mm/s and the second threshold value may be 10 mm/s.
[0127] When the moving speed of the ultrasound probe is
equal to or greater than the second threshold value (No in
step S570), only a B-mode image acquired in step S550 is
displayed (step S580). The process returns to step S550 and
the moving speed of the ultrasound probe is measured again.
On the other hand, when the moving speed of the ultrasound
probe is less than the second threshold value (Yes in step
S570), the process proceeds to step S410 in which the region
of interest is set. Therefore, after the moving speed of the
ultrasound probe is less than the second threshold value, it
is possible to evaluate the hardness of a subject and to
prevent propagation analysis for shear waves in a state in
which the moving speed of the ultrasound probe is high.

<Summary>

[0128] According to the above-mentioned structure, when
the moving speed of the ultrasound probe is greater than a
predetermined threshold value, the operation sequence
selection unit selects the fifth operation sequence which
waits until the moving speed of the ultrasound probe is less
than the second threshold value, without starting a sub-
sequence. Therefore, when the moving speed of the ultra-
sound probe is high, only the B-mode image is displayed and
a sub-sequence does not start until the moving speed of the
ultrasound probe is reduced. As a result, it is possible to
prevent propagation analysis for shear waves in a state in
which the moving speed of the ultrasound probe is high.

Other Modification Examples of Embodiments

[0129] (1) In the first to fourth embodiments and the
modification example, when the moving speed of the ultra-
sound probe is greater than a predetermined threshold value,
anyone of the second to fifth operation sequences is selected.
However, combinations of the second to fifth operation
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sequences may be used. For example, when the moving
speed of the ultrasound probe is greater than a predeter-
mined threshold value, an operation sequence in which the
number of sub-sequences is small and the spatial resolution
of detection waves is low may be used. In this case, when the
moving speed of the ultrasound probe is greater than a
predetermined threshold value, it is possible to further
improve the frame rate of an elastic image. Alternatively, for
example, when the moving speed of the ultrasound probe is
greater than a predetermined threshold value, an operation
sequence in which the temporal resolution of detection
waves 1s low and displacement is detected on the basis of the
difference between the received signals may be used. In this
case, when the moving speed of the ultrasound probe is
greater than a predetermined threshold value, it is possible
to compensate the problem that the region in which dis-
placement is not capable of being detected is extended due
to a reduction in the temporal resolution of detection waves
with a displacement detection method. Alternatively, for
example, when the moving speed of the ultrasound probe is
greater than a predetermined threshold value (30 mmy/s), an
operation sequence which waits until the moving speed of
the ultrasound probe is less than the second threshold value
(10 mm/s), without starting a sub-sequence, and the number
of sub-sequences including operations after waiting is small
may be used. In this case, when the moving speed of the
ultrasound probe is slightly less than the second threshold
value, it is possible to control the ultrasound diagnostic
apparatus according to the moving speed of the ultrasound
probe. Combinations of each embodiment and the modifi-
cation example are not limited to the above-mentioned
examples and any combination of the embodiments and the
modification example may be used as long as the obtained
effects are not damaged.

[0130] The second and third operation sequences accord-
ing to the first and second embodiments and the modification
example each improve the frame rate of the elastic image.
However, when only one of the second and third operation
sequences is applied or when a combination of two or more
of them is applied, among a) a reduction in the number of
sub-sequences, b) a reduction in the spatial resolution of the
detection waves, ¢) a reduction in the temporal resolution of
the detection waves, b) is more preferable than c) and a) is
more preferable than b). For example, when any one of the
number of sub-sequences, the spatial resolution of the detec-
tion waves, and the temporal resolution of the detection
waves is reduced to ¥4 of the original value or two or more
of them are added and reduced to ¥4 of the original value,
reducing both the spatial resolution of the detection waves
and the temporal resolution of the detection waves to 2 of
the original value is preferable to reducing the temporal
resolution of the detection waves and it is more preferable to
reduce the spatial resolution of the detection waves to % of
the original value. In addition, reducing both the spatial
resolution of the detection waves and the number of sub-
sequences to Y4 of the original value is preferable to reduc-
ing the spatial resolution of the detection waves to Y4 of the
original value and it is more preferable to reduce the number
of sub-sequences to /4 of the original value. The reason is as
follows. When the spatial resolution of the detection waves
is reduced, the spatial resolution is reduced and the amount
of error in the speed of the shear waves increases, which
results in a reduction in the accuracy of a hardness evalu-
ation value. In contrast, when the temporal resolution of the
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detection waves is reduced, the speed of the shear waves is
temporally and spatially averaged, which makes it difficult
to see hard tissues or the interface with peripheral tissues.
Therefore, for the resolution of the detection waves, the
deterioration of the quality of an elastic image is more
affected by the temporal resolution than the spatial resolu-
tion. In addition, even if the number of sub-sequences is
reduced, the quality of an elastic image does not detetiorate
in a region in which the amplitude of shear waves is
sufficiently large. Therefore, unlike a case in which the
resolution of the detection waves is reduced, even if the
number of sub-sequences is reduced, the quality of an elastic
image does not necessarily deteriorate. In addition, even if
the resolution of the detection waves is reduced to V4 of the
original value, it is difficult to reduce the number of sub-
sequences to Y4 of the original value since only the calcu-
lation time is reduced among the times related to one
operation sequence. In contrast, when the number of sub-
sequences is reduced to % of the original value, the time
required for a sub-sequence that makes up most of the time
related to one operation sequence is reduced to % of the
original value. Therefore, the frame rate can be substantially
quadrupled.

[0131] (2) In the first to fourth embodiments and the
modification example, only one of two types of operation
sequences is selected using only one predetermined thresh-
old value. However, an operation sequence that is most
suitable for the moving speed of the ultrasound probe may
be selected using a plurality of threshold values. For
example, as illustrated in FIG. 19, a threshold value A and
a threshold value B that is greater than the threshold value
A may be used. In this case, when the moving speed of the
ultrasound probe is less than the threshold value A in step
S31, the first operation sequence is selected. When the
moving speed of the ultrasound probe is equal to or greater
than the threshold value A and is less than the threshold
value B, the second operation sequence is selected. When
the moving speed of the ultrasound probe is equal to or
greater than the threshold value B, the sixth operation
sequence is selected. In this case, the threshold value A and
the threshold value B are, for example, 10 mm/s and 20
mny/s, respectively. The sixth operation sequence is a com-
bination of the second operation sequence and the third
operation sequence, that is, an operation sequence in which
both the number of sub-sequences and the spatial resolution
of detection waves are reduced. In this way, it is possible to
select an operation sequence that is most suitable for the
moving speed of the ultrasound probe.

[0132] In the fifth operation sequence, similarly, a plural-
ity of second threshold values may be used. For example,
when a predetermined threshold value for selecting the fifth
operation sequence is 30 mm/s, two second threshold values
of 20 mm/s and 10 mm/s are used. When the moving speed
of the ultrasound probe is equal to or less than 10 mm/s, the
same process as that in the first operation sequence is
continued. When the moving speed of the ultrasound probe
is greater than 10 mm/s and is equal to or less than 20 mm/s,
the same process as that in the second operation sequence is
continued. In this way, it is possible to select an operation
sequence that is most suitable for the moving speed of the
ultrasound probe.

[0133] (3) In each embodiment and the modification
example, shear wave propagation analysis is performed in
the order of the displacement region extraction process, the
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thinning process, the spatial filtering process, and the tem-
poral filtering process. However, the shear wave propagation
analysis may be performed in the order of a process of
detecting the peak time of the displacement of each portion,
the temporal filtering process, and the spatial filtering pro-
cess.

[0134] (4) In each embodiment and the modification
example, when the moving speed of the ultrasound probe is
equal to or less than a predetermined threshold value, the
first operation sequence is used. However, for example, an
operation sequence in which the moving speed of the
ultrasound probe is low and the accuracy of measurement is
improved may be used. As an operation sequence for
improving the accuracy of measurement, for example, a
synthetic aperture method can be used in the transmission
and reception of detection waves. In this way, when the
moving speed of the ultrasound probe is low, it is possible
to improve the accuracy of evaluating the hardness of
tissues.

[0135] (5) In each embodiment and the modification
example, the displacement image or the difference displace-
ment image is generated on the basis of the difference
between the tomographic image signal and the reference
tomographic image signal. However, the invention is limited
to this case. When the displacement image or the difference
displacement image is generated, a correction process that
excludes the moving speed of the ultrasound probe 2 from
displacement may be performed. This correction process
may be based on displacement at a position that is deeper or
shallower than the focal position of a push pulse as disclosed
in, for example, JP 2013-544615 A, or may be the same as
the process of detecting the moving speed of the ultrasound
probe 2 in step S20. For example, when the moving speed
of the ultrasound probe 2 is detected on the basis of the
measured value of a sensor provided in the ultrasound probe
2, displacement may be corrected on the basis of the
measured value of the sensor.

[0136] (6) In each embodiment and the modification
example, when the moving speed of the ultrasound probe 2
is detected on the basis of the tomographic image signal, the
probe movement detection unit 16 detects the moving speed
of the ultrasound probe 2 from the difference between the
latest tomographic image signal and the previous tomo-
graphic image signal. However, the invention is not limited
to this case. For example, the probe movement detection unit
16 may detect the moving speed of the ultrasound probe 2
from the difference between the latest tomographic image
signal and a tomographic image signal that is two or more
frames before the latest tomographic image signal. Alterna-
tively, for example, the probe movement detection unit 16
may direct the displacement detection unit 14 to detect the
displacement of the latest tomographic image signal, using
a tomographic image signal that is one frame (or two or
more frames) before the latest tomographic image signal as
the reference tomographic image signal and may detect the
moving speed of the ultrasound probe 2 on the basis of a
displacement image.

[0137] (7) In the first embodiment, the number of sub-
sequences is 4 in the first operation sequence and is 2 in the
second operation sequence. However, the invention is not
limited to this case. The first operation sequence and the
second operation sequence may have any number of sub-
sequences as long as the number of sub-sequences in the
second operation sequence is less than that in the first
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operation sequence. For example, the number of sub-se-
quences is 5 in the first operation sequence and is 3 in the
second operation sequence. The number of sub-sequences in
the second operation sequence may be 1. In this case, in the
second operation sequence, steps S430, S445, and S446
related to a loop process are not necessary. In addition, since
it is not necessary to integrate the analysis results of propa-
gation, the second operation sequence may not include step
S450.

[0138] (8) In the first embodiment, the focal positions of
the push pulses are set in different portions in the first
operation sequence and the second operation sequence.
However, the invention is not limited to this case. For
example, in the second operation sequence, a necessary
number of positions may be selected from the focal positions
of the push pulses in the first operation sequence and the
selected positions may be used as the focal positions of the
push pulses.

[0139] Inall of the operation sequences, the focal position
of the push pulse is not limited to the center of the small
region. For example, any position of the small region may be
used as the focal position of the push pulse. Alternatively, for
example, the small regions may be set such that an overlap
area is generated and any position of the small region may
be used as the focal position of the push pulse.

[0140] (9) In the second embodiment, when the detection
waves of which the spatial resolution has been reduced are
transmitted and received to generate a received signal, the
transducers of the ultrasound probe 2 used to transmit and
receive the detection waves are thinned out. However, other
methods may be used to thin out the transducers. For
example, the same process as that in step S442 related to the
first operation sequence may be performed to transmit the
detection waves and the transducers may be thinned out for
only the reception of the reflected detection waves. Alter-
natively, for example, when the transducers of the ultra-
sound probe 2 used to transmit and receive the detection
waves are not thinned out and phasing addition is performed
to generate an acoustic line signal, every second to fourth
acoustic line signal may be generated in the direction (x
direction) of the transducer column in step S442 related to
the first operation sequence to thin out the acoustic line
signals per tomographic image signal to %2 to Y of the
original value.

[0141] Alternatively, when phasing addition is performed
to generate an acoustic line signal, the transducers may be
thinned out in the depth direction (y direction). In this case,
it is possible to further reduce the amount of calculation.
[0142] (10) In the fourth operation sequence according to
the third embodiment, a difference displacement image
corresponding to a tomographic image signal is generated on
the basis of the previous tomographic image signal. How-
ever, the invention is not limited to this case. For example,
the difference displacement image may be generated on the
basis of any tomographic image signal acquired in step
S442. In this case, it is possible to reduce the number of
times the difference displacement image is combined and to
reduce a displacement error. Specifically, for example, for a
tomographic image signal in a twenty-second frame
acquired in step S442, three difference displacement images,
that is, a difference displacement image corresponding to a
tomographic image signal in a first frame and a tomographic
image signal in an eleventh frame, a difference displacement
image corresponding to the tomographic image signal in the
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eleventh frame and a tomographic image signal in a twenty-
first frame, and a difference displacement image correspond-
ing to the tomographic image signal in the twenty-first frame
and the tomographic image signal in the twenty-second
frame are combined with a displacement image correspond-
ing to the tomographic image signal in the first frame. In this
way, the number of times the difference displacement image
is combined can be reduced to 3.

[0143] (11) In each embodiment and the modification
example, an operation sequence is selected on the basis of
whether the moving speed of the ultrasound probe is greater
than a predetermined threshold value. However, the inven-
tion is not limited to this case. For example, an operation
sequence may be selected on the basis of whether the
moving speed of the ultrasound probe is greater than a
predetermined threshold value for a predetermined period of
time or more. Here, the predetermined period of time is, for
example, 3 seconds. Alternatively, for example, for the
moving speed of the ultrasound probe, an operation
sequence may be selected on the basis of whether both the
latest instantaneous speed and an average speed for the late
3 seconds are greater than a predetermined threshold value.

[0144] Similarly, in the fifth operation sequence according
to the fourth embodiment, for example, when the moving
speed of the ultrasound probe is less than the second
threshold value for a predetermined period of time or more,
the sub-sequence may start. Alternatively, for example, for
the moving speed of the ultrasound probe, when both the
latest instantaneous speed and the average speed for the late
3 seconds are less than the second threshold value, the
sub-sequence may start.

[0145] In this case, it is possible to avoid a situation in
which, when the moving speed of the ultrasound probe is
temporarily reduced while the operator is moving the ultra-
sound probe, the ultrasound diagnostic apparatus errone-
ously detects that the moving speed of the ultrasound probe
is low and selects an operation sequence that is not suitable
for the moving speed of the ultrasound probe or starts a
sub-sequence.

[0146] (12) In each embodiment and each modification
example, the ultrasound diagnostic apparatus generates an
elastic image for each operation sequence and displays the
elastic image. However, the invention is not necessarily
limited to this case. For example, the ultrasound diagnostic
apparatus may perform the process of creating the elastic
and the process of storing the elastic image in the elastic
image storage unit and may not perform the process of
displaying the elastic image. In addition, the ultrasound
diagnostic apparatus may output the elastic image to, for
example, an external display device or an external image
processing device. Alternatively, for example, the ultrasound
diagnostic apparatus may perform only the process of ana-
lyzing the propagation state of the shear waves for each
operation sequence and may store the analysis result of the
propagation state of the shear waves, such as a speed
distribution chart indicating the speed of the shear waves, in
the elastic image storage unit. In this case, the ultrasound
diagnostic apparatus may generate an elastic image from the
analysis result of the propagation state of the shear waves,
if necessary. Alternatively, the ultrasound diagnostic appa-
ratus may output the analysis result of the propagation state
of the shear waves to another apparatus and the apparatus
may generate or display an elastic image.
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[0147] In each embodiment and each modification
example, after one operation sequence ends, the ultrasound
diagnostic apparatus performs the next operation sequence.
However, the invention is not necessarily limited to this
case. For example, the ultrasound diagnostic apparatus may
perform the operation sequence a predetermined number of
times or the number of times designated by the user.

[0148] (13) In each embodiment and each modification
example, the ultrasound diagnostic apparatus is connected to
the display unit 3. However, the invention is not necessarily
limited to this case. For example, the ultrasound diagnostic
apparatus 1 may include the display unit 3. Alternatively, the
ultrasound diagnostic apparatus 1 may not be connected to
the display unit 3 and may store the elastic image, which has
been generated by the propagation analysis unit 15 and then
stored in the elastic image storage unit 21, in another storage
medium or output the elastic image to another apparatus
through a network.

[0149] Similarly, the ultrasound diagnostic apparatus may
include the ultrasound probe 2. Alternatively, the ultrasound
probe 2 may include the ultrasound signal acquisition unit
13 and an ultrasound diagnostic apparatus without the
ultrasound signal acquisition unit 13 may acquire an acous-
tic line signal from the ultrasound probe 2.

[0150] (14) In the ultrasound diagnostic apparatuses
according to each embodiment and each modification
example, all or some of the components may be imple-
mented by an integrated circuit including one chip or a
plurality of chips, a computer program, or other structures.
For example, the propagation analysis unit and an evaluation
unit may be implemented by one chip. In addition, only the
ultrasound signal acquisition unit may be implemented by
one chip and the displacement detection unit may be imple-
mented by another chip.

[0151] When the components are implemented by an
integrated circuit, typically, a large scale integration (LSI)
circuit is used as the integrated circuit. Here, the LSI circuit
is used as the integrated circuit. The LSI circuits are clas-
sified into an IC, a system. LSI circuit, a super LSI circuit,
and an ultra LSI circuit according to the degree of integra-
tion.

[0152] An integration method is not limited to LSI and
may be achieved by a dedicated circuit or a general-purpose
processor. After the LSI circuit is manufactured, a field
programmable gate array (FPGA) that is programmable or a
reconfigurable process in which the connection or setting of
circuit cells in the LSI circuit is reconfigurable may be used.

[0153] When an integration technique that replaces LSI
appears with the progress of a semiconductor technique or
other techniques derived from the semiconductor technique,
the functional blocks may be integrated by the integration
technique.

[0154] In addition, the ultrasound diagnostic apparatuses
according to each embodiment and each modification
example may be implemented by a program that is written
to a storage medium or a computer that reads and executes
the program. The storage medium may be any recording
medium such as a memory card or a CD-ROM. The ultra-
sound diagnostic apparatus according to the embodiment of
the invention may be implemented by a program that is
downloaded through a network and a computer that down-
loads the program from the network and executes the
program.
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[0155] (15) All of the above-described embodiments indi-
cate preferred embodiments of the invention. For example,
the numerical values, the shapes, the materials, the compo-
nents, the arrangement position and connection form of the
components, the processes, and the order of the processes
described in the embodiments are illustrative and do not
limit the scope and spirit of the invention. In addition,
among the components of the embodiments, the processes
which are not described in an independent claim indicating
the most generic concept of the invention described as
arbitrary components forming preferred embodiments.
[0156] In some cases, the scales of the components
described in the drawings in each embodiment are different
from the actual scales for ease of understanding of the
invention. In addition, the invention is not limited by each of
the above-described embodiments and can be appropriately
changed without departing from the scope and spirit of the
invention.

[0157] 1In addition, in the ultrasound diagnostic apparatus,
members, such as circuit parts and lead lines, are present on
a substrate. Electrical wires and electric circuits can be
embodied in various ways on the basis of general knowledge
in this technical field and are not directly connected with the
invention. Therefore, the description thereof will be omitted.
The above-mentioned diagrams are schematic diagrams in
which components are schematically illustrated.

APPENDIX

[0158] (1) According to an embodiment, there is provided
an ultrasound diagnostic apparatus that transmits a push
pulse for focusing ultrasonic waves on a specific part of a
subject to physically press tissues in the specific part using
an ultrasound probe, repeatedly transmits and receives the
ultrasonic waves to and from the subject using the ultra-
sound probe, and detects a propagation state of shear waves
generated from the pressed tissues of the specific part, which
are a vibration source, in a region of interest set in the
subject. The ultrasound diagnostic apparatus includes: a
push pulse transmission unit that transmits the push pulse; a
displacement detection unit that transmits detection waves to
the subject a plurality of times after the push pulse is
transmitted, receives reflected detection waves correspond-
ing to the detection waves from the subject, generates a
plurality of received signals in time series, and detects
displacement of the tissues in the subject due to the shear
waves caused by the push pulse at each time when the
reflected detection waves are received; an elasticity mea-
surement unit that analyzes the propagation state of the shear
waves in the region of interest on the basis of a detection
result of the displacement detection unit and measures
elasticity of each tissue in the subject; a probe movement
detection unit that detects a moving speed of the ultrasound
probe; a sequence holding unit that holds a plurality of
operation sequences defining a series of operations per-
formed by the push pulse transmission unit, the displace-
ment detection unit, and the elasticity measurement unit in
cooperation with each other which enables the elasticity
measurement unit to measure the elasticity; and a sequence
selection unit that selects one operation sequence from the
plurality of operation sequences held by the sequence hold-
ing unit on the basis of a detection result of the probe
movement detection unit.

[0159] According to another embodiment, there is pro-
vided an ultrasound signal processing method that transmits
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a push pulse for focusing ultrasonic waves on a specific part
of a subject to physically press tissues in the specific part
using an ultrasound probe, repeatedly transmits and receives
the ultrasonic waves to and from the subject using the
ultrasound probe, and detects a propagation state of shear
waves generated from the pressed tissues of the specific part,
which are a vibration source, in a region of interest set in the
subject. The ultrasound signal processing method includes:
detecting a moving speed of the ultrasound probe; selecting
an operation sequence defining a series of operations for
measuring elasticity in the region of interest in the subject
from a plurality of operation sequences which are held in
advance, on the basis of the moving speed of the ultrasound
probe; and transmitting the push pulse, transmitting detec-
tion waves to the subject a plurality of times after the push
pulse is transmitted, receiving reflected detection waves
corresponding to the detection waves from the subject,
generating a plurality of received signals in time series,
detecting displacement of the tissues in the subject due to the
shear waves caused by the push pulse at each time when the
reflected detection waves are received, and analyzing the
propagation state of the shear waves in the region of interest
on the basis of the displacement of the tissues in the subject
to measure elasticity of each tissue in the subject, according
to the selected operation sequence.

[0160] According to the present disclosure, the above-
mentioned structure makes it possible to change the opera-
tion sequence for evaluating hardness on the basis of the
moving speed of the ultrasound probe. Therefore, when the
moving speed of the ultrasound probe is high, for example,
it is possible to select an operation sequence that is not
affected by the movement of the ultrasound probe. On the
other hand, when the moving speed of the ultrasound probe
is low, for example, it is possible to select an operation
sequence that is affected by the movement of the ultrasound
probe, but improves the accuracy of measurement. There-
fore, the operator can move the ultrasound probe, without
considering the operation state of the ultrasound diagnostic
apparatus, and convenience is improved.

[0161] (2) In the ultrasound diagnostic apparatus accord-
ing to (1), when the moving speed of the ultrasound probe
is greater than a predetermined speed, the sequence selection
unit may select an operation sequence such that the influence
of the moving speed of the ultrasound probe on the mea-
surement result of the elasticity measurement unit is small.
[0162] According to this structure, when the ultrasound
diagnostic apparatus detects the propagation state of the
shear waves, regardless of the moving speed of the ultra-
sound probe, it is possible to prevent the influence of the
moving speed of the ultrasound probe on the detection of the
propagation state.

[0163] (3) The ultrasound diagnostic apparatus according
to (2) may further include an elastic image generation unit
that generates one elastic image indicating the elasticity of
each tissue in the subject for one operation sequence, on the
basis of the measurement result of the elasticity measure-
ment unit. When the moving speed of the ultrasound probe
is greater than the predetermined speed, the sequence selec-
tion unit may select an operation sequence such that a frame
rate of the elastic image is improved.

[0164] According to this structure, when the moving speed
of the ultrasound probe is greater than the predetermined
speed. it is possible to improve a following performance for
the movement of the ultrasound probe.
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[0165] (4) In the ultrasound diagnostic apparatus accord-
ing to (2) and (3), the operation sequence may include one
push pulse transmission operation, an operation of detecting
displacement corresponding to the push pulse, and an opera-
tion of measuring elasticity based on the detected displace-
ment. When the moving speed of the ultrasound probe is
greater than the predetermined speed, the sequence selection
unit may select an operation sequence such that at least one
of a spatial throughput and a temporal throughput is reduced
in the detection of the displacement by the displacement
detection unit and the time required for one operation
sequence is reduced.

[0166] According to this structure, it is possible to reduce
the calculation time in the detection of displacement and
shear wave propagation analysis. Therefore, it is possible to
improve the frame rate of the elastic image and to prevent
the influence of the moving speed of the ultrasound probe on
the detection of the propagation state of the shear waves.

[0167] (5) In the ultrasound diagnostic apparatus accord-
ing to (2) and (3), the operation sequence may include two
or more sub-sequences. Each sub-sequence may include one
push pulse transmission operation, an operation of detecting
displacement corresponding to the push pulse, and an opera-
tion of measuring elasticity based on the detected displace-
ment. A position on which the push pulse is focused may
vary depending on the sub-sequence. The operation
sequence may further include a process of measuring the
elasticity of each tissue in the subject on the basis of the
elasticity measured for each sub-sequence. The sequence
selection unit may select an operation sequence such that at
least one of (a) when the moving speed of the ultrasound
probe is greater than the predetermined speed, at least one of
a spatial throughput and a temporal throughput is reduced in
the detection of the displacement by the displacement detec-
tion unit and the time required for one sub-sequence is
reduced and (b) the number of sub-sequences included in
one operation sequence is reduced is satisfied.

[0168] According to this structure, the time required for
one operation sequence is shortened by reducing the calcu-
lation time in the detection of displacement and shear wave
propagation analysis and/or by reducing the number of
sub-sequences. Therefore, it is possible to improve the frame
rate of the elastic image and to prevent the influence of the
moving speed of the ultrasound probe on the detection of the
propagation state of the shear waves.

[0169] (6) In the ultrasound diagnostic apparatus accord-
ing to any one of (2) to (5), the operation sequence may be
defined by parameters for designating a temporal resolution
indicating how frequently the displacement detection umt
generates a received signal and detects displacement and a
spatial resolution when the displacement detection unit
detects the displacement. When the moving speed of the
ultrasound probe is greater than the predetermined speed, the
sequence selection unit may select an operation sequence
such that at least one of the temporal resolution and the
spatial resolution is reduced.

[0170] According to this structure, since the detection of
displacement and shear wave propagation analysis are tem-
porally or spatially performed, it is possible to reduce the
amount of calculation. Therefore, the calculation time is
reduced in the detection of displacement and shear wave
propagation analysis and it is possible to improve the frame
rate of the elastic image. It is possible to prevent the
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influence of the moving speed of the ultrasound probe on the
detection of the propagation state of the shear waves.
[0171] (7) In the ultrasound diagnostic apparatus accord-
ing to any one of (2) to (6), when the moving speed of the
ultrasound probe is equal to or less than the predetermined
speed. the sequence selection unit may select an operation
sequence such that a spatial resolution of the received signal
generated by the displacement detection unit is improved.
[0172] According to this structure, when the moving speed
of the ultrasound probe is equal to or less than the prede-
termined speed, it is possible to detect the propagation state
of the shear waves with high accuracy.

[0173] (8) In the ultrasound diagnostic apparatus accord-
ing to any one of (2) to (7), in a case in which the sequence
selection unit is set so as to select a first operation sequence
when the moving speed of the ultrasound probe is greater
than a first speed and to select a second operation sequence
when the moving speed of the ultrasound probe is equal to
or less than the first speed, when the moving speed of the
ultrasound probe is greater than a second speed greater than
the first speed, the sequence selection unit may select a third
operation sequence, instead of the first operation sequence.
[0174] According to this structure, it is possible to select
an operation sequence that is most suitable for the moving
speed of the ultrasound probe.

[0175] (9) In the ultrasound diagnostic apparatus accord-
ing to (1), when the moving speed of the ultrasound probe
is greater than a first speed, the sequence selection unit may
select an operation sequence which does not start until the
moving speed of the ultrasound probe is equal to or less than
a second speed.

[0176] According to this structure, when the moving speed
of the ultrasound probe is high, the ultrasound diagnostic
apparatus waits until the moving speed of the ultrasound
probe is reduced. Therefore, when the ultrasound diagnostic
apparatus detects the propagation state of the shear waves,
it is possible to prevent the influence of the moving speed of
the ultrasound probe on the detection of the propagation
state.

[0177] (10) In the ultrasound diagnostic apparatus accord-
ing to (9), the second speed may be equal to or less than the
first speed.

[0178] According to this structure, ultrasound diagnostic
apparatus can detect the propagation state of the shear waves
after the moving speed of the ultrasound probe is reduced
until the influence of the moving speed of the ultrasound
probe is removed.

[0179] (11) In the ultrasound diagnostic apparatus accord-
ing to (1), the sequence selection unit may select an opera-
tion sequence such that the displacement detection unit
generates a reference signal before the push pulse is trans-
mitted and detects displacement using a difference between
the reference signal and the received signal when the mov-
ing speed of the ultrasound probe is equal to or less than a
predetermined speed; and the displacement detection unit
detects displacement, using a difference between a plurality
of received signals which are arranged in time series as an
amount of change in displacement, when the moving speed
of the ultrasound probe is greater than the predetermined
speed.

[0180] According to this structure, when the moving speed
of the ultrasound probe is high, displacement detection can
be performed such that an area in which displacement can be
detected is not reduced.
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[0181] (12) In the ultrasound diagnostic apparatus accord-
ing to any one of (1) to (11), the probe movement detection
unit may detect the moving speed of the ultrasound probe on
the basis of the received signal acquired by the ultrasound
probe.

[0182] According to this structure, it is possible to detect
the moving speed of the ultrasound probe, without provid-
ing, for example, a sensor in the ultrasound probe.

[0183] (13) In the ultrasound diagnostic apparatus accord-
ing to any one of (1) to (11), the probe movement detection
unit may detect the moving speed of the ultrasound probe on
the basis of a signal acquired from a sensor that is provided
inside or outside the ultrasound probe.

[0184] According to this structure, the ultrasound diag-
nostic apparatus does not need to perform an operation for
calculating the moving speed of the ultrasound probe and
can accurately detect the moving speed of the ultrasound
probe.

[0185] The ultrasound diagnostic apparatus and the ultra-
sound signal processing method according to the embodi-
ments of the present disclosure are useful to measure the
hardness of tissues using ultrasonic waves. Therefore, it is
possible to improve the accuracy of measuring the hardness
of tissues and the ultrasound diagnostic apparatus and the
ultrasound signal processing method can be effectively used
in, for example, medical diagnostic apparatuses.

[0186] Although the present invention has been described
and illustrated in detail, it is clearly understood that the same
is by way of illustrated and example only and is not to be
taken by way of limitation, the scope of the present inven-
tion being interpreted by terms of the appended claims.

What is claimed is:

1. An ultrasound diagnostic apparatus that transmits a
push pulse for focusing ultrasonic waves on a specific part
of a subject to physically press tissues in the specific part
using an ultrasound probe, repeatedly transmits and receives
the ultrasonic waves to and from the subject using the
ultrasound probe, and detects a propagation state of shear
waves generated from the pressed tissues of the specific part,
which are a vibration source, in a region of interest set in the
subject, comprising:

a push pulse transmission unit that transmits the push

pulse;

a displacement detection unit that transmits detection
waves to the subject a plurality of times after the push
pulse is transmitted, receives reflected detection waves
corresponding to the detection waves from the subject,
generates a plurality of received signals in time series,
and detects displacement of the tissues in the subject
due to the shear waves caused by the push pulse at each
time when the reflected detection waves are received;

an elasticity measurement unit that analyzes the propa-
gation state of the shear waves in the region of interest
on the basis of a detection result of the displacement
detection unit and measures elasticity of each tissue in
the subject;

a probe movement detection unit that detects a moving
speed of the ultrasound probe;

a sequence holding unit that holds a plurality of operation
sequences defining a series of operations performed by
the push pulse transmission unit, the displacement
detection unit, and the elasticity measurement unit in
cooperation with each other which enables the elastic-
ity measurement unit to measure the elasticity; and
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a sequence selection unit that selects one operation
sequence from the plurality of operation sequences held
by the sequence holding unit on the basis of a detection
result of the probe movement detection unit.

2. The ultrasound diagnostic apparatus according to claim

15

wherein, when the moving speed of the ultrasound probe
is greater than a predetermined speed, the sequence
selection unit selects an operation sequence such that
the influence of the moving speed of the ultrasound
probe on the measurement result of the elasticity mea-
surement unit is small.

3. The ultrasound diagnostic apparatus according to claim

2, further comprising:

an elastic image generation unit that generates one elastic
image indicating the elasticity of each tissue in the
subject for one operation sequence, on the basis of the
measurement result of the elasticity measurement unit,

wherein, when the moving speed of the ultrasound probe
is greater than the predetermined speed, the sequence
selection unit selects an operation sequence such that a
frame rate of the elastic image is improved.

4. The ultrasound diagnostic apparatus according to claim

25

wherein the operation sequence includes one push pulse
transmission operation, an operation of detecting dis-
placement corresponding to the push pulse, and an
operation of measuring elasticity based on the detected
displacement, and

when the moving speed of the ultrasound probe is greater
than the predetermined speed, the sequence selection
unit selects an operation sequence such that at least one
of a spatial throughput and a temporal throughput is
reduced in the detection of the displacement by the
displacement detection unit and the time required for
one operation sequence is reduced.

5. The ultrasound diagnostic apparatus according to claim

2,

wherein the operation sequence includes two or more
sub-sequences,

each sub-sequence includes one push pulse transmission
operation, an operation of detecting displacement cor-
responding to the push pulse, and an operation of
measuring elasticity based on the detected displace-
ment,

a position on which the push pulse is focused varies
depending on the sub-sequence,

the operation sequence further includes a process of
measuring the elasticity of each tissue in the subject on
the basis of the elasticity measured for each sub-
sequence, and

the sequence selection unit selects an operation sequence
such that at least one of (1) when the moving speed of
the ultrasound probe is greater than the predetermined
speed, at least one of a spatial throughput and a
temporal throughput is reduced in the detection of the
displacement by the displacement detection unit and
the time required for one sub-sequence is reduced and
(2) the number of sub-sequences included in one opera-
tion sequence is reduced is satisfied.

6. The ultrasound diagnostic apparatus according to claim

23

wherein the operation sequence is defined by parameters

for designating a temporal resolution indicating how
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frequently the displacement detection unit generates a
received signal and detects displacement and a spatial
resolution when the displacement detection unit detects
the displacement, and
when the moving speed of the ultrasound probe is greater
than the predetermined speed, the sequence selection
unit selects an operation sequence such that at least one
of the temporal resolution and the spatial resolution is
reduced.
7. The ultrasound diagnostic apparatus according to claim
25
wherein, when the moving speed of the ultrasound probe
is equal to or less than the predetermined speed, the
sequence selection unit selects an operation sequence
such that a spatial resolution of the received signal
generated by the displacement detection unit is
improved.
8. The ultrasound diagnostic apparatus according to claim
2,
wherein, in a case in which the sequence selection unit is
set so as to select a first operation sequence when the
moving speed of the ultrasound probe is greater than a
first speed and to select a second operation sequence
when the moving speed of the ultrasound probe is equal
to or less than the first speed, when the moving speed
of the ultrasound probe is greater than a second speed
greater than the first speed, the sequence selection unit
selects a third operation sequence, instead of the first
operation sequence.
9. The ultrasound diagnostic apparatus according to claim
15
wherein, when the moving speed of the ultrasound probe
is greater than a first speed, the sequence selection umt
selects an operation sequence which does not start until
the moving speed of the ultrasound probe is equal to or
less than a second speed.
10. The ultrasound diagnostic apparatus according to
claim 9,
wherein the second speed is equal to or less than the first
speed.
11. The ultrasound diagnostic apparatus according to
claim 1,
wherein the sequence selection unit selects an operation
sequence such that the displacement detection unit
generates a reference signal before the push pulse is
transmitted and detects displacement using a difference
between the reference signal and the received signal
when the moving speed of the ultrasound probe is equal
to or less than a predetermined speed, and the displace-
ment detection unit detects displacement, using a dif-
ference between a plurality of received signals which
are arranged in time series as an amount of change in
displacement, when the moving speed of the ultrasound
probe is greater than the predetermined speed.
12. The ultrasound diagnostic apparatus according to
claim 1,
wherein the probe movement detection unit detects the
moving speed of the ultrasound probe on the basis of
the received signal acquired by the ultrasound probe.
13. The ultrasound diagnostic apparatus according to
claim 1,
wherein the probe movement detection unit detects the
moving speed of the ultrasound probe on the basis of a
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signal acquired from a sensor that is provided inside or
outside the ultrasound probe.
14. An ultrasound signal processing method that transmits
a push pulse for focusing ultrasonic waves on a specific part
of a subject to physically press tissues in the specific part
using an ultrasound probe, repeatedly transmits and receives
the ultrasonic waves to and from the subject using the
ultrasound probe, and detects a propagation state of shear
waves generated from the pressed tissues of the specific part,
which are a vibration source, in a region of interest set in the
subject, comprising:
detecting a moving speed of the ultrasound probe;
selecting an operation sequence defining a series of opera-
tions for measuring elasticity in the region of interest in
the subject from a plurality of operation sequences
which are held in advance, on the basis of the moving
speed of the ultrasound probe; and
transmitting the push pulse, transmitting detection waves
to the subject a plurality of times after the push pulse
is transmitted, receiving reflected detection waves cor-
responding to the detection waves from the subject,
generating a plurality of received signals in time series,
detecting displacement of the tissues in the subject due
to the shear waves caused by the push pulse at each
time when the reflected detection waves are received,
and analyzing the propagation state of the shear waves
in the region of'interest on the basis of the displacement
of the tissues in the subject to measure elasticity of each
tissue in the subject, according to the selected operation
sequence.
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