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FIG. 28
( Overall procedure )
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FIG. 30
( Overall procedure )
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FIG. 32
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1
ULTRASOUND PROCESSING DEVICE

This application is based on an application No. 2015-
041242 filed in Japan, the contents of which are hereby
incorporated by reference.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The present invention relates to ultrasound processing
devices and particularly to improvement of elasticity evalu-
ation using ultrasound.

(2) Description of the Related Art

Elasticity evaluation is a technique for acquiring and
evaluating a spatial distribution of hard portions/soft por-
tions of internal tissue in a subject, by transmitting ultra-
sound into the subject. In cancer screening, the importance
of early detection of cancer tissue has long been advocated.
However, it is very difficult to locate a small amount of
cancerous tissue among healthy tissue occupying a large
space within a living organism. Thus, various elasticity
evaluation techniques using ultrasound processing devices
have been established. The following describes shear wave
speed (SWS) acquisition by an ultrasound processing
device. Evaluation of elastic modulus is possible based on
SWS.

A method of SWS acquisition comprises a “shear wave
excitation” step, a “shear wave measurement” step, a “tissue
displacement detection” step, and a “shear wave propagation
analysis” step.

In “shear wave excitation”, a region of interest (ROI)
within the subject is defined and ultrasound is transmitted all
at once from each of a plurality of acoustic elements
constituting an ultrasound probe towards one location in the
subject. Ultrasound transmitted all at once in this way is
referred to focused ultrasound or an acoustic radiation force
impulse (ARFI). According to this focused ultrasound,
energy is concentrated in one location in a living organism
and a large acoustic radiation force is generated. According
to this acoustic radiation force, surrounding tissues receive
a shearing force, are displaced, and a transverse wave is
generated in a direction parallel to an element array direction
of the ultrasound probe. This transverse wave is a “shear
wave”.

In “tissue displacement detection”, ultrasound for detec-
tion purposes is transmitted from acoustic elements of the
ultrasound probe. As ultrasound for detection purposes, a
planar pulse may be used, for example. When a planar pulse
is used to detect tissue displacement, the state of a wide
range of space in a region of interest can be acquired at once.
At a predefined sampling rate, the state of pertinent internal
tissues is acquired a plurality of times. Subsequently, wave-
front positions of a shear wave are derived from displace-
ment between acquired tissue states. Thus, both a region in
which the wavefront of the shear wave makes great progress
and a region in which the wavefront of the shear wave makes
slight progress can be acquired.

Magnitude of changes in wavefront position indicates
magnitude of shear wave speed, and the magnitude of shear
wave speed squared indicates hardness/softness of internal
tissues that reflected a planar pulse. A region in which the
shear wave makes a small amount of progress is determined
to be healthy, and healthy tissue such as adipose tissue is
determined to be present. A region in which the shear wave
makes a comparatively large amount of progress is sus-
pected to include cancerous tissue. The shear wave speed
obtained by the above processing, when converted to an
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image of hardness/softness of tissue elasticity, allows visual
representation of spatial distribution of hardness/softness of
tissue elasticity.

An example of a method of obtaining tissue elasticity is
disclosed in Japanese patent No. 5087378. This document
discloses a frame interval adaptation device that interleaves
ultrasound frames. According to this document, a set of
beams 30 from one frame and a set of beams 32 from another
frame are interleaved, and a beam from both frames is
scanned during a frame interval 24 (FIG. 5, paragraph 0021).
Using an average displacement history, so as to synchronize
beam echo acquisition and cyclic displacement changes,
acquiring displacement information is made easier by select-
ing ultrasound scanning frame intervals.

As another example, Japanese patent No. 5555286 dis-
closes an ultrasound diagnostic device that calculates frame
interval numbers according to displacement amounts that are
inputted. This ultrasound diagnostic device calculates, based
on movement amount (displacement) and force outputted
from a displacement measurement unit 109 and a force
measurement unit 110, distortion and elastic modulus of
each point on a tomographic image, in order to calculate
frame interval numbers according to distortion amounts.

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

However, it is hard to say that resolution is sufficiently
high for conventional methods of SWS acquisition by ultra-
sound. When resolution of SWS acquisition is low, accuracy
of SWS calculation is low.

A factor that limits resolution, for example, is difficulty in
increasing sampling rate. Speed of a shear wave is higher
while passing through hard tissue, and returns to its original
speed after passing through the hard tissue. This “passing
through” time is short, and therefore tissue state in the
subject is acquired by transmitting ultrasound for detection
purposes just prior to the “passing through” so that the
ultrasound collides with tissue vibrating due to the shear
wave, and receiving the reflected ultrasound. Sampling rate
for SWS detection is determined according to the round-trip
time from this ultrasound transmission until reflected ultra-
sound reception. When hardened tissue is positioned far
from an acoustic element, the round-trip time from trans-
mission of ultrasound for detection purposes until reception
of reflected ultrasound is long, and increasing sampling rate
is difficult. As a result, time resolution remains at a low level.

Further, another factor that limits resolution, for example,
is difficulty in increasing spatial resolution. There are physi-
cal limits to narrowing element spacing. However, com-
pared to when hardened tissue is near to an acoustic element,
when hardened tissue is positioned far from an acoustic
element, noise occurs more easily because reflected ultra-
sound arrives at one acoustic element from a wide spatial
range, and accuracy of SWS calculation decreases.

In the disclosure of JP 5087378 (selection of ultrasound
scanning frame intervals for synchronization of beam echo
acquisition and distortion) and the disclosure of JP 5555286
(optimizing frame interval numbers according to distortion
amount and elastic modulus), which represent background
art in elasticity evaluation, technology to compensate for
low resolution such as low time resolution and low spatial
resolution is not disclosed, and further improvement is
sought.

An objective of the present invention is to provide an
ultrasound processing device that can improve resolution of
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a method of SWS acquisition and decrease a margin of error
when calculating speed of a shear wave.

Means for Solving the Problems

The problems described above are solved by an ultra-
sound processing device comprising: an ultrasound signal
processing circuit including: a push pulse controller that
causes the acoustic element array to transmit focused ultra-
sound, in order to generate radiation force in a subject; a
generator that obtains a wavefront frame sequence for each
transmission of focused ultrasound, by generating wavefront
frame data indicating wavefront positions of a shear wave at
a plurality of points along a time axis, based on detection of
propagation of the shear wave caused by radiation force
generated by the focused ultrasound; an interleaver that
obtains a combined wavefront frame sequence by interleav-
ing a plurality of wavefront frame sequences obtained by the
generator, and a calculator that calculates shear wave speed
or elastic modulus in the subject, by using frame time
intervals and change amounts of wavefront positions of a
shear wave indicated by the combined wavefront frame
sequence, wherein the interleaving comprises frame inter-
leaving, in which a wavefront frame included in a wavefront
frame sequence is inserted between two wavefront frames
that are consecutive in a time direction among wavefront
data included in another wavefront frame sequence, and/or
element array direction interleaving, in which a data com-
ponent from wavefront frame data included in a wavefront
frame sequence is inserted between two data components
that are arranged in an element array direction among data
components included in another wavefront frame sequence.

BRIEF DESCRIPTION OF THE DRAWINGS

These and the other objects, advantages and features of
the invention will become apparent from the following
description thereof taken in conjunction with the accompa-
nying drawings, which illustrate a specific embodiment of
the invention. In the drawings:

FIG. 1 illustrates an external configuration of an ultra-
sound diagnostic system including an ultrasound processing
device;

FIG. 2 illustrates two or more shear wave tracking steps
and an integration step;

FIG. 3A illustrates a three-dimensional shape that is a
shear wave propagation analysis result obtainable by propa-
gation analysis; FIG. 3B and FIG. 3C illustrate other
examples of three-dimensional shapes;

FIG. 4A illustrates a subject to be examined; FIG. 4B
illustrates a SWS sequence composed of wavefront frame
data;

FIG. 5A illustrates an internal configuration of an ultra-
sound processing device 101; FIG. 5B illustrates an internal
configuration of an output data generator 3;

FIG. 6A illustrates no interleaving, FIG. 6B illustrates
interleaving in a time direction, FIG. 6C illustrates inter-
leaving in an element array direction, FIG. 6D illustrates
interleaving in both the time direction and the element array
direction, FIG. 6E illustrates frame intervals after a first
interleaving, and FIG. 6F illustrates frame intervals after a
second interleaving;

FIG. 7 is a timing chart illustrating processing from shear
wave excitation to elastic modulus calculation;

FIG. 8 illustrates how movement of a shear wave is
transmitted;
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FIG. 9 illustrates an elastic modulus characteristic curve
showing elastic modulus changes when the horizontal axis is
elasticity and the vertical axis is pulse repeat time (PRT);

FIG. 10 is a timing chart when interleaving is performed
in the element array direction;

FIG. 11 A illustrates a process of obtaining an acoustic line
signal at one focus point in a region of interest (ROI); FIG.
11B illustrates acoustic line positions set at a time of
delay-and-sum of an N-th shear wave tracking step; FIG.
11C illustrates acoustic line positions set at a time of
delay-and-sum of an (N+1)-th shear wave tracking step;

FIG. 12 is an enlargement of wavefront frame data
obtained by doubling density;

FIG. 13A illustrates setting of time offset when interleav-
ing is repeated multiple times; FIG. 13B illustrates element
direction offset to be set when interleaving in the element
array direction is repeated;

FIG. 14A illustrates a position that is the subject of elastic
modulus E(i,j); FIG. 14B illustrates displacement propaga-
tion data including a frame time interval with distortion;
FIG. 14C illustrates a derivation process for deriving a shift
amount | in a time direction; FIG. 14D illustrates a calcu-
lation process for calculating Cp;

FIG. 15 is a flowchart illustrating an overall control
procedure according to the ultrasound processing device
101;

FIG. 16 is a flowchart illustrating a detailed procedure of
a shear wave tracking step;

FIG. 17 is a flowchart illustrating details of interleaving;

FIG. 18 is a flowchart illustrating an output data genera-
tion procedure;

FIG. 19 illustrates a configuration of an output data
generator 3 pertaining to embodiment 2;

FIG. 20A illustrates a detection pulse transmitted by a
non-deflection compound method; FIG. 20B illustrates a
deflection detection pulse transmitted by a deflection com-
pound method; and FIG. 20C illustrates a timing chart of
processing of the ultrasound processing device 101 pertain-
ing to embodiment 2;

FIG. 21 illustrates a timing chart of processing of the
ultrasound processing device 101 pertaining to embodiment
2;

FIG. 22 is a flowchart illustrating a procedure of a shear
wave tracking step into which compound processing is
added;

FIG. 23 is a flowchart illustrating a procedure of inter-
leaving pertaining to embodiment 2;

FIG. 24 illustrates a configuration of the output data
generator 3 pertaining to embodiment 3,

FIG. 25 illustrates a subject and three elastic modulus
images obtained from the subject;

FIG. 26 illustrates histograms generated from a portion of
elastic modulus images;

FIG. 27 illustrates histograms generated from a portion of
elastic modulus images;

FIG. 28 is a flowchart illustrating an overall procedure
pertaining to embodiment 3,

FIG. 29A illustrates a usage example when receiving a
region specifying operation with respect to an elastic modu-
lus image displayed on a display 103; FIG. 29B illustrates a
portion of an elastic modulus image specified by a region
specifying operation;

FIG. 30 is a flowchart illustrating an overall procedure
pertaining to embodiment 5;

FIG. 31 is a timing chart illustrating element array direc-
tion interleaving in embodiment 5; and
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FIG. 32 is a flowchart modified so that delay-and-sum for
reference delay-and-sum (DAS) data generation and delay-
and-sum for detection DAS data generation are performed
after transmission of a detection pulse.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

(Embodiment 1)

The following describes an embodiment of an ultrasound
processing device pertaining to the present invention, with
reference to the drawings. The embodiment pertaining to the
following description is one example used to clearly
describe effects obtained from features and elements of the
present invention. Accordingly, the present invention is not
limited in any way by the following example, except for
essential features described therein.

An environment in which the ultrasound processing
device pertaining to the present embodiment is used is
described below. The ultrasound processing device is used in
a diagnostic system in a medical practice. FIG. 1 illustrates
an external configuration of an ultrasound diagnostic system
including the ultrasound processing device. As illustrated in
the drawing, an ultrasound diagnostic system 100 comprises
an ultrasound processing device 101, an ultrasound probe
102, and a display 103. As illustrated in the drawing, the
ultrasound probe 102 and the display 103 are distinct from
the ultrasound processing device 101.

The ultrasound processing device 101 is a device (hub
device) that has a core role in the ultrasound diagnostic
system, receiving output signals from the ultrasound probe
102, performing diagnostic processing, and causing the
display 103 to display a processing result.

The ultrasound probe 102 emits a transmission pulse by
using an array of acoustic elements. A portion of emitted
ultrasound for which acoustic impedance is different is
reflected according to the difference in acoustic impedance.

The display 103 may be a liquid crystal display (LCD),
and may display an SWS image, elastic modulus image,
graph, numeric table, etc. An SWS image is a diagram, etc.,
that indicates propagation of a shear wave. An elastic
modulus image indicates, for example, spatial distribution of
elastic modulus in tissue within a subject, by position of
colored pixels in a coordinate system in which a horizontal
axis indicates an element array direction and a vertical axis
indicates a depth direction.

This concludes description of the ultrasound diagnostic
system 100. FIG. 2 illustrates an overview of procedure
according to the ultrasound processing device 101. The
overall procedure of the ultrasound processing device 101 is
obtained by adding further improvements to the process of
SWS acquisition described under Background Art. Differ-
ences from the SWS acquisition under Background Art are
as follows.

First, the number of executions is different. Procedure
according to the ultrasound processing device 101 com-
prises: a “shear wave excitation” step, a “shear wave mea-
surement” step, and a “displacement detection” step, which
are included in processing referred to as a shear wave
tracking step that is executed N+1 times (N is an integer and
equal to or greater than one, and therefore the shear wave
tracking step is executed at least twice).

Second, the addition of a new step is a point of difference.
Procedure according to the ultrasound processing device 101
comprises a “shear wave propagation analysis” step and an
“elastic modulus calculation” step included in processing
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referred to as an integration process, and a “displacement
interleaving” step is executed prior to the “shear wave
propagation analysis” step.

In the “shear wave excitation” step, the ultrasound probe
102 is pressed against a subject, an operation to transmit
reference detection pulse is performed, the reference detec-
tion pulse providing a reference for shear wave observation,
and an operation to transmit an acoustic radiation force
impulse (ARFI) is performed. Further, subsequent to ARFI
transmission, an operation to transmit detection pulses is
performed. “Push” in the drawing indicates transmission of
focused ultrasound in a shear wave excitation step. “ARF1”
indicates acoustic radiation force generated by the transmis-
sion of focused ultrasound.

The following describes a reference detection pulse and
detection pulses. As a reference detection pulse/detection
pulse, an ultrasound pulse or a planar pulse transmitted for
each acoustic line may be used. Comparing an ultrasound
pulse and a planar pulse, a planar pulse has an advantage that
more data can be acquired at once. Accordingly, in the
following description, a planar pulse is used as one example
of a detection pulse, but other types of detection pulse may
of course be substituted for the planar pulse. “PW1” in FIG.
2 indicates a detection pulse (planar pulse) outputted in a
depth direction from acoustic elements in the shear wave
measurement step. Upward arrows ecl, ec2, ec3, and ecd
indicate reflected ultrasound inputted to acoustic elements
according to transmission of a detection pulse (planar pulse).

In the “displacement detection” step, wavefront frame
data is generated from a reference detection pulse/detection
pulse. Wavefront frame data is data indicating a wavefront
of a shear wave at a point in time on a time axis, and is
composed of a plurality of data components. Because the
wavefront frame data is composed of a plurality of data
components, the wavefront frame data has a predefined
acoustic line density. Each data component is numerical data
generated for an observation position in a region of interest
(ROI), indicating a displacement amount of tissue at the
observation position, and used primarily for calculation of
displacement propagation data. For the convenience of
description, waveform frame data is expressed in the form of
an image. In FIG. 2, “seql” indicates a sequence of wave-
front frame data generated in a displacement detection step.

In the drawing, “iv1” indicates displacement interleaving
by using two sequences of wavefront frame data.

The sign “shp1” indicates a three-dimensional illustration
of a shear wave wavefront over time. “img” indicates an
elastic modulus image that is one example of output data
obtained by converting elastic modulus calculated by an
elastic modulus calculation step. This concludes description
of the SW tracking step and an integration step.

FIG. 3A illustrates analysis results of shear wave propa-
gation analysis. Analysis results of the shear wave propa-
gation analysis are expressed in a three-dimensional coor-
dinate system in which the X axis is a time direction, the Y
axis is an element array direction (abbreviated in the draw-
ings and hereafter as “element direction™), and the 7 axis is
a displacement amount. Specifically, the three-dimensional
shape illustrated in FIG. 3A is drawn assuming a situation in
which the probe 102 is below a subject consisting mainly of
soft tissue, pressed against the subject, and the probe 102
transmits focused ultrasound. The soft tissue of the subject
is shaken upwards by the radiation force from the focused
ultrasound and the aftereffect continues for some time after
transmission of the focused ultrasound. A peak ptl in this
three-dimensional shape is a portion of tissue that is greatly
displaced by the radiation force of the focused ultrasound. A
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downward slope pt2 that flows smoothly from this peak is a
portion in which a shear wave progresses in the element
array direction.

FIG. 3B and FIG. 3C illustrate other examples of three-
dimensional shapes. Unlike FIG. 3A, in FIG. 3B and FIG.
3C there are two peak portions generated by radiation force
from focused ultrasound (pt3, ptd). However, as time pro-
gresses, a shear wave wavefront progresses in the element
array direction, as illustrated in FIG. 3A.

Because description of such three-dimensional shapes
leads to complication, in the following description simpli-
fied displacement propagation data (indicating cross-sec-
tions at a plurality of depth positions) is used. FIG. 4A
illustrates a subject to be examined. The subject in FIG. 4A
has a hard tissue portion sd10 having an elastic modulus of
50 kPa to 100 kPa in the center of soft tissue having an
elastic modulus of 10 kPa to 25 kPa.

A first stage illustrated in FIG. 4B indicates a SWS
sequence composed of wavefront frames. The “SWS
sequence” is a sequence of wavefront frame data (also
referred to as displacement data) obtained by a typical shear
wave speed calculation process. The wavefront frame data
indicates a shear wave wavefront that passes through the
hard tissue in the element array direction. A second stage
illustrated in FIG. 4B indicates displacement propagation
data having a given depth position. In the second stage,
“gap1” indicates a localized increase section in which speed
of the shear wave increases while passing through the hard
tissue. An arrow “cul” indicates a close-up of the localized
increase section. Here, the frame time interval of the wave-
front frame data is 100 ps, while a time period of the
localized increase section is in a numerical range of 50 ps to
74.5 ps. In the displacement propagation data of FIG. 4B, the
horizontal axis is a time direction and the vertical axis is an
element array direction. The bold line linl in FIG. 4B
indicate a series of maximum points of the wavefront frame
data, and gradient of the bold line lin1 indicates speed of the
shear wave wavefront. The following describes three sec-
tions (pd1, pd2, pd3) appearing in the displacement propa-
gation data of FIG. 4B. First, a section pdl prior to the
localized increase interval is described. When radiation
force is generated by transmission of the focused ultrasound,
two shear waves start and proceed towards both ends in the
element array direction. One shear wave of the two shear
waves proceeds to cross a front end of the acoustic element
array. When the inside of the subject is filled with a uniform
material (soft tissue), speed of progress is substantially
constant. This period is a section immediately prior to the
localized increase section in FIG. 4B.

A section pd2 is described below. When there is hard
tissue in the path of a shear wave, normally the shear wave
would be completely reflected at a surface of the hard tissue.
However, elastic modulus of the hard tissue is two to ten
times elastic modulus of the soft tissue and size of the hard
tissue is small, and therefore only a portion of the shear wave
passes through the hard tissue and proceeds along an outer
surface of the hard tissue. Thus, because a portion of the
shear wave proceeds through the hard tissue, a section in
which speed of the shear wave changes is the localized
increase section.

A section pd3 after the localized increase section is
described below. When the transmitted wave emerges from
the hard tissue, a portion of the shear wave that proceeded
along a surface of the hard tissue and the transmitted wave
rejoin to become one wave and the shear wave after rejoin-
ing returns to its original speed. This is the section after the
localized increase section.
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Equation 1, below, indicates a calculation of SWS when
a localized increase in SWS is not considered, and Equation
2 indicates a calculation of elastic modulus when a localized
increase in SWS is not considered. The numerator in Equa-
tion 1, the change amount of wavefront position in element
direction, is a vertical distance in the grid of the second stage
in FIG. 4B. The denominator in Equation 1, the displace-
ment propagation time, is a horizontal distance in the grid of
the second stage in FIG. 4B. Propagation time and change
amount in Equation 1 and Equation 2 are not correctly
calculated from the resolution of a grid such as in FIG. 4B,
and therefore accuracy of SWS and elastic modulus is low.

[Math 1]

change amount of wavefront (Equation 1)

position in element direction

shear wave speed = — —
displacement propagation time

elastic modulus = 3 X (shear wave speed)2 (Equation 2)

Because shear wave speed increases locally while passing
through hard tissue, when spatial resolution in the element
array direction or time resolution is low, increasing accuracy
of calculation of shear wave speed is difficult, particularly
during a period of passing through hard tissue. Because a
change amount of wavefront position in a time period during
which changes occur cannot be represented with high accu-
racy, the margin of error for sheer wave speed is high. Elastic
modulus calculation is based on the square value of shear
wave speed, and therefore the margin of error is conspicu-
ous. Thus, the present embodiment aims to reduce this
margin of error.

Ultrasound Processing Device 101

FIG. 5A illustrates an internal configuration of the ultra-
sound processing device 101. The following describes a
schematic configuration of the ultrasound processing device
101, with reference to FIG. 5A. As illustrated in FIG. 5A, the
ultrasound processing device 101 comprises an ultrasound
signal processing circuit 150, and the ultrasound signal
processing circuit 150 comprises a push pulse controller 1,
a reference/detection pulse transmitter 2, an output data
generator 3, and a controller 4.

The push pulse controller 1 causes the ultrasound probe
102 to transmit focused ultrasound that is focused on a
specific position in a region of interest (ROI) in the subject.
Focused ultrasound is pulsed ultrasound having a large
number of waves. As illustrated in FIG. 2, when a SW
tracking step is executed multiple times, the push pulse
controller 1 causes focused ultrasound to be transmitted to
the same position each time. This is because radiation force
under the same conditions is to be generated in the subject
for interleaving execution.

The reference/detection pulse transmitter 2, transmits a
reference detection pulse prior to transmission of focused
ultrasound by the push pulse controller 1, and transmits a
plurality of detection pulses after ARFI transmission. Trans-
mission interval of detection pulses is determined by pulse
repeat time (PRT). PRT can be set according to hardness/
softness of tissue to be measured. A time interval from ARFI
transmission to transmission of a first detection pulse can be
set by a time offset. An interval from transmission of focused
ultrasound to transmission of the first detection pulse
according to time offset setting can be delayed by a time
equal to half of the PRT.
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The output data generator 3 generates output data based
on execution of reception processing and receive signals in
SWS acquisition. This reception processing includes (1)
reception of reflected ultrasound generated by reflection of
a reference detection pulse, and (2) reception of reflected
ultrasound generated by reflection of detection pulses. When
a planar pulse is used as ultrasound transmitted by the
ultrasound probe 102, the reception described above is input
into acoustic elements of the ultrasound probe 102 of
reflected ultrasound corresponding to a plurality of acoustic
line positions.

The controller 4 instructs the push pulse controller 1, the
reference/detection pulse transmitter 2, and the output data
generator 3 with required controls for the SW tracking step.
Here, this means instructing the push pulse controller 1 to
cause transmission of focused ultrasound, the reference/
detection pulse transmitter 2 to transmit a reference detec-
tion pulse or detection pulse, and the output data generator
3 to receive reflected ultrasound generated by reflection
from a shear wave.

FIG. 5B illustrates a configuration of the output data
generator 3. As illustrated in the drawing, the output data
generator 3 comprises a receiver 5, a reception beam former
6, a delay-and-sum (DAS) data storage 7, a displacement
detector 8, a wavefront frame data storage 9, a displacement
interleaver 10, a combined wavefront frame sequence stor-
age 11, a displacement propagation analyzer 12, an elastic
modulus calculator 13, and an output data storage 14.

The receiver 5, when receiving reflected ultrasound,
demodulates signals inputted from the acoustic elements,
and obtains element input signals that are high-frequency
signals (radio frequency (RF) signals) via analogue/digital
(A/D) conversion.

The reception beam former 6, when receiving a reflected
reference detection pulse or a reflected detection pulse,
performs multi-focus beamforming with respect to element
input signals (RF signals) inputted from each of the acoustic
elements. “Multi-focus beamforming” is setting acoustic
line positions to a center of an element region of each
acoustic element, and setting a plurality of observation
points along extension lines of each acoustic line position.
When p acoustic line positions exist, and q observation
points exist on each extension line of an acoustic line
position, pxq observation points are set in an ROI. In this
case, the reception beam former 6 selects each of the pxq
observation points as a reception focus, and executes delay-
and-sum of element input signals from the acoustic ele-
ments. In delay-and-sum for one observation point, delay is
decreased for element input signals at the observation point
and delay is increased the further from the observation point
element input signals are at surrounding acoustic elements.
Delay-and-sum is performed for each element input signal
outputted from each acoustic element according to a receive
profile curve determined by these delays. Acoustic line
signals are obtained according to this delay-and-sum pro-
cessing. When receiving reflected ultrasound from a refer-
ence detection pulse/detection pulse, reference DAS data/
detection DAS data is obtained by executing the delay-and-
sum described above, for each observation point within the
ROIL. The reception beam former 6 of the present embodi-
ment, as a characteristic process thereof, sets an offset in the
element array direction for acoustic line positions when
performing delay-and-sum. When performing delay-and-
sum, acoustic line positions are set to the centers of the
element regions. When setting offset in the element array
direction, these acoustic line positions are changed to inter-
vals between elements. When delay-and-sum is performed
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after setting the offset in the element array direction, refer-
ence DAS data/detection DAS data can be obtained in a
different phase to normal delay-and-sum. Reference DAS
data/detection DAS data is composed of a plurality of data
components, and therefore has a predefined acoustic line
density.

The DAS data storage 7 stores DAS data obtained by
delay-and-sum according to the reception beam former 6.
DAS data includes reference DAS data corresponding to
reference detection pulses and detection DAS data corre-
sponding to detection pulses. Reference DAS data/detection
DAS data is data indicating tissue state at one point in time
on a time axis, and is composed of data components corre-
sponding to a plurality of observation position in an ROI.
Each data component indicates amplitude and phase of an
acoustic line waveform formed by beamforming to a focus
point of a corresponding observation position.

The displacement detector 8 generates wavefront frame
data corresponding to each detection DAS data, by calcu-
lating differences between data components of detection
DAS data and reference DAS data. Difference between data
components are obtained by (i) calculating differences
between amplitude and phase of acoustic line waveforms
indicated by each data component of reference DAS data,
and amplitude and phase of acoustic line waveforms indi-
cated by each data component of detection DAS data that
corresponds in position, and (ii) assigning difference values
obtained by this calculation to be data components at
positions corresponding to wavefront frame data. This pro-
cessing is repeated for all measurement position in an ROI.
The displacement detector 8 then executes line interpolation.
Line interpolation is interpolating lines of data components
that exist discretely in wavefront frame data, to enhance a
wavefront of the shear wave.

The wavefront frame data storage 9 stores an SWS
sequence composed of a plurality of wavefront frame data
generated by the displacement detector 8.

The displacement interleaver 10 interleaves wavefront
frame data included in an SWS sequence (“SWS sequence
N”) obtained by an N-th SW tracking step and wavefront
frame data included in an SWS sequence (“SWS sequence
N+1”) obtained by an (N+1)-th SW tracking step. The
combined wavefront frame sequence storage 11, which
provides an interleaved SWS sequence (combined wave-
front frame sequence) to the displacement propagation ana-
lyzer 12, stores the wavefront frame data sequence (com-
bined wavefront frame sequence) obtained by the
interleaving of the displacement interleaver 10.

The displacement propagation analyzer 12 converts
wavefront frame data to displacement propagation data. This
conversion is achieved by the following processing. First, a
line of data components at a given depth position is extracted
from wavefront frame data. Extracted data components are
plotted to a predefined coordinate system (in which the
horizontal axis is time and the vertical axis is the element
array direction). Thus, displacement propagation data is
obtained that corresponds to one depth position. By per-
forming this data component line extraction and plotting for
a plurality of positions in the depth direction, displacement
propagation data is obtained that covers a defined depth
range in a subject.

The elastic modulus calculator 13 calculates SWS and
elastic modulus at a plurality of positions in an ROI when
displacement propagation data is generated by the displace-
ment propagation analyzer 12. This method is described
later. By converting the SWS and elastic modulus obtained
for the plurality of positions in the ROI into numerical
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values and pixels, an SWS image, an elastic modulus image,
a graph, a table of numerical values, etc., are obtained and
stored in the output data storage 14.

The output data storage 14 stores an SWS image, an
elastic modulus image, a graph, a table of numerical values,
etc., generated by the elastic modulus calculator 13, and
provides them for display by the display 103. Note that the
output data storage 14 may be omitted, and an SWS image,
an elastic modulus image, a graph, a table of numerical
values, etc., generated by the elastic modulus calculator 13
may be directly provided to the display 103.

This concludes description of elements of the output data
generator 3.

(Details of Interleaving)

Interleaving by the displacement interleaver 10 is
described in detail below.

(Selection of Wavefront Frame Data)

The following describes selection of wavefront frame data
for interleaving by the displacement interleaver 10. The
displacement interleaver 10 selects wavefront frame data
obtained in any of a plurality of SW tracking steps as targets
for interleaving. In particular, the displacement interleaver
10 selects wavefront frame data obtained in two consecutive
SW tracking steps as targets for interleaving (wavefront
frame data obtained in an N-th SW tracking step and
wavefront frame data obtained in an (N+1)-th SW tracking
step). This is because when wavefront frame data obtained
in an N-th SW tracking step and wavefront frame data
obtained in an (N+1)-th SW tracking step are selected for
interleaving, resolution can be further increased. Hereafter,
unless otherwise specified, wavefront frame data obtained in
an N-th SW tracking step and wavefront frame data obtained
in an (N+1)-th SW tracking step are selected for interleav-
ing.

Next, interleaving type according to the displacement
interleaver 10 is described below. Interleaving of the present
embodiment is time direction interleaving, element array
direction interleaving, and time direction-element array
direction interleaving.

Time direction interleaving is, (i) during processing of an
SWS sequence N+1, executing transmission and reception
of a detection pulse in which the first detection pulse is
provided with a time direction offset and not provided with
an element array direction offset, (i) generating wavefront
frame data for detection DAS data obtained after delay-and-
sum processing, and (iil) inserting, into a time axis of
generated wavefront frame data from the SWS sequence
N+1, wavefront frame data from SWS sequence N, so that
the wavefront frame data from the SWS sequence N+1 and
the wavefront frame data from the SWS sequence N alter-
nate.

Element array direction interleaving is, (i) during pro-
cessing of an SWS sequence N+1, executing transmission of
a detection pulse that is not set to have a time direction offset
while executing delay-and-sum processing on RF signals
outputted from a plurality of acoustic elements that are
provided with an element array direction offset, (ii) gener-
ating wavefront frame data for detection DAS data obtained
after the delay-and-sum processing, and (iii) arranging
wavefront frame data so that generated wavefront frame data
from the SWS sequence N+1 alternates with wavefront data
from the SWS sequence N. Hereafter, one set of wavefront
frame data that has double acoustic line density and is
generated by executing element array direction interleaving
by using one set of wavefront frame data included in one
wavefront frame sequence and one set of wavefront frame
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data included in another wavefront frame sequence is
referred to as “combined wavefront frame data”.

Time direction-element array direction interleaving is, (i)
during processing of an SWS sequence N+1, executing
transmission of a first detection pulse that is provided with
a time direction offset while executing delay-and-sum pro-
cessing on element input signals outputted from a plurality
of acoustic elements that are provided with an element array
direction offset, (ii) generating wavefront frame data for
detection DAS data obtained after the delay-and-sum pro-
cessing, and (iii) arranging generated wavefront frame data
from the SWS sequence N+1 and wavefront data from the
SWS sequence N to alternate on a time axis and arranging
data components of wavefront frame data from the SWS
sequence N+1 and data components of wavefront frame data
from the SWS sequence N to alternate.

FIG. 6A, FIG. 6B, FIG. 6C, and FIG. 6D illustrate
sampling resolution of shear wave wavefront propagation
positions in a case in which interleaving is not performed,
and in cases in which time direction interleaving, element
array direction interleaving, or element array-time direction
interleaving is performed. FIG. 6A illustrates resolution for
sampling shear wave wavefront propagation positions in a
case in which interleaving is not performed. FIG. 6B illus-
trates resolution for sampling shear wave wavefront propa-
gation positions in a case in which time direction interleav-
ing is performed. FIG. 6C illustrates resolution for sampling
shear wave wavefront propagation positions in a case in
which element array direction interleaving is performed.
FIG. 6D illustrates resolution for sampling shear wave
wavefront propagation positions in a case in which element
array-time direction interleaving is performed. In FIG. 6A,
FIG. 6B, FIG. 6C, and FIG. 6D, the horizontal axis is the
time direction and the vertical axis is the element array
direction. Size of a grid in the time direction and the vertical
axis direction indicates a unit of time and a unit amount,
respectively. The bold dashed line frame in each of FIG. 6A,
FIG. 6B, FIG. 6C, and FIG. 6D encloses the localized
increase section of SWS. The smaller the range enclosed by
the bold dashed line frame, the greater the time resolution/
spatial resolution. In FIG. 6A, the localized increase section
is represented by a two-by-two area of the grid. In FIG. 6B,
the localized increase section is represented by a one-by-one
area of the grid, showing an increase in accuracy. In FIG.
6C, the localized increase section is represented by a one-
by-three area of the grid, showing an increase in accuracy.
In FIG. 6D, the localized increase section is represented by
a one-by-one area of the grid and size of each grid is
reduced, and therefore speed increase in the localized
increase section is represented in further detail.

In FIG. 6A, sml, sm2, sm3, sm4, and sm5 indicate
sampling points when acquiring tissue state in an ROI at
resolution of a non-interleaving scheme. Of these sampling
points, even the sampling points closest to the localized
increase section (sm1, sm2) do not acquire two points in the
localized increase section pd2, and therefore shear wave
speed when passing through hard tissue cannot be accurately
calculated. Because change amount and time interval of
shear wave position in a change portion c¢vl are not accu-
rately represented, even if acoustic element intervals are
divided by frame time intervals, shear wave speed is greatly
different.

In FIG. 6B, sm11, sm12, sm13, sm14, and sm15 indicate
sampling points acquired at resolution of a time direction
interleaving scheme. Of these sampling points, the sampling
points sm11 and sm12 correctly acquire a start point and end
point of the localized increase section pd2, and therefore
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shear wave speed when passing through hard tissue can be
accurately calculated. Accordingly, in the time direction
interleaving of FIG. 6B, intervals in the element array
direction are wider than a change portion, but width of the
grid in the time direction is shorter. Accordingly, in time
direction interleaving, accuracy of shear wave speed,
obtained by calculation of wavefront position change
amount/frame time interval, is higher than that of a non-
interleaving scheme.

In FIG. 6C, sm21, sm22, sm23, sm24, and sm25 indicate
sampling points acquired at resolution of a sampling rate of
element array direction interleaving. Of these sampling
points, sampling point sm21 uses the start point of the
localized increase section, but sm22 is not correctly plotted
at the end point of the localized increase section pd2.
However, in element array-time direction interleaving, three
unit amounts are measured as displacement amounts in the
element array direction of the period included in the local-
ized increase section, and therefore accuracy of displace-
ment amounts of the wavefront is increased in comparison
to the non-interleaving scheme of FIG. 6 A. Accordingly, in
element array direction interleaving, shear wave speed
obtained by v=change amount of wavefront displacement in
element array direction/frame time interval is increased in
accuracy when compared to a non-interleaving scheme,
because spatial resolution in the element array direction
increases.

In FIG. 6D, sm31, sm32, sm33, sm34, and sm35 indicate
sampling points plotted at a resolution of element array-time
direction interleaving. These sampling points are correctly
plotted at the start point and end point of the localized
increase section pd2, and therefore shear wave speed when
passing through hard tissue can be accurately calculated. In
the element array-time direction interleaving of FIG. 6D,
grid width and height is less than width and height of the
localized increase section, and therefore shear wave speed
accuracy obtained by calculating v=change amount of wave-
front displacement in element array direction/frame time
interval is high.

FIG. 6E illustrates how frame time intervals are shortened
by interleaving once. The largest frame time interval illus-
trated in FIG. 6E is 100 ps. In contrast, the smaller frame
time interval illustrated in FIG. 6E is 50 us to 75 ps. FIG. 6F
illustrates frame time intervals obtained by interleaving
twice. FIG. 6F illustrates that the frame time intervals
obtained by interleaving twice are shortened to 29.8 us.

When executing time direction interleaving, the technical
problem caused by low time resolution is eliminated, and
when executing element array direction interleaving, the
technical problem caused by low spatial resolution is elimi-
nated. When executing element array-time direction inter-
leaving, the technical problems caused by both low time
resolution and low spatial resolution are eliminated. Elimi-
nating the technical problems caused by both low time
resolution and low spatial resolution is not essential to the
present disclosure. Eliminating the technical problem caused
by either low time resolution or low spatial resolution is
sufficient.

(Details of Time Direction Interleaving)

The following describes details of operation of the ele-
ments of the ultrasound processing device 101 when time
direction interleaving is performed.

FIG. 7 is a timing chart illustrating processing from shear
wave excitation to elastic modulus calculation. First, an N-th
SW tracking step is described.

The first stage in FIG. 7 illustrates an example of ultra-
sound transmitted by the push pulse controller 1 and the
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reference/detection wave transmitter 2 in an N-th SW track-
ing step. As illustrated in this first stage, ultrasound trans-
mitted in the N-th SW tracking step comprises focused
ultrasound (ARF1), a reference detection pulse (RP1) prior
to the focused ultrasound, and subsequent detection pulses
(DP1, DP2, DP3, DP4, DPS, . . .).

In stage 2 of FIG. 7, a sequence of DAS data generated by
the output data generator 3 in the N-th SW tracking step of
stage 1 is illustrated. This DAS data sequence comprises
reference DAS data (RIO) obtained by performing beam-
forming with respect to reflected ultrasound of the reference
detection pulse, and detection DAS data (DI1, DI2, DI3,
DI4, DI5, . . . ) obtained by performing beamforming with
respect to reflected ultrasound of detection pulses. Because
the reference DAS data and the detection DAS data are
based on the reference detection pulse and the detection
pulses, timing of creation of the reference DAS data and the
detection DAS data is slightly later than respective timing of
transmission of the reference detection pulse and timing of
transmission of the detection pulses along the time axis.

The third stage in FIG. 7 illustrates an SWS sequence N
comprising wavefront frame data DP1, DP2, DP3, DP4,
DP5, ..., obtained by the displacement detector 8 extracting
a shear wave wavefront from detection DAS data, based on
the reference DAS data of stage 2. This wavefront frame
data is based on detection DAS data, and therefore timing of
creation of the wavefront frame data is slightly later than
respective timing of creation of detection DAS data.

This concludes description of the N-th SW tracking step.
The following describes an (N+1)-th SW tracking step.

In the first stage, ultrasound transmitted by the push pulse
controller 1 and the reference/detection pulse transmitter 2
in the (N+1)-th SW tracking step comprises focused ultra-
sound (ARF2), a reference detection pulse (RP11) prior to
the focused ultrasound, and subsequent detection pulses
(DP11, DP12, DP13, DP14, DP15, . . .).

The second step illustrates a DAS data sequence of the
(N+1)-th SW tracking step generated by the output data
generator 3. This DAS data sequence comprises reference
DAS data (RI10) obtained by performing beamforming with
respect to reflected ultrasound of the reference detection
pulse, and detection DAS data (DI11, DI12, DI13, DI14,
DI15, . . . ) obtained by performing beamforming with
respect to reflected ultrasound of detection pulses. Based on
this data, an SWS sequence N+1 is obtained corresponding
to the (N+1)-th SW tracking step.

Differences between the (N+1)-th SW tracking step and
the N-th tracking step are as follows.

First, a frame time interval between the transmission of
focused ultrasound and transmission of a first detection
pulse illustrated in stage 1 is different. Transmission timing
of a first detection pulse in the N-th SW tracking step is time
t, from transmission of focused ultrasound, whereas trans-
mission timing of a first detection pulse in the (N+1)-th SW
tracking step has a time direction offset (t,/2), and therefore
transmission timing of the first detection pulse in the (N+1)-
th SW tracking step is time t,' (t,+t,/2) from transmission of
focused ultrasound. However, a time interval t, between the
first detection pulse and a second detection pulse is the same
in the N-th SW tracking and the (N+1)-th SW tracking step.

Second, processing after creation of wavefront frame data
is different. The N-th SW tracking step comprises processing
until SWS sequence in stage 3, whereas the (N+1)-th track-
ing step comprises further interleaving and creation of an
elastic modulus image. In the (N+1)-th SW tracking step, the
SWS sequence N is used in creation of wavefront frame
data, as illustrated in stage 4 of FIG. 7, and the displacement
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interleaver 10 executes time direction interleaving with the
SWS sequence N+1. According to this time direction inter-
leaving, frame time intervals of the SWS sequence are
reduced to t,/2.

Stage 5 of FIG. 7 illustrates displacement propagation
data DT1 obtained based on the wavefront frame data of
stage 4. The wavefront frame data is based on a plurality of
wavefront frame data in a SWS sequence, and therefore
timing of creation of the displacement propagation data DT1
is slightly later than a time of creation of a last component
of wavefront frame data in the SWS sequence. Stage 6 in
FIG. 7 illustrates generation of output data. Output data
generation is based on displacement propagation data DT1,
and therefore output data generation is slightly later than
displacement propagation data generation.

In the present embodiment, wavefront frame data based
on differences between reference DAS data and detection
DAS data is interleaved. This is to make propagation of a
shear wave in the element array direction clear, in order to
improve time resolution by interleaving. In other words,
reference DAS data is generated based on reflected ultra-
sound of a reference detection pulse transmitted when
radiation force is not present, and detection wavefront frame
data is generated from differences between the reference
DAS data and detection DAS data, and therefore the wave-
front frame data obtained in the N-th SW tracking step and
the wavefront frame data obtained in the (N+1)-th SW
tracking step clearly indicate propagation of shear waves
along the element array direction. Time direction interleav-
ing alternates these sets of wavefront frame data, and
therefore increases time resolution and movement of a shear
wave can be more accurately calculated.

The following describes how shear wave movement is
derived from the time direction interleaving described
above.

FIG. 8 illustrates how movement of a shear wave is
transmitted. Stage 1 of FIG. 8 illustrates a shear wave
wavefront that can be drawn from wavefront frame data of
SWS sequence N. The frames illustrated in stage 1 are frame
1, when the shear wave has yet to arrive at hard tissue, frame
2, when the shear wave arrives at the hard tissue, and the
instant a transmitted wave is generated, and frame 3, when
the transmitted wave has exited the hard tissue.

Stage 2 of FIG. 8 illustrates movement of a shear wave
derived from wavefront frame data of SWS sequence N+1.
The frames that can be drawn from the wavefront frame data
of SWS sequence N+1 are frame 11, when the shear wave
has yet to arrive at the hard tissue, frame 12, when the
transmitted wave that has separated from the shear wave is
passing through the hard tissue, and frame 13, when the
transmitted wave has exited the hard tissue. Wavefront
frame data of SWS sequence N+1 does not capture a start
point or end point of a period in which the shear wave passes
through the hard tissue, and therefore achieving a high
accuracy of elastic modulus is difficult when such frames are
used to calculate speed.

Stage 3 in FIG. 8 illustrates a shear wave wavefront
derived from a combined wavefront frame sequence. In the
combined wavefront frame sequence, frames from SWS
sequence N are even frames and frames from SWS sequence
N+1 are odd frames, and therefore frames from SWS
sequence N and frames from SWS sequence N+1 alternate
over time. The following describes movement of a shear
wave indicated by the wavefront frame data of the even
frames and the odd frames (even0, oddl, . . ., odd5, and
even6). When hardness of tissue is substantially constant,
propagation speed of a shear wave is substantially constant,
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and therefore shape of a shear wave SW1 propagates with-
out substantially changing (even0, oddl). When the shear
wave arrives at a surface of the hard tissue (even2), the
transmitted wave twl progresses through the interior of the
hard tissue (odd3). In FIG. 8, the hard tissue is round, and
distances the wavefront travels through the hard tissue vary,
and therefore the wavefront of the transmitted wave forms a
convex shape in the direction of travel. As long as the shear
wave and the transmitted wave proceed outside the hard
tissue (evend), propagation speed of the shear wave is
constant, and maintains a constant shape (odd5, even6)

From FIG. 8, the following can be understood. In SWS
sequence N of stage 1 and SWS sequence N+1 of stage 2,
the start and end points, or at least one of the start point and
the end point of a change portion of shear wave speed are
outside a plotted grid, and therefore when seeking speed of
the shear wave at a time resolution and a spatial resolution
of the grid, achieving a high accuracy for speed of the shear
wave is difficult. However, in the combined wavefront frame
sequence of stage 3. at least two of a time of arrival at the
hard tissue, a time of passing through the hard tissue, and a
time of exiting the hard tissue are defined on a time axis, and
with this information speed of the shear wave can be
calculated with high accuracy.

(PRT Setting)

PRT, which defines the frame time interval of the com-
bined wavefront frame sequence, is defined based on a
numerical range of an elastic modulus characteristic curve.
FIG. 9 illustrates an elastic modulus characteristic curve
showing elastic modulus changes when the horizontal axis is
elasticity and the vertical axis is PRT. In the graph in FIG.
9, PRT is very high in a range of low elasticity, and as
elasticity increases, PRT decreases. Specifically, in a range
of 10 kPa to 25 kPa marked by hatching ht1, PRT is 74.5 ps
to 150 ps; in a range of 50 kPa to 100 kPa marked by
hatching ht2, PRT is 50 ps to 74.5 ps; and in a range of 200
kPa to 300 kPa marked by hatching ht3, PRT is O ps to 29.8
ps. The sign rfl indicates a reference of an elastic modulus
characteristic curve for guiding PRT corresponding to an
elastic modulus numerical range of 10 kPa to 25 kPa, and rf2
indicates a reference of an elastic modulus characteristic
curve for guiding PRT corresponding to an elastic modulus
numerical range of 50 kPa to 75 kPa. The sign rf3 indicates
a reference of an elastic modulus characteristic curve for
guiding PRT corresponding to an elastic modulus numerical
range of 200 kPa to 300 kPa.

The sign setl indicates a setting of frame time interval
when elastic modulus is 10 kPa to 25 kPa. The sign set2
indicates a setting of frame time interval when elastic
modulus is 50 kPa to 100 kPa. By selecting a frame time
interval corresponding to a target elastic modulus from the
elastic modulus characteristic curve, a time direction offset
can be arrived at. This concludes description of time direc-
tion interleaving. The following describes details of element
array direction interleaving.

In a numerical range, PRT of 50 ps or less is a range for
which transmission and reception of ultrasound is impos-
sible, and therefore, in the present embodiment, time direc-
tion interleaving shortens the “apparent” PRT. “Apparent”
PRT means that frame time interval is decreased by alter-
nating wavefront frame data obtained from two or more SW
tracking steps.

When the controller 4 executes an SW tracking step, the
controller 4 causes the numerical range of the elastic modu-
lus characteristic curve of FIG. 9 to be displayed on the
display 103, and receives selection of a numerical range of
elastic modulus. When a numerical range is selected, the
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controller 4 instructs the displacement interleaver 10 that
frame time interval of the combined wavefront frame
sequence becomes a PRT corresponding to the elastic modu-
lus of the selected numerical range. Selection of a numerical
range of elastic modulus is merely one example, and PRT
may be determined according to reception of a selection of
a subject for an SW tracking step from a user.

(Details of Element Array Direction Interleaving)

FIG. 10 is a timing chart for element array direction
interleaving. FIG. 10 is based on FIG. 7, but has the
following differences.

First, there is a difference in time offset setting for
transmission of the detection pulses. In FIG. 7. t,/2 is
specified as a time offset for transmission of the first
detection pulse, whereas in FIG. 10, this time offset is not
present. Because a time offset does not exist, time resolution
does not change.

Second, in FIG. 10, in stage 4, element array direction
interleaving is executed by using SWS sequence N with
respect to SWS sequence N+1. In this element array direc-
tion interleaving, acoustic line density of wavefront frame
data in SWS sequence N+1 is doubled. The signs us11 and
us12 in FIG. 10 schematically indicate use of SWS sequence
N and SWS sequence N+1 in element array direction inter-
leaving. Further, in element array direction interleaving, an
element array direction offset is set for delay-and-sum
processing. This concludes description of the timing chart
for element array direction interleaving.

The following describes delay-and-sum processing
according to the reception beam former 6 when element
array direction offset is set. FIG. 11A illustrates a process of
obtaining an acoustic line signal at one focus point in a
region of interest (ROI). The sign ec10 in FIG. 11A indicates
reflected ultrasound inputted to acoustic elements from
reflected ultrasound at a receive signal focus point. Wave-
forms wvl, wv2, wv3, and wv4 indicated RF signals out-
putted from acoustic elements. The sign pfl indicates a
receive delay profile curve with respect to element input
signals that are input to the ultrasound processing device 101
from the acoustic elements. The sign pfl indicates which
positions of RF signals are integrated for generation of an
acoustic line signal of a vertex position of the receive delay
profile curve. The sign sgl indicates the acoustic line signal
generated by delay-and-sum of the receive delay profile.
Delay-and-sum according to the receive delay profile is
performed at a plurality of positions in the ROI, and there-
fore acoustic line signals can be obtained at a plurality of
positions in the depth direction.

FIG. 11B illustrates acoustic line positions set at a time of
delay-and-sum of an N-th shear wave tracking step. The
signs spl, sp2, sp3, and sp4 indicate acoustic line positions.
In FIG. 11B, the acoustic elements indicated by i=P-2,
i=P-1, i=P, i=P+1, and i=P+2 are arranged in a line. FIG.
11C 1illustrates acoustic line positions set at a time of
delay-and-sum of an (N+1)-th shear wave tracking step. The
signs spll, spl2, spl3, and spl4 indicate acoustic line
positions, and in the (N+1)-th delay-and-sum, the acoustic
line positions are set on an extension position between
adjacent ones of the acoustic elements. The sign pf2 indi-
cates a receive profile curve generated based on the acoustic
line positions set in the (N+1)-th shear wave tracking step.
In the (N+1)-th delay-and-sum process, a peak of the receive
profile curve is shifted half of the size of an acoustic element
in the element array. From the shifting of a maximum point
of the curve in the element array direction, phase shift of the
acoustic line signal occurs.
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FIG. 12 illustrates an enlargement of wavefront frame
data generated from double-density acoustic lines. The cen-
ter of FIG. 12 illustrates an arrangement of data components
in wavefront frame data obtained by element array direction
interleaving. In this arrangement of data components, faint
hatching indicates an even line and dense hatching indicates
an odd line. According to the process illustrated in FIG. 11A,
FIG. 11B, and FIG. 11C, acoustic line positions are set to
central positions of acoustic elements, from which a DAS
frame is obtained, from which data component lines of
wavefront frame data are obtained. These data component
lines of wavefront frame data are the even lines of inter-
leaved wavefront frame data.

Data component lines of wavefront frame data based on
DAS frames obtained from acoustic line positions set to
positions between acoustic elements are the odd lines of the
interleaved wavefront frame data. Thus, data components of
SWS sequence N and data components of SWS sequence
N+1 are arranged in alternating even lines and odd lines,
increasing spatial resolution by element array direction
interleaving. Note that arranging data components of SWS
sequence N and data components of SWS sequence N+1 in
alternating even lines and odd lines is merely one example,
and data components of SWS sequence N and data compo-
nents of SWS sequence N+1 may be arranged in alternating
o0dd lines and even lines.

(Interleaving Repetition)

FIG. 13A illustrates setting of time offset when interleav-
ing is repeated multiple times. Offset t,/2 is a time offset set
for a first interleaving, and is the same as illustrated in FIG.
7. Offset t,/4 is a time offset for a second interleaving, t,/8
is a time offset for a third interleaving, and t,/16 is a time
offset for a fourth interleaving. Thus, a u-th interleaving is
set to a time direction offset t,/(2 to the power u).

FIG. 13B illustrates element direction offset to be set
when interleaving in the element array direction is repeated.
Element direction offset indicates an amount of shift of
acoustic line positions in the element direction. The signs
spotl, spot2, and spot3 indicate central positions of ele-
ments, and are initial positions of acoustic line positions.
The sign k indicates an interval between the central position
of an element and the central position of an adjacent
element. The sign k/2 indicates an element array offset for a
first interleaving. The sign k/4 indicates an element array
offset for a second interleaving, k/8 indicates an element
array offset for a third interleaving, and k/16 indicates an
element array offset for a fourth interleaving. Thus, a u-th
interleaving is set to an elemental array offset k/(2 to the
power u). By repeating interleaving, the time direction offset
and element direction offset become smaller, and intervals in
the time direction and element array direction become
smaller. Time direction interleaving, element array direction
interleaving, or time direction and element array direction
interleaving may be executed, and resolution in the element
array direction and depth direction may be altered freely.

This concludes description of time direction interleaving
and element array direction interleaving.

(Calculation of Locally Increased Shear Wave Speed)

The following describes a detailed process for calculating
locally increased shear wave speed due to passing through
hard tissue.



US 10,548,572 B2

[Math 2]
EG, =23, j)? (Equation 3)
.. k (Equation 4)
vii, j) = ﬁ
T=1-max{Rg} (Equation 5)
Cr (Equation 6)
Rl = —7—=
vV C v Ceg
J = (Equation 7)
Cr(h)= — (D7 I)
(0 n_m;fﬂr) Gt (14

(=1,23...m

Equation 3 is for calculating elastic modulus E(i,j). Here,
v(i,j) indicates speed of a shear wave that has been locally
increased. By squaring v(i,j) and multiplying by three, the
elastic modulus E(i,j) can be derived. Equation 4 is for
calculating shear wave speed in a change portion. As indi-
cated in Equation 4, shear wave speed v(i,) can be derived
by dividing an acoustic element interval k by a time interval
7T in which shift occurs. The shift amount T in T is defined
by a displacement amount 1 between element position i and
element position i+1 indicating how far the shear wave
wavefront shifts in the time direction. Equation 5 indicates
calculation for deriving the shift amount T from correlation
coefficient of f,(t) and g+,,(t). The function max {R,}
derives a maximum from a plurality of correlation coeffi-
cients. The shift amount T is calculated by multiplying max
{R;} by the shift amount 1. Equation 6 indicates calculation
of correlation coeflicient normalization. In equation 6, a
correlation coefficient C, of f(t) and g, , (1) is divided by the
square root of the autocorrelation value of f,(t) (defined as
Cy) and the square root of the autocorrelation value of
g,.1(D(defined as C,.). In equation 7, f(t), and g,,,(t+])
indicate correlation values of f(t), and g, ,(t+]) at given
times. By calculating these correlation values for all points
on a time axis, and performing a product sum operation, C,,
is a value for all displacement propagation data at a given
depth position.

FIG. 14A illustrates a position that is the subject of elastic
modulus E(i,j). FIG. 14B illustrates displacement propaga-
tion data including a frame time interval with distortion.
Here, T is a time interval of a change portion in which
distortion occurs. Here, f,(t) indicates a change amount of a
wavefront position in the time direction at element position
(1), and g,, ,(t) indicates a change amount of a wavefront
position in the time direction at element position (i+1). In
FIG. 14C, =1, 1=2, 1=3, 1=4, . . . indicate values in the time
direction of the element position i+1. In FIG. 14C, R,(1),
R.(2), Re(3), R, (4). . . . indicate normalized correlation
coeflicient of £(t) and g,,, () when 1 is set to values of 1, 2,
3,4, ....As can be understood from FIG. 14C, as the value
of 1 increases, tilt and length of a straight line joining fy(t)
and g;, (1) increases. Value of R, indicates change in length
and tilt according to different values of 1. In FIG. 14C, tilt
when 1 is exactly 2 matches tilt of the change portion, and
in calculation of Ixmax{R ; }, this 1=2 is derived, surrounded
by the dashed line.

FIG. 14D illustrates a calculation process for calculating
Cg. The signs c1l, ¢12, 13, cl4, and ¢15 schematically
indicate correlation of fi(t) and g,,,(t+]) when t=1, 2, 3, 4,
and 5.

10

15

20

25

30

35

40

45

50

55

60

65

20

In the present embodiment, time intervals, which are a
basis for shear wave speed calculation and a basis for
correlation value calculation, are shortened by interleaving,
and therefore accuracy of localized shear wave speed cal-
culation is increased.

(Flowchart Implementation)

Processing of elements of the ultrasound processing
device 101 can be generalized as processing steps of hard-
ware resources according to various external events and
internal parameters of the device. This generalization of
processing steps is illustrated in the flowcharts of FIG. 15,
FIG. 16, FIG. 17, and FIG. 18.

At the top of the processing hierarchy comprising the
flowcharts of FIG. 15, FIG. 16, FIG. 17, and FIG. 18 is the
flowchart of FIG. 15. FIG. 15 is a flowchart illustrating an
overall control procedure according to the ultrasound pro-
cessing device 101. The following describes the flowchart of
FIG. 15. In the flowchart of FIG. 15, first, a selection of a
numerical range of elastic modulus is received from a user
(step S1). When a numerical range is selected, a target PRT
is determined according to PRT characteristic curve and the
numerical range selected (step S2), and the number of
required repetitions of interleaving is determined by calcu-
lation of actual PRT/target PRT (step S3). Subsequently, a
variable N indicating a number of transmissions of focused
ultrasound and a counter variable u indicating a number of
times interleaving are both initialized to one (step S4), an
N-th SW tracking step is executed (step S5), and subse-
quently initial setting is performed in steps S6, S7, S8, and
S9. Here, the time direction offset and element array direc-
tion offset are set to zero. Thus, the time direction offset and
the element array direction offset are set to significant values
in steps S5 through S9.

Initial settings comprise steps of determining whether or
not time direction interleaving is to be executed (step S6),
and when time direction interleaving is to be executed,
setting the time direction offset to a value of /(2 to the
power u) (step S7); determining whether or not element
array direction interleaving is to be executed (step S8), and
when element array direction interleaving is to be executed,
setting the element array direction interleaving to a value of
k/(2 to the power u) (step S9).

Subsequently, an SW tracking step is performed that relies
on an (N+1)-th ARFI transmission (step S10), and interleav-
ing of SWS sequence N and SWS sequence N+1 is executed
(step S11). In step S12, whether or not interleaving has been
executed the required number of times is determined. When
the number of times interleaving does not satisfy the
required number of times (“No” in step S12), a frame group
of sequence N+1 is set to be a frame group of sequence N
(step S13), variable u is incremented (step S14), and pro-
cessing returns to step S6. When the required number of
times interleaving has been executed (“Yes” in step S12),
displacement propagation data is generated by using wave-
front frame data at a given depth position in step S15. In step
S16, whether or not the number of depth positions of
wavefront frame data matches the number of displacement
propagation data sets is determined. In the case of a match,
processing proceeds to step S17, and an elastic modulus
image is created by using the displacement propagation data.

The shear wave (SW) tracking step of step S5 and step
S10 can be expanded to a more detailed procedure as a
subroutine. FIG. 16 is a flowchart illustrating a detailed
procedure of an SW tracking step. The flowchart of FIG. 16
is called from execution of an N-th SW tracking step (step
S5) and execution of an (N+1)-th SW tracking step (step
S10).
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First, a reference detection pulse is transmitted and
reflected ultrasound received (step S30), delay-and-sum is
performed and reference DAS data is generated (step S31).
Step S32 is determination of whether processing has been
performed for all focus points in the ROI, and when an
unprocessed focus point remains, processing returns to step
S31. When an unprocessed focus point is not present,
whether or not a requited number of transmission and
reception steps has been performed is determined in step
S33. When the required number of transmission and recep-
tion steps has not been performed, processing returns to step
S30. When the required number of transmission and recep-
tion steps has been performed, ARFI transmission is
executed in step S34.

In step S35, it is determined whether or not a time
direction offset is enabled. When a time direction offset is
enabled, transmission of a detection pulse is offset by a time
interval set by the time direction offset in step S36. When a
time direction offset is not enabled, step S36 is skipped and
processing proceeds to step S37. In step S37, ultrasound
signals are acquired.

In step S38, it is determined whether or not an element
array direction offset is enabled. When an element array
direction offset is enabled, acoustic line positions settings in
beamforming are offset by an amount indicated by the
element array direction offset in step S39. When an element
array direction offset is not enabled, step S39 is skipped.
Subsequently, delay-and-sum is performed according to
acoustic line positions for which the element array direction
offset is set or not set, and detection DAS data for one focus
point is acquired (step S40).

The following describes step S36 and step S39 in more
detail. “Enabling” a time direction offset or element array
direction offset means that the time direction offset or
element array direction offset is set to a value other than
zero. Specifically, in the flowchart of FIG. 15, time direction
offset and element array direction offset are set to zero, and
then set to significant values across steps S5 to S9.

The processing of FIG. 16 is called in order to execute an
N-th SW tracking step (step S5), which is before initializa-
tion of the time direction offset and element array direction
offset (steps S6 to S9), and therefore step S35 and step S38
in the flowchart of FIG. 16 result in “No” in each case,
transmission timing of a detection pulse and transmission
timing of a reference detection pulse are not offset, and
acquisition of ultrasound signals from a detection pulse and
generation of detection DAS data proceeds (step S37 and
step S40).

In contrast, the processing of FIG. 16 is called in order to
execute an (N+1)-th SW tracking step (step S10), which is
after initialization of the time direction offset and element
array direction offset (steps S6 to S9), and therefore one of
the time direction offset and the element array direction
offset are enabled, and one of step S35 and step S38 in the
flowchart of FIG. 16 results in a “Yes”. Accordingly, in step
S37 and step S40, the transmission timing of a detection
pulse is offset, and ultrasound acquisition according to the
detection pulse and generation of detection DAS data is
performed.

In step S41, whether DAS data has been calculated for all
focus points in the ROI is determined, and when DAS data
remains to be calculated, step S41 results in a “No”, and
processing returns to step S38. When no DAS data remains
to be calculated, processing proceeds to step S42.

In step S42, whether or not a predefined number of
transmission and reception steps has been reached is deter-
mined. When the predefined number has not been reached,
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processing returns to step S35. When the predefined number
has been reached, wavefront frame data is generated by
using reference DAS data and detection DAS data in step
S43. Subsequently, in step S44 it is determined whether or
not reference DAS data and detection DAS data has been
calculated for all focus points in the ROI. When the result is
“No”, the target of processing switches to the next focus
point and processing returns to step S43. In step S485, it is
determined whether or not the number of times wavefront
frame data is generated has reached a predefined number.
When the predefined number has not been reached, process-
ing returns to step S43. When the predefined number has
been reached, the processing of the present flowchart ends,
and processing returns to the higher-level routine.

The interleaving in step S11 of FIG. 15 is also a subrou-
tine, and can be expanded to a more detailed procedure. FIG.
17 is a flowchart illustrating details of interleaving. In step
S81, it is determined whether or not a time direction offset
is enabled. When a time direction offset is enabled, time
direction interleaving is executed in steps S52 to S54. In the
time direction interleaving, each frame of SWS sequence N
is arranged as even-numbered frames of a combined wave-
front frame sequence (step S52), each frame of SWS
sequence N+1 is arranged as odd-numbered frames of the
combined wavefront frame sequence (step S53), and subse-
quently time stamps are added to each frame according to
frame numbers of even-numbered frames and odd-num-
bered frames (step S54).

In step S55, it is determined whether or not an element
array direction offset is enabled. When element array direc-
tion offset is not enabled, the present flowchart ends, and
processing returns to a point immediately after the step that
called this subroutine. When element array direction offset is
enabled, line positions are changed according to step S56
and step S57. Specifically, data component lines in the
element array direction of each frame in SWS sequence N
are converted to even lines of each frame in combined
wavefront frame data (step S56), and data component lines
in wavefront frame data of SWS sequence N+1 are con-
verted to odd lines of wavefront frame data in the combined
wavefront frame data (step S57).

When time direction offset is not enabled (“No” in step
S51), and element array direction offset is enabled (*“Yes” in
step S58), step S59 and step S60 are performed. Here, data
component lines in wavefront frame data of the SWS
sequence N are converted to even lines of wavefront frame
data in combined wavefront frame data (step S59), and data
component lines in wavefront frame data of SWS sequence
N+1 are converted to odd lines of wavefront frame data in
the combined wavefront frame data (step S60).

FIG. 18 is a flowchart illustrating an output data genera-
tion procedure. This flowchart has a multi-loop structure
composed from a loop for variable 1, a loop for variable i,
and a loop for variable j. The variable 1 defines a difference
between arrival time of a wavefront at array position 1 and
arrival time of the wavefront at array position i+l, and the
loop for the variable 1 is for calculating R, and Cg, for
various values that are valid for variable 1. The loop for the
variable 1 is for calculating elastic modulus for each element
position for one depth position. The loop for the variable j
is for repeating E(i,j) for each depth position.

In step S71, the variable j that indicates positions in the
depth direction is initialized to 1. In step S72, the variable 1
that indicates positions in the element array direction is
initialized to 1. In step S73, the variable 1 is initialized to 1.
In step S74, the sum operation of Equation 7 is performed
for the variable 1, which is set to a value according to
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initialization or a subsequent update, and a correlation value
Cp, of £(t) and g, ,(t+]) is calculated. In step S75, a not-
malized correlation value R, is obtained by normalizing C,
according to Equation 6. In step S76, when the variable 1 has
not reached a maximum value, the variable 1 is incremented
(step S70), and processing returns to step S74. Until the
variable 1 reaches the maximum value, the steps of incre-
menting the variable 1, calculating C,, and normalizing C,,
are repeated. When the variable 1 reaches the maximum
value, step S76 results in “Yes”, and processing proceeds to
step S77. In step S77, the shift amount T in the time direction
is calculated by multiplying the variable 1 by a maximum R,
value among R, values for 1=1,2,3,4,5, ..., n. In step S78,
alocal value of shear wave speed is calculated by calculation
of v«—I/(tT), and in step S79, v squared is multiplied by 3
to obtain the elastic modulus E(i, j) at coordinates (i.)).

In step S80, it is determined whether or not the variable
i has reached a maximum value, and when the maximum
value has not been reached, the variable i is incremented
(step S81) and processing returns to step S73. In step S82,
when a maximum value for the variable j has not been
reached, step S82 results in “No”, the variable j is incre-
mented in step S83, and processing returns to step S72.
When the variable j reaches the maximum value, the loop
ends. In step S84, after all the loops have ended, v(i,j) or E(j,
j) for each element position and depth position are converted
to colored pixels or numerical values in order to obtain
output data.

According to the embodiment above, apparent time reso-
lution and spatial resolution are increased by interleaving
wavefront frame data of two or more SWS sequences
obtained by transmission of focused ultrasound. Thus, elas-
ticity evaluation is performed at high accuracy, based on
elastic modulus calculated from speed of a shear wave
calculated at the moment of local increase while passing
through hard tissue.

(Embodiment 2)

In embodiment 1, reflected ultrasound is received, delay-
and-sum is performed, and wavefront frame data obtained
from differences between reference DAS data and detection
DAS data 1s interleaved. The present embodiment relates to
an improvement, according to which compound processing
is implemented on wavefront frame data of an interleaved
SWS sequence. For this improvement, a compound proces-
sor is added to the ultrasound processing device 101 of
embodiment 2. FIG. 19 illustrates a configuration of the
output data generator 3 pertaining to embodiment 2. In FIG.
19, a compound processor 15, which is a new element not
present in embodiment 1, FIG. 5B, is added to the output
data generator 3. The following describes the compound
processor 15, which is newly added in embodiment 2.

The compound processor 15 performs compound process-
ing on reference DAS data and detection DAS data obtained
from delay-and-sum processing, and overwrites the refer-
ence DAS data and detection DAS data stored in the DAS
data storage 7 by using reference DAS data and detection
DAS data that has been compounded, thereby making the
reference DAS data and detection DAS data that has been
compounded the target for generation of wavefront frame
data. The wavefront frame data is also compounded from a
plurality of wavefront frame data, and wavefront frame data
stored in the combined wavefront frame sequence storage 11
is overwritten by wavefront frame data that has been com-
pounded, thereby making wavefront frame data that has
been compounded the target for generation of displacement
propagation data. In general, compound processing is per-
forming an averaging operation on data components of two
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or more target image frames to obtain an image frame
composed of average value data components, and overwrit-
ing the two or more targeted sets of wavefront frame data
with wavefront frame data composed of data components
that have been averaged. Here, compound processing of
DAS data refers to both non-deflection compound and
deflection compound processing. Compound processing of
wavefront frame data refers only to non-deflection com-
pound processing.

This concludes description of the element added in the
present embodiment (the compound processor 15). The
following describes changes to processing of existing ele-
ments (the push pulse controller 1) that accompany the
additional element.

The push pulse controller 1 causes transmission of more
reference detection pulses and detection pulses than the push
pulse controller 1 of embodiment 1, for reference DAS data
and detection DAS data to be targets for compound pro-
cessing. Reference detection pulses are transmitted three to
four more times and detection pulses are transmitted two to
three more times than in embodiment 1. Further, when
deflection compound processing is executed, deflection
pulses are transmitted, and when non-deflection compound
processing is executed, non-deflection compound pulses are
transmitted.

This concludes description of changes to processing of
existing elements that accompanies element addition. FIG.
20A illustrates a detection pulse transmitted by a normal
(non-deflection) compound method; FIG. 20B illustrates a
deflection detection pulse transmitted by a deflection com-
pound method.

The non-deflection compound method includes transmit-
ting a plurality of detection pulses at a fixed steering angle,
and performing an averaging operation on data components
of wavefront frame data corresponding to reflected ultra-
sound obtained by reflection of the plurality of detection
pulses, in order to obtain desired wavefront frame data. In
FIG. 20A, dwl, dw2, dw3, and dw4 are detection pulses set
to the same angle with respect to the element array direction.

The deflection compound method includes transmitting a
plurality of detection pulses at a plurality of steering angles,
and performing an averaging operation on wavefront frame
data corresponding to reflected ultrasound obtained by
reflection of the plurality of detection pulses, in order to
obtain desired wavefront frame data. In FIG. 20B, dw5,
dw6, dw7, and dw8 are detection pulses set to different
angles from each other with respect to the element array
direction.

Temporal transition of processing of the ultrasound pro-
cessing device pertaining to embodiment 2 is described
below with reference to the timing chart of FIG. 20C and
FIG. 21.

The first and second stages of FIG. 20C and the third to
sixth stages of FIG. 21 make up the timing chart pertaining
to embodiment 2. When compared to embodiment 1, the
following differences are apparent.

First, the number of reference detection pulses and detec-
tion pulses is different between embodiment 1 and embodi-
ment 2. In the first stage of FIG. 7 of embodiment 1, one
reference detection pulse is transmitted, but in the first stage
of FIG. 20C, three reference detection pulses are transmit-
ted, and further, the number of detection pulses is also
increased by two. In addition, these reference detection
pulses and detection pulses are either non-deflection pulses
or deflection pulses.

Second, detection DAS data is different. The detection
DAS data according to FIG. 7 of embodiment 1 is, in the
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second stage, reference DAS data and detection DAS data
on a time axis obtained after delay-and-sum processing
performed with respect to reflected ultrasound from refer-
ence detection pulses and detection pulses. In contrast, in
FIG. 20C of embodiment 2, three consecutive sets of refer-
ence DAS data are compounded (reference DASc data),
three consecutive sets of detection DAS data are com-
pounded (detection DASc data), and the reference DASc
data and the detection DASc data are arranged on a time
axis. In the upper portion of the second stage, three sets of
reference DAS data obtained by delay-and-sum processing
of reflected ultrasound of reference detection pulses and a
plurality of sets of DAS data obtained by delay-and-sum
processing of reflected ultrasound of detection pulses are
illustrated. The arrows cpl, cp2, cp3, cpd, cp5, and cp6 in
the central portion of the second stage indicate compound
processing of three consecutive sets of either reference DAS
data or detection DAS data. The arrows cpll, cpl2, cpl3,
cpld, cpl5, and cpl6 of the second stage indicate compound
processing of three consecutive sets of either reference DAS
data or detection DAS data in a subsequent SWS tracking
step. The reference DASc data and detection DASc data are
illustrated in the lower portion of the second stage, and are
obtained by compound processing indicated by the arrows.

Third, displacement propagation data generation targets
are different. In FIG. 7, embodiment 1, reference DAS data
and detection DAS data is obtained, and interleaved wave-
front frame data is the target of displacement propagation
data generation. In contrast, in FIG. 21, embodiment 2,
compounded wavefront frame data that is both interleaved
and compounded is the target of displacement propagation
data generation. In the upper portion of the fifth stage of
FIG. 21, a combined wavefront frame sequence that has
been interleaved is illustrated. The signs us21 and us22 in
FIG. 21 schematically indicate use of SWS sequence N and
SWS sequence N+1 in time direction interleaving. In the
central portion of the fifth stage, compound processing of
four consecutive sets of wavefront frame data in the com-
bined wavefront frame sequence is indicated by arrows
cp21, cp22, cp23, and cp24. In the lower portion of the fifth
stage, a combined wavefront frame sequence composed
from wavefront frame data for which compound processing
has been performed is indicated as a target for compound
processing.

FIG. 20C and FIG. 21 illustrate time direction interleav-
ing, but instead of time direction interleaving or in addition
to time direction interleaving, element array direction inter-
leaving can be executed to increase resolution in the element
array direction.

The following describes changes to flowcharts. FIG. 22 is
a flowchart illustrating an SW tracking step into which
compound processing is added. Unlike FIG. 16, steps related
to compound processing (step S91 and step S93) are incor-
porated to key points.

In step S91, inserted between step S31 and step S32,
compound processing is performed on reference DAS data,
reference DASc data that has been compounded is obtained,
and the reference DAS data is overwritten by the reference
DASc data.

In step S93, inserted between step S40 and step S41,
compound processing is performed on detection DAS data,
detection DASc data is obtained, and the detection DAS data
is overwritten by the detection DASc data.

FIG. 23 is a flowchart illustrating a procedure of inter-
leaving pertaining to embodiment 2. FIG. 23 is based on
FIG. 17, but step S95 and step S96 are additional steps not
present in FIG. 17. Step S95 is executed when it is deter-
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mined that element array direction offset is not enabled after
time direction interleaving executed in steps S52 to S54. In
step S95, compound processing is performed on even frames
and odd frames of combined wavefront frame data, and even
frames and odd frames of the combined wavefront frame
data are overwritten by the even frames and odd frames that
have been compounded.

Step S96 is executed when it is determined in step S55
that an element array direction offset is enabled and element
array direction interleaving is executed in addition to time
direction interleaving (step S56, step S57) or when it is
determined in step S58 that an element array direction offset
is enabled and element array direction interleaving is
executed but time direction interleaving is not executed (step
S59, step S60). In step S96, compound processing is per-
formed on even lines and odd lines of combined wavefront
frame data, and even lines and odd lines of the combined
wavefront frame data are overwritten by the even lines and
odd lines that have been compounded.

Through the above processing, the even frames and odd
frames of combined wavefront frame data, or the even lines
and odd lines of combined wavefront data are overwritten
with the results of compound processing.

Interleaving targets that are an SWS sequence of an N-th
SW tracking step and an SWS sequence of an (N+1)-th SW
tracking step are at different times, and therefore the wave-
front frame data does not correlate. When alternately
arranged by interleaving the wavefront frame data, genera-
tion of high-frequency noise becomes remarkable. However,
by performing compound processing prior to interleaving,
high-frequency noise in a plurality of temporally consecu-
tive sets of wavefront frame data is suppressed, increasing
image quality.

According to the present embodiment, noise generated by
the interleaving targets SWS sequence N and SWS sequence
N+1 being on different time axes is reduced by compound
processing. Thus, image quality deterioration is avoided and
an increase in element array direction resolution and time
direction resolution is achieved.

(Embodiment 3)

In embodiment 1, although processing up to generating an
elastic modulus image is completed, in the present embodi-
ment a data counter is added to the ultrasound processing
device 101 as an element for evaluating results measured by
an SW tracking step. FIG. 24 illustrates a configuration of
the output data generator 3 pertaining to embodiment 3.
Compared to the output data generator 3 illustrated in FIG.
5B, embodiment 1, a data measurer 16, a histogram storage
17, and an unmeasurable-data storage 18 is added in FIG.
24.

The following describes the characteristic elements of the
present embodiment (the data measurer 16, the histogram
storage 17, and the unmeasurable-data storage 18).

The data measurer 16, when an elastic modulus image is
generated, classifies, into a plurality of numerical ranges,
elasticity obtained for each of a plurality of positions in the
element array direction and the depth direction. Subse-
quently, according to this classification, the data measurer 16
creates a histogram that associates the numerical ranges of
elasticity to the frequency of occurrence of data components.
In any numerical range indicated in a histogram, unclassi-
fiable measurement positions may appear in an ROI. Data
components calculated for measurement positions that do
not belong to any numerical range of elasticity are referred
to as “unmeasurable data”.

The histogram storage 17 stores a histogram generated by
the data measurer 16, and supplies the histogram to the



US 10,548,572 B2

27

controller 4. Supplying the histogram to the controller 4
enables displaying of the histogram on the display 103.

The unmeasurable data storage 18 stores unmeasurable
data found by the data measurer 16.

This concludes description of the characteristic elements
of the present embodiment (the data measurer 16, the
histogram storage 17, and the unmeasurable-data storage
18). The following describes changes to processing of
existing elements (the controller 4, the displacement inter-
leaver 10) that accompany the additional elements.

In the present embodiment, the controller 4, when the
amount of unmeasurable data is high, repeats interleaving
while changing an element array direction offset, obtains an
elastic modulus image, and counts a number of unmeasur-
able data points in the elastic modulus image. When the
number of unmeasurable data points is equal to or less than
a threshold, the controller 4 stops the repetition of interleav-
ing. While repeating interleaving, time direction offset,
element array direction offset, or both time direction offset
and element array direction offset is repeated.

The displacement interleaver 10, in processing of an SWS
sequence N+1, inserts a data component of a wavefront
image of SWS sequence N+1 between two consecutive data
components of a region in which unmeasurable data points
are frequent among wavefront images of wavefront frame
data N generated from detection DAS obtained after delay-
and-sum processing provided with element array direction
offset with respect to RF signals outputted from a plurality
of acoustic elements.

FIG. 25 illustrates a subject and three elastic modulus
images obtained from the subject. The subject in an upper
portion of FIG. 25 has two hard tissue portions sd1 and sd12
arranged in soft tissue.

The lower portion of FIG. 25 illustrates three elastic
modulus images im11, im12, and im13. The three elastic
modulus images have a common configuration, in which a
left axis a depth direction from 0 mm to 100 mm and the
bottom axis is an element array direction from -15 mm to
+15 mm. The right side shows a color gradient gral. The
color gradient gral is an elastic modulus gauge indicating 10
kPa ranges incremented from 0 kPa to 100 kPa, so that a
correspondence between elastic modulus and color pixels
can be understood. The elastic modulus image on the left
side of FIG. 25 is obtained without interleaving of wavefront
frame data, the elastic modulus image central to FIG. 25 is
obtained by executing both element array and time direction
interleaving (hereafter, “interleaving method”), and the elas-
tic modulus image on the right side of FIG. 25 is obtained
by executing the compound processing of embodiment 2 and
interleaving (hereafter, “interleaving and compounding
method”). When compared to the elastic modulus image on
the left side, the elastic modulus image that is central
exhibits improved image quality in the periphery of the hard
tissue sd11. Further, when comparing the elastic modulus
image that is central to the elastic modulus image on the
right side, it can be seen that shape of the hard tissue is
clearer and image quality is improved in the elastic modulus
image on the right side.

FIG. 26 illustrates histograms generated from a portion of
elastic modulus images. The white-framed regions in the
elastic modulus image indicate a target of histogram gen-
eration. It can be seen that a portion above and below the
hard tissue is indicated as the target for histogram genera-
tion. The three histograms are a histogram generated from
the elastic modulus image generated without interleaving, a
histogram generated from the elastic modulus image gener-
ated by the interleaving method, and a histogram generated
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from the elastic modulus image generated by the interleav-
ing and compounding method. The three histograms each
have a common configuration, in which a horizontal axis
indicates elastic modulus of 0 kPa to 100 kPa, and a vertical
axis indicates frequency of occurrence of pixels in the
associated elastic modulus image. The numerical range of 10
kPa to 25 kPa indicates elastic modulus of soft tissue. In the
horizontal axis, the range enclosed by a dashed line frame
indicates a range of elastic modulus from 10 kPa to 25 kPa.
When comparing these three histograms, it can be seen that
the interleaving method histogram has a higher frequency
density and improved resolution over the histogram without
interleaving. Further, when comparing the interleaving
method and the interleaving and compounding method, the
interleaving and compounding method histogram has a
higher frequency density.

FIG. 27 illustrates histograms generated from a different
portion of elastic modulus images. FI1G. 27 is similar to FIG.
26, but the portion indicated by a white frame is different. In
other words, in FIG. 27, hard tissue in the subject is the
target for histogram generation. Three histograms generated
from this white frame are illustrated in the lower portion of
FIG. 27, as in FIG. 26.

However, because hard tissue is targeted, frequency dis-
tribution used to compose the histograms is different. The
dashed lines in each histogram indicate a numerical range of
elastic modulus of hard tissue, from 50 kPa to 100 kPa.
When comparing the numerical range from 50 kPa to 100
kPa in these three histograms, it can be seen that the
interleaving method histogram has a higher frequency den-
sity and improved resolution over the histogram without
interleaving. Further, when comparing the interleaving
method and the interleaving and compounding method, the
interleaving and compounding method has a higher fre-
quency density.

FIG. 28 is a flowchart illustrating an overall procedure
according to the ultrasound processing device pertaining to
embodiment 3. FIG. 28 is based on the flowchart of FIG. 15,
embodiment 1, and differences are described below.

First, opportunities to create elastic modulus images are
different. In FIG. 15, embodiment 1, after executing an N-th
SW tracking step, an (N+1)-th SW tracking step is per-
formed and interleaving is executed, and subsequently an
elastic modulus image is created. Specifically, in FIG. 28,
displacement propagation data in generated by using wave-
front frame data at a given depth position in step S15. In step
S16, whether or not the number of depth positions of
wavefront frame data matches the number of displacement
propagation data sets in determined. If the number of depth
positions does not match the number of displacement propa-
gation data sets, the processing proceeds to step S15A. In
step S15A, a next depth position is set, and steps S15 and
S16 are subsequently repeated. In the case of a match,
processing proceeds to step S101, and an elastic modulus
image is created by using the displacement propagation data.
In contrast to the processing in FIG. 15, in FIG. 28, in
addition to creating an elastic modulus image after obtaining
a combined wavefront frame sequence by interleaving SWS
sequence N and SWS sequence N+1 (step S101), the com-
bined wavefront frame sequence is set to be the SWS
sequence N (step S108), an (N+1)-th tracking step is
executed (step S106), interleaving is executed (step S107),
and processing returns to step S101 to create an elastic
modulus image.

Second, unmeasurable data is treated differently. In FIG.
15, unmeasurable data is not counted, whereas in FIG. 28,
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after generation of an elastic modulus image in step S101,
unmeasurable data is counted (step S102).

Third, targets of interleaving are different. In embodiment
1, time direction interleaving, element array direction inter-
leaving, or element array and time direction interleaving is
performed according a time direction offset and/or element
array direction offset. In FIG. 28, a portion of wavefront
frame data in which unmeasurable data points are equal to
or greater than a predefined threshold is set as a target (step
S104), element array direction offset is updated (step S105),
an (N+1)-th SW tracking step is executed (step S106), and
element array direction interleaving is executed using the
interleaving target wavefront frame data and the (N+1)-th
SWS sequence (step S107). Further, the SWS sequence
subsequent to this interleaving is set as an N-th SWS
sequence (step S108), and interleaving is executed again.

Fourth, conditions for ending interleaving are different. In
FIG. 15, the number of times interleaving is required is
calculated from PRT, and interleaving is executed this
number of times. In contrast, in FIG. 28, an elastic modulus
image is generated after one execution of an SW tracking
step, and whether or not the number of unmeasurable data
points in this elastic modulus image is below a predefined
threshold is an end condition for repetition of interleaving
(“No” in step S103).

According to the present embodiment, element array
direction interleaving is executed for a region in which the
number of unmeasurable data points is equal to or greater
than a threshold, until the number of unmeasurable data
points decreases below the threshold, and therefore acoustic
line density can be increased in a region in which unmea-
surable data points are highly concentrated.

(Embodiment 4)

In embodiment 3, the number of unmeasurable data points
in an elastic modulus image is counted, and a region in
which the number of unmeasurable data points is greater
than or equal to a predefined threshold is set as a target for
interleaving. In contrast, in the present embodiment, the
ultrasound diagnostic device 101 has a designation operation
function, and a region designated via the designation opera-
tion function is set as a target for element array direction
interleaving.

The following describes changes to processing of existing
elements (display 103), in order to implement the designa-
tion operation function.

The display 103 of the present embodiment has a touch
panel function. Thus, when an elastic modulus image is
displayed, a user can designate a region as a target for higher
definition through interleaving, by touching the region with
a finger.

A display controller is added to the controller 4 as an
ancillary element. The display controller displays a graphi-
cal user interface (GUI), displaying an elastic modulus
image according to an N-th SW tracking step, and can
receive an input operation from a user. When a region of an
elastic modulus image is designated via an operation with
respect to the display 103, in order that element array
direction interleaving be executed with respect to the region,
the display controller causes execution of an N-th SW
tracking step, and causes the displacement interleaver 10 to
execute interleaving of an obtained SWS sequence and an
SWS sequence obtained via the N-th SW tracking step.

FIG. 29A illustrates a usage example when receiving a
region specifying operation with respect to an elastic modu-
lus image displayed on the display 103. The sign dstl in
FIG. 29A indicates a closed loop drawn on the screen of the
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display 103 by dragging a fingertip across the screen, and the
interior of the closed loop is designated as an interleaving
target region.

FIG. 29B indicates a designated region in wavefront
frame data. Among wavefront frame data, element array
direction interleaving and/or element array and time direc-
tion interleaving is executed with respect to the designated
region, thereby doubling acoustic line density of the desig-
nated region.

FIG. 30 is a flowchart illustrating an overall procedure
pertaining to embodiment 4. FIG. 30 is based on the flow-
chart of F1G. 28, embodiment 3. Compared to this base, the
following differences exist.

First, processing after elastic modulus image generation is
different. In FIG. 28, embodiment 3, the number of unmea-
surable data points is counted after elastic modulus image
generated. In contrast, in FIG. 30, after elastic modulus
image generation (step S101), a GUI is displayed (step
S111), and a region designation operation is received from
a user (step S112).

Second, targets of interleaving are different. In FIG. 28,
embodiment 3, a region in which the number of unmeasur-
able data points is greater than or equal to a predefined
threshold is the target of interleaving. In contrast, in F1G. 30,
a region designated by a user operation via a GUI (desig-
nated in step S112) is set as the target of interleaving (step
S104).

Third, conditions for ending interleaving are different. In
FIG. 28, an SW tracking step is executed once, an elastic
modulus image is created, and the number of unmeasurable
data points in the elastic modulus image decreasing below a
predefined threshold is the end condition for repetition of
interleaving (“No” in step S103). In contrast, in FI1G. 30, an
end operation via the GUI is the end condition for repetition
of interleaving (step S113).

The interleaving includes setting each data component
line of wavefront frame data of SWS sequence N as even
lines of a designated region of wavefront frame data in a
combined wavefront frame sequence, and setting each data
component line of wavefront frame data of SWS sequence
N+1 as odd lines of the designated region of the wavefront
frame data in the combined wavefront frame sequence.

According to the present embodiment, element array
direction interleaving is executed with respect to a region
designated by a user on an elastic modulus image generated
after one execution of an SW tracking step, and therefore
accuracy of elasticity evaluation is increased.
(Embodiment 5)

In embodiment 1, when element array direction interleav-
ing is executed, an ARFI is transmitted two or more times,
two or more SWS sequences are obtained, and the two or
more SWS sequences are targets of the element array
direction interleaving. In contrast, the present embodiment
relates to an improvement, according to which two or more
SWS sequences are obtained from one ARFI transmission,
and the two or more SW'S sequences are set as element array
direction interleaving targets.

The following describes the processing of existing ele-
ments (the reception beam former 6, the displacement detec-
tor 8, and the displacement interleaver 10) for obtaining two
or more SWS sequences from one ARFI transmission.

The reception beam former 6 of the present embodiment
executes beamforming twice when a reference detection
pulse is transmitted and reflected ultrasound thereof is
received prior to the N-th ARFI transmission, the beam-
forming being executed with different acoustic line positions
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each time. Thus, reference DAS data of SWS sequence N is
obtained and reference DAS data of SWS sequence N+1 is
obtained.

In the same way, the reception beam former 6 executes
beamforming twice when a detection pulse is transmitted
and reflected ultrasound thereof is received subsequent to
the N-th ARFI transmission, the beamforming being
executed with different acoustic line positions each time.
Thus, detection DAS data of SWS sequence N is obtained
and detection DAS data of SWS sequence N+1 is obtained.
Setting changes of acoustic line positions when executing
the beamforming are achieved by changing element array
direction offset between transmitting an initial reference
detection pulse and transmitting a second reference detec-
tion pulse. Reference DAS data and detection DAS data of
SWS sequence N, and reference DAS data and detection
DAS data of SWS sequence N+1 is all written to the DAS
data storage 7.

The displacement detector 8 extracts, from DAS data
written to the DAS data storage 7, displacement portions of
shear wave wavefronts from reference DAS data and detec-
tion DAS data of the SWS sequence N, in order to obtain
wavefront frame data of the SWS sequence N and write the
wavefront frame data to the wavefront frame data storage 9.
Likewise, the displacement detector 8 extracts displacement
portions of shear wave wavefronts from reference DAS data
and detection DAS data of the SWS sequence N+1, in order
to obtain wavefront frame data of the SWS sequence N+1
and write the wavefront frame data to the wavefront frame
data storage 9.

The displacement interleaver 10 executes element array
direction interleaving with respect to the wavefront frame
data of the SWS sequence N and the wavefront frame data
of the SWS sequence N+1 written to the wavefront frame
data storage 9, thereby obtaining a combined wavefront
frame sequence. This concludes changes to existing ele-
ments in embodiment 5.

FIG. 31 is a timing chart illustrating element array direc-
tion interleaving in embodiment 5. FIG. 31 is based on FIG.
10, and differences from FIG. 10 are described below.

First, the number of ARFI transmissions is different.
According to FIG. 10, an ARFI is transmitted twice, while
according to FIG. 31, an ARFI is only transmitted once.

Second, proportions of reference detection pulses to ref-
erence DAS data are different. According to FIG. 10, one
reference detection pulse corresponds to one set of reference
DAS data. In contrast, according to FIG. 31, one reference
detection pulse corresponds to two sets of reference DAS
data. This one-to-two correspondence results from beam-
forming being performed twice, using different acoustic line
settings, when receiving reflected ultrasound from transmis-
sion of a reference detection pulse, generating two sets of
reference DAS data. The signs BF1 and BF2 in FIG. 31
indicate beamforming being performed twice using different
acoustic line settings.

Third, proportions of detection pulses and sets of detec-
tion DAS data are different. According to FIG. 10, each
detection pulse corresponds one-to-one with a set of detec-
tion DAS data. In contrast, according to FIG. 31, each
detection pulse corresponds one-to-two with sets of detec-
tion DAS data. This one-to-two correspondence results from
beamforming being performed twice, using different acous-
tic line settings, when receiving reflected ultrasound from
transmission of a detection pulse, generating two sets of
detection DAS data. The signs BF3 and BF4 in FIG. 31
indicate beamforming being performed twice using different
acoustic line settings.
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Wavefront frame data is generated based on reference
DAS data and detection DAS data generated as described
above, SWS sequence N and SWS sequence N+1 are
obtained, and become targets for interleaving.

According to the present embodiment, a plurality of SWS
sequences are generated for element array direction inter-
leaving from a single ARFI transmission, and therefore the
number of ARFI transmissions to obtain a combined wave-
front frame sequence can be decreased, and therefore the
burden imposed on the subject of receiving ARFI transmis-
sion can be reduced.
<Effects>

Interleaving according to an ultrasound processing device
provided with the above-described means for solving the
problems includes frame interleaving, in which a wavefront
frame included in a wavefront frame sequence is inserted
between two wavefront frames that are consecutive in a time
direction among wavefront data included in another wave-
front frame sequence, and/or element array direction inter-
leaving, in which a data component from wavefront frame
data included in a wavefront frame sequence is inserted
between two data components that are arranged in an
element array direction among data components included in
another wavefront frame sequence. Thus, apparent resolu-
tion can be improved, and accuracy of SWS calculation can
be improved.
<Notes>

The above describes the best embodiments known to the
applicant at the time of application, but further improve-
ments and modifications may be implemented as indicated
under the technical topics below.

(Application to Non-Destructive Inspection Devices)

Embodiments of an ultrasound processing device are
presented under the assumption that the ultrasound process-
ing device is used in an ultrasound diagnostic system
illustrated in FIG. 1, but this is merely an example. The
ultrasound processing device may be used in a non-destruc-
tive inspection system for inspection of equipment and
building interiors by ultrasound. Further, as long as process-
ing of ultrasound signals is performed, the ultrasound pro-
cessing device may be used in an internal inspection system
of nuclear facilities and a seabed exploration system, for
example.

(Reference DAS Data Generation Timing Variation)

According to FIG. 16, delay-and-sum for reference DAS
data generation is performed after transmission of a refer-
ence detection pulse and delay-and-sum for detection DAS
data generation is performed after transmission of a detec-
tion pulse, but delay-and-sum for reference DAS data gen-
eration and delay-and-sum for detection DAS data genera-
tion may be performed after transmission of a detection
pulse. FIG. 32 is a flowchart modified so that delay-and-sum
for reference DAS data generation and delay-and-sum for
detection DAS data generation are performed (step S40A)
after transmission of a detection pulse.

(Interleaving Targets)

According to embodiment 1, in order to understand shear
wave attenuation, wavefront frame data is obtained based on
reflected ultrasound from a reference detection pulse trans-
mitted prior to transmission of focused ultrasound. How-
ever, interleaving may be executed on reference DAS data
and detection DAS data.

(Subject Target)

The ultrasound processing device 101 of each embodi-
ment is applicable to elasticity evaluation in a mammary
gland region. As a property of living tissue, for example in
amammary gland region, it is reported that cancerous tissue
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is several dozen times harder than fatty tissue (JP 5555286,
paragraph 0028), and therefore a hard portion suspected of
being cancerous tissue can clearly be detected. However, a
mammary gland region is merely one example, and the
subject may be any subject in which this clear difference in
hardness exists. For example, in manufacture of a food
product, the ultrasound processing device may be applied to
inspection of whether or not a contaminant is mixed into the
food product.

(Ultrasound for Tissue State in ROI)

Planar pulses are used as ultrasound for acquiring tissue
state in an ROI, but this is merely one example. As long as
information in an ROI can be acquired all at once, a
spherical wave may be used. In such a case, the probe may
be a probe with a curved surface. Further, the ultrasound
probe may be a transesophageal probe or intravascular
probe.

(Applicable Range of Elasticity Evaluation)

SWS acquisition is described as a technique of elasticity
evaluation according to the ultrasound processing device
101, but elasticity evaluation may be performed according to
shear wave speed imaging (SWSI) or shear wave speed
measurement (SWSM).

(Embodiment Combinations)

Embodiment 3 and embodiment 4 are based on the
ultrasound processing device 101 of embodiment 1, but
embodiment 3 and embodiment 4 may be based on the
improved base of the ultrasound processing device 101 of
embodiment 2 (adding elements for compound processing).
Further, embodiment 4 may be based on the ultrasound
processing device 101 of embodiment 3.

(Variations of Ultrasound Processing Device 101)

The ultrasound probe 102 and the display 103 may be
parts of the ultrasound processing device 101. Further, the
ultrasound probe 102 and/or the display 103 need not be
present. It suffices that the ultrasound processing device 101
processes input from the ultrasound probe 102, and outputs
a video signal indicating an elastic modulus image that the
display 103 displays. Further, all or part of the processing
elements of the ultrasound processing device of each
embodiment may be included in the ultrasound probe 102.
(Variations of Ultrasound Probe 102)

The ultrasound probe 102 may be a probe in which
ultrasound transducers are arranged in a one-dimensional
direction, and may be a probe in which ultrasound trans-
ducers are arranged in two-dimensional array.
(Implementation as Computer System)

When all or part of the elements described above are part
of a computer system comprising a microprocessor, read-
only memory (ROM), random access memory (RAM), hard
disk, etc., it is preferable that a computer program that
achieves the same operations as the elements is stored on the
RAM or hard disk. The microprocessor operates according
to the computer program, thereby achieving the functions of
the elements.

(Integration)

All or part of the elements described above may be part
of a single system large scale integration (LSI). A system
LSI is a super-multifunctional LSI manufactured by inte-
grating a plurality of elements on one chip, specifically a
computer system comprising a microprocessor, ROM,
RAM, etc. The RAM stores a computer program that
achieves the operations of the plurality of elements. The
microprocessor operates according to the computer pro-
gram, the system LSI thereby achieving the functions of the
plurality of elements. Further, LSI is just an example, and a
dedicated circuit or general-purpose processor may be
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implemented. A field programmable gate array (FPGA) may
be used or a reconfigurable processor that allows reconfigu-
ration of cell connections and settings in the TSI after
manufacture may be used.

(Modularization)

All or part of the elements described above may be
implemented as an integrated circuit (IC) card or single
module that can be attached to or removed from a device.
The IC card or module is a computer system comprising a
microprocessor, ROM, RAM, etc. The IC card or module
may include the super-multifunctional LST described above.
The microprocessor operates according to a computer pro-
gram, the IC card or module thereby achieving the functions
of the elements. The IC card or module may be tampet-
resistant.

(Implementation as Program)

The present invention may be implemented by processing
of a computer, as indicated above. Further, the present
invention may be implemented by a computer program
executed by processors of a central processing unit (CPU),
etc., and may be a digital signal of the computer program.

Further, the present invention may be the computer pro-
gram or the digital signal stored on a computer-readable
storage medium. Examples of computer-readable storage
mediums include a flexible disk, hard disk, compact disc
read-only memory (CD-ROM), magneto-optical (MO)
drive, digital versatile disc (DVD), digital versatile disc
read-only memory (DVD-ROM), digital versatile disc ran-
dom access memory (DVD-RAM), Blu-ray disc (registered
trademark), semiconductor memory, etc. Further, the present
invention may be implemented as the storage medium on
which the digital signal is stored. The computer program or
the digital signal may be transmitted via telecommunication
lines, wireless or wired communication lines, a network
such as the internet, data broadcasts, etc.

A computer system comprising a microprocessor and
memory may have the computer program stored in the
memory, and the microprocessor may operate according to
the computer program.

Further, by storing the computer program or the digital
signal on the storage medium and transporting the storage
medium, or by transferring the computer program or the
digital signal across the network, etc., the present invention
may be implemented on another independent computer
system.

(Embodiment Combinations)

The embodiments and modifications may be combined
with each other.

Further, the numbers used above are all representative
examples used to describe the present invention in detail,
and the present invention is not limited to these represen-
tative examples.

Further, the divisions into the function blocks in the
drawings are examples, and multiple function blocks may be
implemented as one function block, one function block may
be divided into multiple function blocks, and a portion of
functions of a given function block may be moved to another
fanction block. Further, the functions of a plurality of
function blocks having similar functions may be processed
in parallel or serially by a single hardware or software unit.

Further, the orders of processing steps are described as
representative examples for description of the present inven-
tion, and the present invention is not limited to these
examples. Further, a portion of the steps may be executed at
the same time (in parallel) as another step.

Further, without departing from the spirit of the present
invention, various modifications of the embodiments within
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a scope that would occur to a person having ordinary skill in
the art are also included in the present invention.
Although the present invention has been fully described
by way of examples with reference to the accompanying
drawings, it is to be noted that various changes and modi-
fications will be apparent to those skilled in the art. There-
fore, unless such changes and modifications depart from the
scope of the present invention, they should be construed as
being included therein.
What is claimed is:
1. An ultrasound diagnostic system comprising:
an ultrasound probe that has an acoustic element array
comprising a plurality of acoustic elements in an ele-
ment array direction; and
an ultrasound processing device comprising an ultrasound
signal processing circuit including:

a push pulse controller that controls the acoustic ele-
ment array to execute a plurality of transmissions of
focused ultrasound to a same position in a subject, in
order to generate radiation force in the subject;

a transmitter that controls the acoustic element array to
execute transmission of reference ultrasound prior to
the plurality of transmissions of focused ultrasound
and to execute a plurality of transmissions of detec-
tion ultrasound after each transmission of focused
ultrasound and before a next transmission of focused
ultrasound,

a generator that obtains a wavefront frame sequence for
each of the transmission of focused ultrasound, by
generating wavefront frame data indicating wave-
front positions of a shear wave at a plurality of points
along a time axis, based on detection of propagation
of the shear wave caused by the radiation force
generated by the focused ultrasound, wherein the
detection of propagation by the generator is per-
formed by extracting values indicating displacement
of subject tissue by comparing reflected ultrasound
signals obtained from reflected ultrasound of the
reference ultrasound received by the ultrasound
probe and reflected ultrasound signals obtained from
reflected ultrasound of the detection ultrasound
received by the ultrasound probe, and wherein the
generator comprises a beamformer that performs
delay-and-sum of element input signals from respec-
tive acoustic elements of the acoustic element array,
the element input signals corresponding to the
reflected ultrasound signals of the reference ultra-
sound and the reflected ultrasound signals of the
detection ultrasound;

an interleaver that obtains a combined wavefront frame
sequence by interleaving a plurality of wavefront
frame sequences obtained by the generator corre-

sponding to consecutive transmissions of focused
ultrasound; and
a calculator that calculates shear wave speed or elastic
modulus in the subject, by using frame time intervals
and change amounts of wavefront positions of the
shear wave indicated by the combined wavefront
frame sequence,
wherein the interleaving comprises at least one of
(1) frame interleaving, in which: the transmitter
controls the acoustic element array to execute
the plurality of transmissions of detection ultra-
sound such that a first detection pulse for the
detection of propagation of the shear wave
generated by one transmission of the plurality
of transmissions of focused ultrasound is pro-
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vided with a time direction offset as compared
to a first detection pulse for detection of the
propagation of the shear wave generated by
another transmission of the plurality of trans-
missions of focused ultrasound transmitted con-
secutively with respect to said one transmission
of focused ultrasound, wherein the time direc-
tion offset is less than a transmission interval of
the plurality of transmissions of detection
pulses transmitted after each of the plurality of
transmissions of focused ultrasound, and the
interleaver inserts a wavefront frame included
in the wavefront frame sequence corresponding
to the one transmission of focused ultrasound
between two wavefront frames that are con-
secutive in a time direction among wavefront
data included in another wavefront frame
sequence corresponding to said another trans-
mission of focused ultrasound, and

(i1) element array direction interleaving, in which:

the beamformer performs the delay-and-sum of
the element input signals corresponding to the
detection ultrasound for the detection of propa-
gation of the shear wave generated by one of the
plurality of transmissions of focused ultrasound
by providing an offset in the element array
direction for acoustic line positions of the
acoustic elements, such that the acoustic line
positions are changed to intervals between the
plurality of acoustic elements, and performs the
delay-and-sum of the element input signals cor-
responding to the detection ultrasound for the
detection of propagation of the shear wave
generated by said another focused ultrasound
without providing the offset for the acoustic line
positions such that the acoustic line positions
are set to predefined positions in an element
region of each of the acoustic elements, and the
interleaver inserts a data component from the
wavefront frame data included in a wavefront
frame sequence corresponding to the one trans-
mission of focused ultrasound and obtained by
performing the delay-and-sum with the offset in
the element array direction, between two data
components that are arranged in the element
array direction among data components
included in another wavefront frame sequence
corresponding to said another transmission of
focused ultrasound and obtained by performing
the delay-and-sum of the element input signals
without the offset in the element array direction.

2. The ultrasound diagnostic system of claim 1, wherein:

the beamformer performs the delay-and-sum of element
input signals by, upon setting the acoustic line positions
of the acoustic elements in the acoustic element array,
adjusting phase of signal waveforms inputted from
each of the acoustic elements and combining the signal
waveforms after adjusting phase, in order to form
acoustic line waveforms of wavefront frames,

when element array direction interleaving is executed, the
acoustic line positions determined for forming acoustic
line waveforms in beamforming after a transmission of
focused ultrasound are different from the acoustic line
positions determined for forming acoustic line wave-
forms in beamforming after a subsequent transmission
of focused ultrasound.
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3. The ultrasound diagnostic system of claim 1, wherein:
the ultrasound signal processing circuit further includes a
compounder that executes compound processing with
respect to the combined wavefront frame sequence,
the compound processing including at least one of:
compound calculation with respect to a plurality of wave-
front frame data in the time direction of a combined
wavefront frame sequence obtained from frame inter-
leaving, and replacing the plurality of wavefront data
with compounded wavefront frame data obtained from
the compound calculation, and
compound calculation with respect to data components in
the element array direction of combined wavefront
frame data obtained from element array direction inter-
leaving, and replacing the data components with com-
pounded data components obtained from the compound
calculation.
4. The ultrasound diagnostic system of claim 1, wherein:
the frame time interval of the combined wavefront frame
sequence is a value according to a pulse repetition time,
and
the interleaver determines the pulse repetition time
according to a setting made by a user within a numeri-
cal range that can be used for evaluating elastic modu-
lus of the subject, and executes interleaving to make the
frame time intervals of wavefront frame data in the
combined wavefront frame sequence conform to the
pulse repetition time.
5. The ultrasound diagnostic system of claim 1, wherein:
the ultrasound signal processing circuit further includes:
a controller that controls the push pulse controller, the
generator, the interleaver, and the calculator to
execute a sequence of an observation procedure from
transmission of focused ultrasound, through wave-
front frame data sequence generation and interleav-
ing of wavefront frame data sequences, to calcula-
tion of elastic modulus, and
a display controller that generates an elastic modulus
image according to a calculated elastic modulus from
one iteration of the observation procedure and causes
display of the elastic modulus image on a display to
allow a user to perform an operation designating a
region of the elastic modulus image, and
when a region of the elastic modulus image is designated,
the interleaver executes element array direction inter-
leaving by inserting a data component of wavefront
frame data included in a wavefront frame data sequence
obtained from an (N+1)-th observation procedure
between two data components included in the region
designated, among data components included in wave-
front frame data included in a wavefront frame
sequence obtained from an N-th observation procedure.
6. The ultrasound diagnostic system of claim 1, wherein:
the ultrasound signal processing circuit further includes:
a controller that controls the push pulse controller, the
generator, the interleaver, and the calculator to
execute a sequence of an observation procedure from
transmission of focused ultrasound, through wave-
front frame data sequence generation and interleav-
ing of wavefront frame data sequences, to calcula-
tion of elastic modulus, and
a counter that counts the number of positions for which
calculation of elastic modulus is impossible among a
plurality of positions in the subject for which elastic
modulus is to be calculated in one iteration of the
observation procedure, and
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when the number of positions for which calculation of
elastic modulus is impossible is greater than or equal to

a predefined threshold, the interleaver executes element

array direction interleaving by inserting a data compo-

nent of wavefront frame data included in a wavefront
frame data sequence obtained from an (N+1)-th obser-
vation procedure between two data components
included in a region in which the positions for which
calculation of elastic modulus is impossible are present,
among data components included in wavefront frame
data included in a wavefront frame sequence obtained
from an N-th observation procedure.

7. The ultrasound diagnostic system of claim 1, wherein:

the ultrasound signal processing circuit further includes:

a controller that controls the push pulse controller, the
generator, the interleaver, and the calculator to
repeatedly execute a sequence of an observation
procedure from transmission of focused ultrasound,
through wavefront frame data sequence generation
and interleaving of wavefront frame data sequences,
to calculation of elastic modulus, and

a counter that counts the number of positions for which
calculation of elastic modulus is impossible among a
plurality of positions in the subject for which elastic
modulus is to be calculated in one iteration of the
observation procedure, and

execution of the observation procedure according to the
controller is repeated until the number of positions for
which calculation of elastic modulus is impossible
drops below a predefined threshold.

8. An ultrasound diagnostic system comprising:

an ultrasound probe that has an acoustic element array
comprising a plurality of acoustic elements in an ele-
ment array direction; and

an ultrasound processing device comprising an ultrasound
signal processing circuit including:

a push pulse controller that causes the acoustic element
array to execute a plurality of transmissions of
focused ultrasound to a same position in a subject, in
order to generate radiation force in the subject;

a transmiitter that controls the acoustic element array to
execute transmission of reference ultrasound prior to
the plurality of transmissions of focused ultrasound
and to execute a plurality of transmissions of detec-
tion ultrasound after each of the plurality of trans-
missions of focused ultrasound and before a next
transmission of focused ultrasound;

a generator that obtains a first wavefront frame data
sequence and a second wavefront frame data
sequence by detecting, at a plurality of time points,
propagation of a shear wave caused by radiation
force generated by a first transmission of the focused
ultrasound and propagation of a shear wave caused
by radiation force generated by a second transmis-
sion of the focused ultrasound transmitted consecu-
tively with respect to the first transmission of the
focused ultrasound;

an interleaver that obtains a combined wavefront frame
sequence by interleaving the first wavefront frame
data sequence and the second wavefront frame data
sequence; and

a calculator that calculates shear wave speed and elastic
modulus in the subject, by performing calculations
using change amounts of propagation positions of a
shear wave indicated by the combined wavefront
frame sequence,
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wherein the generator comprises a beamformer that
sets acoustic line positions for each of the plurality
of acoustic elements of the acoustic element array,
for forming acoustic line waveform corresponding
to data components by phase shifting signal wave- 5
forms inputted from the plurality of acoustic ele-
ments and combining the phase-shifted signal
waveforms,

the generator generates wavefront frame data of the
first wavefront frame sequence by setting acoustic 10
positions to specific positions in element regions
of the plurality of acoustic elements and forming
acoustic line waveforms, the generator generates
wavefront frame data of the second wavefront
sequence by setting acoustic line positions with an 15
offset in the element array direction as compared
to the acoustic line positions set for generating the
first wavefront frame sequence, such that the
acoustic line positions for generating the wave-
front frame data of the second wavefront frame 20
sequence are set to positions different from the
specific positions of the plurality of acoustic ele-
ments and between adjacent acoustic elements,
and forming acoustic line waveforms, and

the interleaver performs element array direction 25
interleaving, in which a data component included
in the wavefront frame data of the second frame
sequence is inserted between two data compo-
nents that are consecutive in the element array
direction among data components included in the 30
wavefront frame data of the first wavefront frame
sequence.
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