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In one embodiment, an ultrasonic diagnostic apparatus
includes a probe configured to be equipped with plural
transducers arranged in a first direction and a second direc-
tion perpendicular to the first direction and be able to
perform a two-dimensional scan in the first and second
directions; a moving device configured to support the probe
and mechanically move the probe in the second direction; a
receiving circuit configured to generate first reception sig-
nals for respective moving positions of the probe in the
second direction by performing receiving phase-compensa-
tion and summation processing on respective reflected sig-
nals received by the plurality of transducers at each of the
moving positions; and processing circuitry configured to
generate a second reception signal by performing moving
aperture synthesis on the first reception signals generated for
the respective moving positions of the probe based on
positional information of the probe and generate image data
from the second reception signal.
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ST100

MOVE ROBOT ARM SUPPORTING PROBE IN SLICE DIRECTION
(IN DIRECTION PERPENDICULAR TO
ARRANGEMENT DIRECTION OF TRANSDUCERS)

v ST102
ACQUIRE POSITION INFORMATION OF PROBE
ST103

ACQUIE RECEPTION SIGNALS

v ST104
PERFORM APERTURE SYNTHESIS PROCESSING

END

FIG. 4
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PROBE MOVEMENT CONTROLLED BY ROBOT ARM
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__ST100

MOVE ROBOT ARM SUPPORTING PROBE IN SLICE DIRECTION
(IN DIRECTION PERPENDICULAR TO
ARRANGEMENT DIRECTION OF TRANSDUCERS)

v ST102
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FLUCTUATION OF
BODY SURFACE

FIG. 21

SLICE DIRECTION

PROBE MOVEMENT CONTRLLED BY ROBOT ARM
(ELEVATION DIRECTION)
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ULTRASONIC DIAGNOSTIC APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2016-043829, filed on Mar. 7, 2016 and Japanese Patent
Application No. 2017-021035 filed on Feb. 8, 2017, the
entire contents of each of which are incorporated herelin by
reference.

FIELD

[0002] Embodiments described herein relate generally to
an ultrasonic diagnostic apparatus.

BACKGROUND

[0003] An ultrasonic diagnostic apparatus is configured to
non-invasively acquire information inside an object such as
a patient by transmitting an ultrasonic pulse and/or an
ultrasonic continuous wave generated by transducers
included in an ultrasonic probe into the object’s body and
converting a reflected ultrasonic wave caused by difference
in acoustic impedance between respective tissues inside the
object into an electric signal. In a medical examination using
an ultrasonic diagnostic apparatus, various types of moving
image data and/or real-time image data can be easily
acquired by scanning an object such that an ultrasonic probe
is brought into contact with a body surface of the object.
Thus, an ultrasonic diagnostic apparatus is widely used for
morphological diagnosis and functional diagnosis of an
organ.

[0004] Additionally, a three-dimensional ultrasonic diag-
nostic apparatus is known, which is equipped with a one-
dimensional array probe configured to mechanically swing
or rotate, or equipped with a two-dimensional array probe,
for acquiring three-dimensional image data. Further, a four-
dimensional ultrasonic diagnostic apparatus configured to
time-sequentially acquire three-dimensional image data sub-
stantially on a real-time basis is also known.

[0005] Moreover, an ultrasonic diagnostic apparatus
equipped with a robot arm configured to hold and move an
ultrasonic probe by programming a body-surface scanning
procedure of a skilled operator is proposed as an attempt to
shorten an examination time.

[0006] In the case of acquiring a three-dimensional image
by mechanically fluctuating or moving a one-dimensional
array probe, it is difficult to obtain a three-dimensional
image with satisfactory image quality, because an aperture
of the one-dimensional array probe in the slice direction is
small. Additionally, its narrow scanning range is also a factor
of reducing practical use of a one-dimensional array probe.
[0007] Although a three-dimensional image can be
acquired by electronically scanning an ultrasonic beam in
two directions with the use of a two-dimensional array
probe, a two-dimensional array probe is square-shaped,
which makes it hard to fit a body surface.

[0008] Further, in consideration of imaging from between
ribs, it is required to reduce an aperture size in the slice
direction to the degree equivalent to a one-dimensional array
probe. If the aperture size of the two-dimensional array
probe is reduced to such a degree, similarly to a one
dimensional probe, it is difficult to acquire a three-dimen-
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sional image with satisfactory image quality due to its small
aperture in the slice direction.

[0009] For these reasons, an ultrasonic diagnostic appara-
tus which can stably acquire a three-dimensional image with
high image quality and high resolution over a wide scanning
range has been desired.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] In the accompanying drawings:

[0011] FIG. 1 is a block diagram illustrating general
configuration of the ultrasonic diagnostic apparatus of the
present embodiment;

[0012] FIG. 2 is a block diagram illustrating detailed
configuration of the ultrasonic diagnostic apparatus of the
present embodiment;

[0013] FIG. 3A is a schematic diagram illustrating a
concept of a beam in an azimuth direction formed by a
reception-side phase-matching adder;

[0014] FIG. 3B is a schematic diagram illustrating a beam
shape in a slice direction of an ultrasonic probe which has a
fixed focal point and forms a beam shape different from a fan
shape;

[0015] FIG. 3C is a schematic diagram illustrating a beam
shape in a slice direction of an ultrasonic probe which can
form a fan beam;

[0016] FIG. 4 is a flowchart illustrating aperture synthesis
processing;
[0017] FIG. 5 is a schematic diagram illustrating move-

ment of an ultrasonic probe controlled by a robot arm;
[0018] FIG. 6 is a schematic diagram illustrating move-
ment of the ultrasonic probe controlled by the robot arm
together with a beam shape (fan beam) of the ultrasonic
probe in the slice direction;

[0019] FIG. 7isa schematic diagram illustrating a concept
of the aperture synthesis processing;

[0020] FIG. 8 is a schematic perspective view illustrating
arrangement of transducers of a 2DA probe;

[0021] FIG. 9A is a schematic plan view illustrating
arrangement of transducers of a 2DA probe;

[0022] FIG. 9B is a schematic perspective view illustrat-
ing a scan using a 2DA probe;

[0023] FIG. 10 is a schematic perspective view illustrating
a method of mechanically moving a 2DA probe in the slice
direction;

[0024] FIG. 11A to FIG. 11D are schematic diagrams also
illustrating the method of mechanically moving of a 2DA
probe in the slice direction;

[0025] FIG. 12A to FIG. 12C are schematic diagrams
illustrating a concept of mechanical movement of a 2DA
probe and beam formation;

[0026] FIG. 13A to FIG. 13D are schematic diagrams
illustrating the concept of mechanical movement of a 2DA
probe and beam formation from a viewpoint different from
FIG. 12A 1o FIG. 12C;

[0027] FIG. 14 is a detailed block diagram illustrating
components related to the aperture synthesis processing
achieved by mechanical movement of the ultrasonic probe in
the slice direction;

[0028] FIG. 15A to FIG. 15D are schematic diagrams
illustrating a concept of the aperture synthesis processing
using a 1DA probe;

[0029] FIG. 16A and FIG. 16B are schematic diagrams
illustrating a concept of an operation of transmission aper-
ture-synthesis processing achieved by performing transmis-
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sion phase-compensation and summation in the scanning
direction as a modification of the aperture synthesis of a
2DA probe;

[0030] FIG. 17 is a block diagram of components for
performing both of the transmission aperture synthesis in the
scanning direction and the aperture synthesis in the slice
direction;

[0031] FIG. 18 is a flowchart illustrating spatial compound
processing;
[0032] FIG. 19 is a functional block diagram of respective

components relevant to the spatial compound function
achieved by mechanical movement in the slice direction;
[0033] FIG. 20 is a functional block diagram in a case
where the spatial compound processing is performed not
only in the slice direction but also in the scanning direction;
[0034] FIG. 21 is a schematic perspective view illustrating
movement status of the ultrasonic probe controlled by the
robot arm together with fluctuation of a body surface; and
[0035] FIG. 22 is a schematic diagram illustrating a con-
cept of three-dimensional spatial compound processing.

DETAILED DESCRIPTION

[0036] Hereinafter, embodiments of the present invention
will be described with reference to the accompanying draw-
ings.

[0037] In one embodiment, an ultrasonic diagnostic appa-
ratus includes a probe configured to be equipped with a
plurality of transducers arranged in a first direction and a
second direction perpendicular to the first direction and be
able to perform a two-dimensional scan in the first direction
and the second direction; a moving device configured to
support the probe and mechanically move the probe in the
second direction; a receiving circuit configured to generate
first reception signals for respective moving positions of the
probe in the second direction by performing receiving
phase-compensation and summation processing on respec-
tive reflected signals received by the plurality of transducers
at each of the moving positions; and processing circuitry
configured to generate a second reception signal by per-
forming moving aperture synthesis on the first reception
signals generated for the respective moving positions of the
probe based on positional information of the probe and
generate image data from the second reception signal.

(General Configuration)

[0038] FIG. 1 is a block diagram illustrating general
configuration of the ultrasonic diagnostic apparatus 1 of the
present embodiment. The ultrasonic diagnostic apparatus 1
includes at least a main body 200 of the apparatus (herein-
after, simply referred to as the main body 200), an ultrasonic
probe 120, a robot arm 110, and a robot arm controller 140.
The robot arm 110 is an instance of a moving device
configured to mechanically move the ultrasonic probe 120.
[0039] The robot arm 110 holds (i.e., supports) the ultra-
sonic probe 120 by, e.g., its end, and can move the ultrasonic
probe 120 with six degrees of freedom according to a control
signal inputted from the robot arm controller 140. To be able
to move the ultrasonic probe 120 with six degrees of
freedom means, e.g., to be able to move it at arbitrary
combination of six components including three translation
direction components (X, Y, Z) and three rotational direction
components (0x, Oy, 0z). The above-described three trans-
lation direction components (X, Y, Z) correspond to an
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X-axis direction, a Y-axis direction, and a Z-axis direction
perpendicular to each other. The above-described three
rotational directions correspond to rotation about the X-axis,
rotation about the Y-axis, and rotation about the Z-axis. In
other words, the robot arm 110 can locate the ultrasonic
probe 120 at a desired position and at a desired orientation
in three-dimensional space, and can move the ultrasonic
probe 120 along a desired path at a desired velocity.

[0040] The robot arm 110 is provided with an arm sensor
111, and detects motions of respective parts of the robot arm
110 by the arm sensor 111. At least a position sensor is
included in the arm sensor 111 of the robot arm 110, and the
robot arm 110 detects the above-described six components
by using this position sensor. Additionally, a velocity sensor
may be included in the arm sensor 111 of the robot arm 110
in addition to the position sensor. Further, an acceleration
sensor may be included in the arm sensor 111 of the robot
arm 110 in addition to the position sensor and the velocity
Sensor.

[0041] Moreover, the arm sensor 111 of the robot arm 110
preferably includes a pressure sensor. Biological contact
pressure of the ultrasonic probe 120 is transmitted to the
robot arm 110 via an ultrasonic probe adapter (supporting
member) 122, and is detected by the pressure sensor
included in the robot arm 110.

[0042] Additionally or alternatively to the above-de-
scribed arm sensor 111, one or more probe sensor 112 such
as a pressure sensor, a position sensor, a velocity sensor,
and/or an acceleration sensor may be mounted on the
ultrasonic probe 120.

[0043] Respective detection signals of the position sensor
and the pressure sensor and/or respective detection signals
of the velocity sensor and the acceleration sensor are used
for feedback control performed by the robot arm controller
140. The robot arm 110 is driven by the robot arm controller
140 according to predetermined trace information. The trace
information is information defining a trace of the ultrasonic
probe 120 such as a position, orientation, a moving path, a
moving velocity, and biological contact pressure. The robot
arm controller 140 performs feedback control of the robot
arm 110 by using this trace information and detection signals
of the respective sensors of the arm sensor 111 in such a
manner that the ultrasonic probe 120 moves according to
this trace information.

[0044] As described above, the robot arm 110 can auto-
matically move the ultrasonic probe 120 along a body
surface of the object (i.e., target examinee) P according to
the trace information under the control of the robot arm
controller 140.

[0045] Additionally, a user can manually move the ultra-
sonic probe 120 under a condition where the ultrasonic
probe 120 is held by the robot arm 110, instead of the above
automatic control. In this case, the robot arm 110 is sepa-
rated from the robot arm controller 140 and moves accord-
ing to an operator’s manipulation of the ultrasonic probe
120. Also in this case, the arm sensor 111 including, e.g., the
position sensor and/or the pressure sensor mounted on the
robot arm 110 continues to operate such that the detection
signals detected by the arm sensor 111 and indicative of, e.g,,
position, velocity, acceleration, and biological contact pres-
sure are sequentially transmitted to the main body 200.
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[0046] FIG. 2 is a block diagram illustrating detailed
configuration of the ultrasonic diagnostic apparatus 1, espe-
cially illustrating detailed configuration of its main body
200.

[0047] As described in FIG. 1, the main body 200 is
connected to the ultrasonic probe 120, the robot arm 110, the
arm sensor 111, and the robot arm controller 140 (herein-
after, referred to as the arm control circuit 140 according to
the notation in FIG. 2). Aside from those components, an
ECG/respiration sensor 180 can also be connected to the
main body 200. The main body 200 includes a transmitting
circuit 231, a receiving circuit 232, first processing circuitry
210, memory circuitry 241, a display 250, an input device
260, and second processing circuitry 300.

[0048] The transmitting circuit 231 includes circuit com-
ponents such as a trigger generation circuit, a delay circuit,
and a pulsar circuit, and supplies a driving signal to the
ultrasonic probe 120. The trigger generation circuit repeti-
tively generates rate pulses at a predetermined frequency.
The delay circuit delays each of the rate pulses by a
predetermined delay amount for each transducer of the
ultrasonic probe 120. The delay circuit is a circuit for
focusing a transmission beam or directing a transmission
beam in a desired direction. The pulsar circuit generates a
pulse signal based on the delayed rate pulses, and applies the
pulse signal to the respective transducers of the ultrasonic
probe 120.

[0049] The ultrasonic probe 120 transmits an ultrasonic
signal to an object and receives the reflected ultrasonic
signal from inside of the object. The ultrasonic probe 120
may be a one-dimensional array probe or a two-dimensional
array probe. As described below, the ultrasonic probe 120
may be a 1.25-dimensional array probe, a 1.5-dimensional
array probe, or a 1.75-dimensional array probe. The ultra-
sonic signal received by the ultrasonic probe 120 is con-
verted into an electric signal by each of the transducers and
supplied to the receiving circuit 232.

[0050] The receiving circuit 232 includes circuit compo-
nents such as amplifier circuits, analog to digital (A/D)
conversion circuits, and a receiving phase-compensation/
summation circuit 234. In the receiving circuit 232, each of
the amplifier circuits amplifies each received analogue sig-
nal supplied from the respective transducers of the ultrasonic
probe 120, and then each of the A/D conversion circuits
converts the respective received analogue signals into digital
signals. Afterward, the receiving phase-compensation/sum-
mation circuit 234 performs a receiving phase-compensation
and summation processing. That is. the receiving phase-
compensation/summation circuit 234 separately compen-
sates the respective phases of the digital signals outputted
from the respective A/D conversion circuits by adding a
delay amount to each of the digital signals, and then gen-
erates a reception signal corresponding to a desired beam
direction by summing up those digital signals. Note that a
beam formed by the receiving phase-compensation/summa-
tion circuit 234 of the receiving circuit 232 is a beam in the
arrangement direction of the transducers inside the ultra-
sonic probe 120, i.e., a beam in the azimuth direction.
[0051] FIG. 3A is a schematic diagram illustrating a
concept of a beam B, in the azimuth direction formed by
the receiving phase-compensation/summation circuit 234.
Although each of the transducers inside the ultrasonic probe
120 has wide beam width in the azimuth direction, the beam
B, with narrow beam width can be formed by summing up
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reception signals from the respective transducers as shown
in FIG. 3A. The reception signal outputted from the receiv-
ing phase-compensation/summation circuit 234 of the
receiving circuit 232 corresponds to narrow beam width in
the azimuth direction, but keeps wide beam width in the
elevation direction (i.e., the slice direction) determined by
the size of the ultrasonic probe 120 in the lateral direction
(i.e., shorter direction), as shown in FIG. 3B and FIG. 3C.
[0052] A beam shape in the slice direction may be a beam
shape By;, type, whose focal point is separated by a pre-
determined length from a non-illustrated lens of the ultra-
sonic probe 120, as shown in FIG. 3B. Alternatively, a beam
shape in the slice direction may be a fan beam B, type as
shown in FIG. 3C. The beam shape B.;, type shown in FIG.
3B corresponds to a 1D array probe. On the other hand, the
fan beam By, in FIG. 3C can be achieved by a 2D array
probe, 1.25D array probe, 1.5D array probe, or 1.75D array
probe.

[0053] The 1D array probe has a fixed aperture in the
lateral direction and has a fixed focal point. On the other
hand, the 2D array probe is such a probe that arrangement
of its transducers in the elevation direction is similar to
arrangement of its transducers in the azimuth direction, and
thus can perform an electronic scan and electronic focusing
in both directions. As intermediate probes between the 1D
array probe and the 2D array probe, a 1.25D array probe, a
1.5D array probe, and a 1.75D array probe are known. The
1.25D array probe has a fixed focal point and can change its
aperture in the lateral direction. The 1.5D array probe can
change its focal length and its aperture in the lateral direc-
tion, but its ultrasonic field in the lateral direction is sym-
metric about the center axis. The 1.75D array probe can
change its focal length and its aperture in the lateral direc-
tion, and does not have the symmetric restriction on the
ultrasonic field about the center axis. Thus, the 1.75D array
probe is capable of beam scanning in the elevation direction,
but has an upper limit of beam scanning in the elevation
direction.

[0054] Returning to FIG. 2, the first processing circuitry
210 includes, e.g., a processor, and implements various
types of functions by causing the processor to execute
predetermined programs stored in the memory circuitry 241.
The first processing circuitry 210 implements, e.g., a
B-mode processing function 211, a color-mode processing
function 212, a Doppler-mode processing function 213, a
scan control function 214, an image analysis function 215,
and a three-dimensional image processing function 216.
[0055] The B-mode processing function 211 generates a
B-mode image by performing predetermined processing
such as envelope detection and logarithmic conversion on a
reception signal. The color-mode processing function 212
generates a color-mode image by performing predetermined
processing such as moving target indicator (MTI) filter
processing and/or autocorrelation processing on a reception
signal. The Doppler-mode processing function 213 gener-
ates a spectrum image by performing predetermined pro-
cessing such as Fourier transform on a reception signal. A
color-mode image, a B-mode image, and a spectrum image
generated in the above-manner are stored in the memory
circuitry 241 configured of storage components such as a
Hard Disk Drive (HDD).

[0056] Incidentally, the B-mode processing function 211,
the Doppler-mode processing function 213, and the Dop-
pler-mode processing function 213 are collectively referred



US 2017/0252007 A1l

to as an image data generation function. This is because
various types of image data such as a B-mode image, a
color-mode image, and a spectrum image are generated by
those functions.

[0057] Note that the following processing, which will be
described below, such as aperture synthesis processing,
transmission phase-compensation and summation process-
ing, and/or spatial compound processing, is performed prior
to the above-described processing performed by the B-mode
processing function 211, the color-mode processing function
212, and the Doppler-mode processing function 213. In this
case, a B-mode image, a color-mode image, or a spectrum
image is generated based on data after the aperture synthesis
processing, the transmission phase-compensation and sum-
mation processing, and/or the spatial compound processing.
Images generated in the above manner and data related to
those images are displayed on the display 250.

[0058] The scan control function 214 controls transmis-
sion/reception directions of an ultrasonic signal and a mov-
ing direction of the ultrasonic probe 120 so as to perform an
ultrasonic scan on an object.

[0059] The image analysis function 215 performs various
types of image analysis on ultrasonic images such as a
B-mode image, a color-mode image, and a spectrum image,
and causes the display 250 to display the analysis result. The
three-dimensional image processing function 216 three-
dimensionally reconstructs B-mode beam data and/or color-
mode beam data acquired together with positional informa-
tion so as to generate a cross-sectional image in a desired
direction under a multi-planar reconstruction/reformation
(MPR) method, and/or generate a three-dimensional image
under a volume rendering (VR) method or a maximum
intensity projection (MIP) method. The display 250 is a
display device equipped with, e.g., a liquid crystal panel.
[0060] The input device 260 is a device for inputting
various types of data and information by an operator’s
operation. The input device 260 may include, e.g., operation
devices such as a keyboard, a mouse, a trackball, a joystick,
and a touch panel and various types of information input
devices such as a voice input device.

[0061] The memory circuitry 241 includes a semiconduc-
tor memory such as a read only memory (ROM), a random
access memory (RAM), and an external memory device
such as a hard disc drive (HDD) and/or an optical disc
device.

[0062] The second processing circuitry 300 includes, e.g.,
a processor similarly to the first processing circuitry 210,
and implements various types of functions by causing the
processor to execute predetermined programs stored in the
memory circuitry 241.

[0063] In addition to the above-described first processing
circuitry 210 and the second processing circuitry 300, the
arm control circuit 140 also includes a processor and imple-
ments various types of functions by causing the processor to
execute predetermined programs stored in the arm control
circuit 140 or in the memory circuitry 241.

[0064] The above-described term “processor” includes,
e.g., a central processing unit (CPU) and a special-purpose
or general-purpose processor. Additionally, various types of
functions of the processor can be implemented by hardware
processing, instead of software processing performed by the
processor. For instance, each of the first processing circuitry
210, the second processing circuitry 300, and the arm
control circuit 140 can be configured of hardware such as an
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application specific integrated circuit (ASIC), a program-
mable logic device (e.g., a simple programmable logic
device (SPLD) and a complex programmable logic device
(CPLD)), and a field programmable gate array (FPGA).
Further, software processing by a processor and hardware
processing may be combined for implementing various
types of functions.

[0065] The second processing circuitry 300 implements,
e.g., a probe position acquisition function 310, a signal
acquisition function 311, an aperture synthesis processing
fanction 312, and a spatial compound processing function
313.

(Operation)

[0066] FIG. 4 is a flowchart illustrating an operation
performed by the ultrasonic diagnostic apparatus 1 of the
present embodiment. Hereinafter, the above-described func-
tions implemented by the second processing circuitry 300
and the functions implemented by the arm control circuit
140 will be described in detail according to the step numbers
in the flowchart of FIG. 4.

[0067] The step ST100 corresponds to processing imple-
mented by the arm control circuit 140. In the step ST100, the
arm control circuit 140 causes the robot arm 110 supporting
the ultrasonic probe 120 to move in the direction perpen-
dicular to the arrangement direction of the array of the
transducers.

[0068] FIG. 5 is a schematic diagram illustrating move-
ment of the ultrasonic probe 120 controlled by the robot arm
110. As shown in FIG. 5, the robot arm 110 moves the
ultrasonic probe 120 in the direction perpendicular to the
longitudinal direction (i.e., a longer direction) of the ultra-
sonic probe 120 according to trace information. In other
words, the robot arm 110 moves the ultrasonic probe 120 in
the direction perpendicular to the arrangement direction of
the transducers. Note that the trace information is stored in
the memory circuitry 241 in advance.

[0069] The step ST102 is processing corresponding to the
probe position acquisition function 310. In the step ST102,
the probe position acquisition function 310 sequentially
acquires positional information of the ultrasonic probe 120
supported by the robot arm 110 from output signals of the
arm sensor 111 mounted on the robot arm 110 and/or output
signals of the probe sensor 112 mounted on the ultrasonic
probe 120 during movement of the ultrasonic probe 120. The
positional information to be acquired is three-dimensional
positional information, and includes not only the position of
the ultrasonic probe 120 in its moving direction but also the
orientation of the ultrasonic probe 120 at each timing.

[0070] The step ST103 is processing corresponding to the
signal acquisition function 311. In the step ST103, the signal
acquisition function 311 acquires reception signals outputted
from the receiving circuit 232 in real time during movement
of the ultrasonic probe 120. The reception signals to be
acquired in the step ST103 may be reception signals before
beam formation of the respective transducers of the ultra-
sonic probe 120, or reception signals after a beam is formed
in the azimuth direction. In the case of the reception signals
after the beam is formed in the azimuth direction, the
resolution is high in the azimuth direction, whereas the
resolution in the slice direction (i.e., the elevation direction)
is low. This is because size of the ultrasonic probe 120 in
lateral direction is restricted.
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[0071] The processing of the step ST102 and the process-
ing of the step ST103 are simultaneously performed in
parallel during movement of the ultrasonic probe 120 con-
trolled by the robot arm 110. Each of the acquired reception
signals is associated with the positional information of the
ultrasonic probe 120 at its acquisition timing. Thus, the
acquired reception signals are temporarily stored in, e.g., a
RAM of the memory circuitry 241, together with the posi-
tional information of the ultrasonic probe 120.

[0072] FIG. 6 is a schematic diagram illustrating move-
ment of the ultrasonic probe 120 controlled by the robot arm
110 together with a beam shape (fan beam) of the ultrasonic
probe 120 in the slice direction (i.e., the elevation direction).
Although reception signals are composed of signals corre-
sponding to respective sampling positions in the depth
direction of an object (i.e., in the range direction), the
reception signals are acquired for the respective moving
positions of the ultrasonic probe 120 and sequentially stored
in the memory circuitry 241.

[0073] The step ST104 is processing corresponding to the
aperture synthesis processing function 312. In the step
ST104, the aperture synthesis processing function 312 reads
out reception signals of a predetermined number N for the
aperture synthesis processing and positional information of
the ultrasonic probe 120 corresponding to those reception
signals from the memory circuitry 241,

[0074] FIG. 7 is a schematic diagram illustrating a concept
of the aperture synthesis processing. The aperture synthesis
processing function 312 provides a predetermined delay
time to each of the reception signals acquired at an interval
d, and then coherently sum up (i.e., add or synthesize) the
respective reception signals. This processing is the aperture
synthesis processing. Coherent summation is to sum up the
respective reception signals under a condition where phase
information of each of the reception signals is maintained,
i.e., to sum up the respective reception signals as complex
signals (or 1Q signals). According to the aperture synthesis
processing, a beam having narrow beam width in the slice
direction (i.e., the elevation direction) can be formed and
resolution in the slice direction (i.e., the elevation direction)
can be enhanced.

[0075] Next, the aperture synthesis processing of the pres-
ent embodiment will be described in detail in a case where
a two-dimensional array probe (hereinafter, referred to as a
2DA probe) is used for the ultrasonic probe 120.

[0076] FIG. 8 is a schematic perspective view illustrating
arrangement of transducers of a 2DA probe. The transducers
are two-dimensionally arranged not only in the scanning
direction but also in the slice direction. The respective
transducers are electrically connected to the main body 200.
[0077] FIG. 9A is a schematic plan view illustrating
arrangement of transducers of a 2DA probe, and FIG. 9B is
a schematic perspective view illustrating scanning of a 2DA
probe. Cross-sectional images in real time can be generated
with the 2DA similarly to the usual one-dimensional array
probe (hereinafter, referred to as a 1DA probe). Although a
2DA probe can generate a cross-sectional image in any
direction, the direction along which more transducers are
arranged, i.e., the cross-sectional direction in which higher
image quality is obtained is defined as the scanning direction
as shown in FIG. 9A. Meanwhile, the direction perpendicu-
lar to the scanning direction is defined as the slice direction.
[0078] The slice direction corresponds to a direction in
which an ultrasonic beam is formed by an acoustic lens in
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the case of a 1DA probe. A 2DA probe often has anisotropy
in arrangement of transducers, as shown in FIG. 9A, due to
restrictions in terms of number of transducers and probe
shape.

[0079] As shown in FIG. 9B, a real-time cross-sectional
image is generated, basically, in the scanning direction.
Meanwhile, transducers in the slice direction also contribute
to beam formation in the slice direction. In the case of a 2DA
probe, a cross-sectional image can be moved in the slice
direction by electronically controlling beam formation in the
slice direction. In the case of acquiring volume data with the
use of a 2DA probe, the cross-section formed in the scanning
direction is moved in the slice direction

[0080] Each cross-sectional image in the slice direction
can be moved not only electronically but also mechanically.
[0081] FIG. 10 is a schematic perspective view illustrating
a method of mechanically moving a 2DA probe by using the
robot arm 110 of the present embodiment. By scanning an
object in the scanning direction with the use of a 2DA probe,
the region directly under the 2DA probe is imaged as a
cross-sectional image. Then, the region to be imaged as a
cross-sectional image is moved in the slice direction by
mechanically moving the 2DA probe so as to acquire
volume data of each region directly under the moving 2DA
probe. In this manner, volume data are successively acquired
while the 2DA probe is mechanically moved.

[0082] FIG. 11A to FIG. 11D are schematic diagrams
illustrating mechanical movement of a 2DA probe in the
slice direction. Relationship between an ultrasonic beam and
an observation point in three-dimensional space will be
described focusing on a scanning plan formed directly under
the aperture center of the 2DA probe.

[0083] FIG. 11A is a schematic perspective view illustrat-
ing relationship between a transducer plane of the 2DA
probe and a scanning plane directly under the 2DA probe. A
virtual plane in parallel with the transducer plane of the 2DA
probe is set at a certain depth from a body surface, and
observation points through which an ultrasonic beam passes
are set on this virtual plane. Five observation points P1, P2,
P3, P4, and P5 on the intersection line between this virtual
plane and the scanning plane directly under the transducer
plane of the 2DA probe are defined for respective five
ultrasonic beams such that the five ultrasonic beams passes
through the respective observation points P1 to PS.

[0084] FIG. 11B is a schematic diagram illustrating the
condition of FIG. 11A when viewed along the slice direction
(i.e., when viewed in the direction perpendicular to the
moving direction of the 2DA probe). In the state of FIG.
11B, the scanning plane intersects the observation point P1.
Note that the aperture width of the 2DA probe in the slice
direction is defined as D.

[0085] FIG. 11C illustrates the condition of the 2DA probe
mechanically moved by a distance Ad from the position of
FIG. 11B when viewed along the slice direction. In FIG.
11C, the scanning plane directly under the 2DA probe is
moved to a position intersecting the observation point Q1.
[0086] FIG. 11D illustrates the condition of the 2D A probe
further mechanically moved by the distance Ad from the
position of FIG. 11C to the position where the scanning
plane intersects the observation point R1, when viewed
along the slice direction.

[0087] InFIG. 11A, the respective five observation points
on the intersection line between the virtual plane and the
scanning plane including the observation point Q1 are
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illustrated as Q1 to Q5. Similarly, in FIG. 114, the respec-
tive five observation points on the intersection line between
the virtual plane and the scanning plane including the
observation point R1 are illustrated as R1 to R5. Note that
observation points directly under the 2DA probe shift by
mechanically moving the 2DA probe.

[0088] FIG. 12A to FIG. 12C are schematic diagrams
illustrating the aperture synthesis processing performed by
mechanically moving the 2DA probe with the use of the
robot arm 110.

[0089] The positions of the 2DA probe shown in FIG.
12A, FIG. 12B, and FIG. 12C correspond to the positions of
the 2DA probe shown in FIG. 11B, FIG. 11C, and F1G. 11D,
respectively. That is, in FIG. 12A to FIG. 12C, the scanning
plane directly under the 2DA probe moves from the obser-
vation point P1 to Q1 and then from the observation point
Q1 to R1 in a manner similar to the case of FIG. 11B to FIG.
ub.

[0090] When the aperture synthesis processing is pet-
formed, a beam passing through an observation point com-
mon to respective positions of the 2DA probe in FIG. 12A
to FIG. 12C is formed, as shown by the arrow in each of
FIG. 12A to FIG. 12C. For instance, at the position of the
2DA probe in FIG. 12A, a beam passing through the
observation point P1 is formed and ultrasonic data are
acquired using this beam. Then, also at the position of the
2DA probe in FIG. 12B, a beam passing through the
observation point P1 is formed and ultrasonic data are
acquired by electronically scanning the object in the slice
direction with the use of the 2DA probe. Similarly, also at
the position of the 2DA probe in FIG. 12C, a beam passing
through the observation point P1 is formed and ultrasonic
data are acquired by electronically scanning the object in the
slice direction with the use of the 2DA probe.

[0091] FIG. 13A to FIG. 13D are schematic diagrams
illustrating the aperture synthesis processing performed by
mechanically moving the 2DA probe with the use of the
robot arm 110 from a viewpoint different from FIG. 12A to
FIG. 12C. FIG. 13Ato FIG. 13C respectively correspond to
FIG. 12A to FIG. 12C, and show that echo signals from the
observation point P1 are acquired at the respective probe
positions of FIG. 13A to FIG. 13C.

[0092] After acquiring the echo signals from the observa-
tion point P1 at the respective probe positions of FIG. 13A
to FIG. 13C, as shown in FIG. 13D, the aperture synthesis
can be performed by using the echo signals from the
observation point P1 acquired at the respective probe posi-
tions of FI1G. 13A to FIG. 13C. In other words, the aperture
synthesis is performed by setting predetermined delay
amounts to the respective echo signals acquired at the
respective probe positions of FIG. 13A to FIG. 13C and then
coherently summing up those echo signals. According to this
aperture synthesis, an effect that the aperture width in the
slice direction is increased from D to D+2*Ad, and thus
spatial resolution in the slice direction is enhanced.

[0093] The above-described aperture synthesis is per-
formed by the aperture synthesis processing function 312
shown in FIG. 2.

[0094] FIG. 14 is a detailed functional block diagram
illustrating components related to the aperture synthesis
processing function 312. The positions of the 2DA probe
shown in FIG. 13A, FIG. 13B, and FIG. 13C are respec-
tively defined as a position A, a position B, and a position C.
First, when the 2DA probe is at the position A, the receiving
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phase-compensation/summation circuit 234 of the receiving
circuit 232 provides a desired delay amount to each of
reception signals of the respective reception channels of the
2DA probe, and then sums up those reception signals. As the
result, an echo signal corresponding to the observation point
P1 under the condition where the 2DA probe is at the
position A is obtained.

[0095] Next, the 2DA probe is mechanically moved by,
e.g., the robot arm 110. When the moving means is a robot
arm, positional information of the 2DA probe is acquired
from the arm control circuit 140 or the arm sensor 111, and
the probe position acquisition function 310 determines delay
amounts such that the delay amounts correspond to the
respective moving positions of the 2DA prove. The echo
signals corresponding to the observation point P1 at respec-
tive moving positions of the 2DA probe are stored in the
memory circuitry 241 by the first signal acquisition function
3la.

[0096] The slice delay correction function 320 of the
slice-direction aperture-synthesis function 312a corrects the
respective echo signals by adding each of the determined
delay amounts to the corresponding echo signals for each
moving position. Afterward, the first summation function
321 coherently sums up the respective echo signals so as to
implement the aperture synthesis in the slice direction. The
slice delay correction function 320 and the first summation
function 321 constitute the slice-direction aperture-synthesis
function (i.e., moving-aperture phase-compensation and
summation function) 312a.

[0097] Although a robot arm is illustrated as a mechanical
movement means, a mechanical movement means may be
achieved by a mechanical 4D probe in which a structure for
mechanically swinging the probe is included. Positional
information of the probe can be acquired from, e.g., a drive
circuit of a motor of the mechanical 4D probe.

[0098] FIG. 15A to FIG. 15D are schematic diagrams
illustrating a concept of the aperture synthesis processing
using a 1DA probe. A 1DA probe cannot scan a beam in the
slice direction, and has fixed directivity in the directly
downward direction due to its acoustic lens. In each of FIG.
15A to FIG. 15C, beam shape formed by the acoustic lens is
schematically illustrated. The beam shape is determined by
the focal point of the acoustic lens which is separated from
the aperture center by the focal length in the slice direction.
[0099] As shown in FIG. 15A to FIG. 15C, the position of
the beam passing through the observation point P1 changes
by movement of the 1DA probe. Delay amounts with respect
to the observation point P1 are set to the respective echo
signals acquired in FIG. 15A, FIG. 15B, and FIG. 15C.
Afterward, the delay amounts are added to the respective
echo signals, and then those echo signals are coherently
summed up such that the effect of the aperture synthesis can
be obtained. The effect of increasing the aperture width in
the slice direction from D to (D+2*Ad) is obtained.

[0100] The difference between the case of the 2DA probe
in FIG. 13A to FIG. 13D and the case of the 1DA probe in
FIG. 15A to FIG. 15D lies in beam width achieved before
the aperture synthesis of the observation point P1. In the
case of the 2DA probe, a narrow beam directed to the
observation point P1 can be formed. Thus, the aperture
synthesis is performed by shifting the aperture position
while using the narrow beam. As for the 1DA probe, the
aperture synthesis is performed with a broad width beam as
schematically illustrated in FIG. 15A to FIG. 15C.



US 2017/0252007 A1l

[0101] A flow of processing of the aperture synthesis using
a 1DA probe and its functional block diagram are similar to
the case of a 2DA probe described with FIG. 14 except that
echo signals acquired by the first signal acquisition function
311aq are different between both. In the case of a 2DA probe,
an echo signal in which components of the respective
observation points P1, Q1, and R1 are separated is acquired
at each of movement positions of a 2DA probe. On the other
hand, in the case of a 1DA probe, a synthesized and common
echo signal in which components of the respective obset-
vation points P1, Q1, and R1 are not separated is acquired
at each movement position. Correction of delay amounts
corresponding to respective observation points P1, Q1, and
R1 is performed on this common echo signal by the slice
delay correction function 320 so that aperture synthesis is
implemented.

[0102] Since the aperture synthesis shown in each of FIG.
13Ato FIG. 13D and FIG. 15A to FIG. 15D is performed by
moving a probe, it is sometimes referred to as moving
aperture synthesis.

[0103] FIG. 16A and FIG. 16B are schematic diagrams
illustrating a concept of an operation of transmission aper-
ture-synthesis achieved by performing transmission phase-
compensation and summation processing in the scanning
direction as a modification of the aperture synthesis of a
2DA probe. Note the difference in direction between the
above-described moving aperture synthesis and the trans-
mission aperture-synthesis described below. The moving
aperture synthesis is aperture synthesis processing per-
formed in the slice direction while the 2DA probe is caused
to move in the slice direction. On the other hand, the
transmission aperture-synthesis is aperture synthesis pro-
cessing performed in the scanning direction (i.e., in the
direction perpendicular to the moving direction of the 2DA
probe) while the 2DA probe is also caused to move in the
slice direction. FIG. 16A is the same as FIG. 11A. The upper
part of FIG. 16B schematically illustrates arrangement of
transducers of a 2DA probe in the scanning direction. In
FIG. 16B, only seven transducers EL1 to EL7 are illustrated
for simplicity.

[0104] As an instance here, three types including a trans-
mission aperture AP1 to a transmission aperture AP3 are
assumed as partial transmission apertures. The transmission
aperture AP1 corresponds to the first transmission transducer
set composed of three transducers EL1, EL2, and EL3. The
transmission aperture AP2 corresponds to the second trans-
mission transducer set composed of three transducers FL2,
EL3, and EL4. Similarly, the transmission aperture AP3
corresponds to the third transmission transducer set com-
posed of three transducers EL3, EL4, and ELS. Further, it is
assumed that the reception aperture corresponds to the
reception transducer set composed of the six transducers
EL1 to EL6.

[0105] As to the transmission aperture AP1, an ultrasonic
beam is transmitted toward a virtual point sound source
formed by the three transducers EL1 to EL3, i.e., toward the
transmission focal point F1. That is, in transmission from the
transmission aperture AP1, respective transmission delay
amounts of the transducers EL1, EL.2, and EL3 constituting
the transmission aperture AP1 are set in such a manner that
the transmission focal point F1 is formed at a predetermined
focal position. Here, it is assumed that the observation point
is P3. The ultrasonic beam transmitted from the transmission
aperture AP1 passes through the transmission focal point F1
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and then passes through the observation point P3 while
widening its beam width. The ultrasonic signal reflected on
or scattered at the observation point P3 is received by the six
transducers EL1 to EL6. An echo signal from the observa-
tion point P3 corresponding to transmission from the trans-
mission aperture AP1 is generated by performing the receiv-
ing phase-compensation and summation processing on the
respective ultrasonic signals received by the six transducers
EL1 to EL6.

[0106] The receiving phase-compensation and summation
processing means to sum up respective reception signals for
generating an echo signal at a certain observation point after
correcting the respective reception signals such that relative
delay times attributable to difference in propagation distance
from this observation point to each of reception elements
become substantially equal to each other. In the above-
described case, the receiving phase-compensation and sum-
mation processing is to coherently sum up the respective
reception signals of the transducers EL1 to EL6 after cor-
recting the delay times of the respective reception signals
such that the relative delay times attributable to difference in
propagation distance from the observation point P3 to each
of the transducers EL1 to EL6 become equal to each other.
[0107] Similarly, an ultrasonic beam is transmitted from
the transmission aperture AP2 toward a virtual point sound
source formed by the three transducers EL2 to EL4, i.e.,
toward the transmission focal point F2. This ultrasonic beam
passes through the transmission focal point F2 and then the
observation point P3 while widening its beam width. After-
ward, an ultrasonic signal reflected on or scattered at the
observation point P3 is received by the six transducers EL1
to EL6. An echo signal from the observation point P3
corresponding to transmission from the transmission apet-
ture AP2 is generated by performing the receiving phase-
compensation and summation processing on the respective
ultrasonic signals received by the six transducers EL1 to
EL®6 in a similar manner as described above.

[0108] Similarly, an ultrasonic beam is transmitted from
the transmission aperture AP3 toward a virtual point sound
source formed by the three transducers EL3 to EL5, i.e.,
toward the transmission focal point F3. This ultrasonic beam
passes through the transmission focal point F3 and then the
observation point P3 while widening its beam width. The
ultrasonic signal reflected on or scattered at the observation
point P3 is received by the six transducer EL1 to EL6. An
echo signal from the observation point P3 corresponding to
transmission from the transmission aperture AP3 is gener-
ated by performing the receiving phase-compensation and
summation processing on the respective ultrasonic signals
received by the six transducers EL1 to EL6 in a similar
manner as described above.

[0109] Each transmission focal point (i.e., each point
sound source) is updated from F1 to F2 and from F2 to F3
by sequentially switching the transmission apertures AP1 to
AP3. Then, three echo signals from the observation point P3
corresponding to the respective transmission apertures AP1
to AP3 are acquired.

[0110] Although those three echo signals are subjected to
the receiving phase-compensation and summation process-
ing such that difference in path length on the reception side
(i.e., difference in distance from the observation point P3 to
each of the transducers EL1 to EL6) is canceled, path length
on the transmission side is different between the transmis-
sion apertures AP1 to AP3. In other words, propagation
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distances from the observation point P3 to the respective
transmission focal points F1 to F3 are different from each
other.

[0111] Thus, delay times in accordance with distances
between the observation point P3 and the respective updated
point sound sources are calculated, then three echo signals
from the observation point P3 corresponding to the respec-
tive transmissions from the transmission apertures AP1 to
AP3 are corrected such that the calculated delay times
become equal to each other. Then, those three echo signals
are coherently summed up. This processing is referred to as
transmission phase-compensation and summation process-
ing, and is also referred to as transmission aperture synthe-
sis, because an effect of aperture synthesis is obtained by the
transmission phase-compensation and summation process-
ing.

[0112] In other words, the transmission phase-compensa-
tion and summation processing or the transmission aperture
synthesis is processing of (a) dividing one transmission
aperture in, e.g., the scanning direction into plural partial
transmission apertures overlapping each other, (b) acquiring
plural reception signals corresponding to respective trans-
missions from the plural partial transmission apertures, (c)
correcting respective delay times of the plural reception
signals such that delay times from a predetermined obser-
vation point to respective positions of transmission focal
points formed at the respective partial transmission apertures
become substantially equal to each other, and (d) generating
an echo signal of the predetermined observation point by
summing up the plural corrected reception signals.

[0113] When the above-described transmission aperture
synthesis is not performed, the transmission focal points are
fixed to determined depth such as F1, F2, and F3 shown in
FIG. 16B. As shown in FIG. 16B, width of a transmitted
ultrasonic beam is broad at depths other than the focal points
positions F1, F2, and F3. In contrast, by performing the
above-described transmission aperture synthesis, the effect
of narrowing width of the ultrasonic beam can be obtained
at any observation point, such as P3 other than the focal
points

[0114] Note that the present embodiment, the transmission
aperture synthesis is performed in the scanning direction.
Thus, an ultrasonic beam can be kept narrow and uniform
from a shallow region to a deep region of an object in the
scanning direction by performing the transmission aperture
synthesis in the scanning direction, resulting in that resolu-
tion in the scanning direction can be enhanced. Further,
signal to noise ratio is improved because plural reception
signals corresponding to respective transmission apertures
are summed up by the transmission aperture synthesis, and
thus sensitivity is improved.

[0115] Further, both of the transmission aperture synthesis
in the scanning direction and the moving aperture synthesis
in the slice direction shown in FIG. 13A to FIG. 13D and
FIG. 15A to FIG. 15D are performed in the present embodi-
ment. As a result, an ultrasonic beam can be further nar-
rowed not only in the scanning direction but also in the slice
direction, and thus an ultrasonic image with higher resolu-
tion in both of the scanning direction and the slice direction
can be obtained.

[0116] FIG. 17 is a block diagram of components for
performing both of the transmission aperture synthesis in the
scanning direction and the moving aperture synthesis in the
slice direction. Respective reception signals of reception
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channels of a 2DA probe are provided with predetermined
delay amounts separately set for the respective reception
channels, and then are subjected to the phase-matching
addition (i.e., the receiving phase-compensation and sum-
mation processing) so as to be synthesized into an echo
signal corresponding to the observation point, such as P3.
First, an echo signal corresponding to the observation point
P3 of the transmission aperture AP1 is stored in the memory
circuitry 241 by the second signal acquisition function 3114.

[0117] Similarly, an echo signal corresponding to the
observation point P3 of the transmission aperture AP2 and
an echo signal corresponding to the observation point P3 of
the transmission aperture AP3 are generated and stored in
the memory circuitry 241 by the second signal acquisition
function 3115. As to the three stored echo signals corre-
sponding to the respective transmission apertures AP1, AP2,
and AP3, each echo signal from the observation point P3 is
subjected to the phase-matching addition (i.e., the transmis-
sion phase-compensation and summation processing). The
transmission phase-compensation and summation process-
ing is performed in such a manner that those three echo
signals are provided with respective predetermined delay
amounts by the transmission delay correction function 323
of the scanning-direction transmission aperture-synthesis
function 3126 and then are summed up by the second
summation function 324. As a result, an echo signal of the
observation point P3 subjected to the transmission aperture
synthesis in the scanning direction is generated.

[0118] The slice-direction aperture-synthesis function
312a performs the aperture synthesis in the slice direction on
the echo signals of the observation point P3 having been
subjected to the transmission aperture synthesis in the scan-
ning direction. The ultrasonic probe is moved by a mechani-
cal method such as a robot arm. When the moving means is
a robot arm, positional information of the ultrasonic probe is
acquired from the arm control circuit 140 or the arm sensor
111, and delay amounts are determined for respective probe
positions by the probe position acquisition function 310.
Respective echo signals corresponding to the observation
point P3 are stored for each probe position in the memory
circuitry 241 by the first acquisition function 311a. After-
ward, determined delay amounts are provided to the respec-
tive stored echo signals by the slice delay correction func-
tion 320, and then, echo signals of the respective moving
positions are coherently summed up by the first summation
function 321 so that the aperture synthesis in the slice
direction is achieved.

[0119] There are at least two methods for the aperture
synthesis in the slice direction. One of them is to perform the
aperture synthesis at the observation point P3 by scanning a
beam in the slice direction as shown in FIG. 13A to FIG.
13D, and another of them is to perform the aperture syn-
thesis in the slice direction at the observation point P3
without scanning a beam in the slice direction as shown in
FIG. 15A 10 FIG. 15D.

[0120] Various types of modifications are possible for the
above-described embodiments. The transmission aperture
synthesis in the scanning direction shown in FIG. 16A and
FIG. 16B can be applied to a 2DA probe in the slice
direction. In other words, the transmission aperture synthesis
shown in FIG. 16A and FIG. 16B is performed in the slice
direction before movement of an ultrasonic probe, and the
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moving aperture synthesis shown in FIG. 13A to FIG. 13D
is further performed in the slice direction after the move-
ment of the ultrasonic probe.

[0121] As a modification in the case of a 1DA probe or a
2DA probe, the aperture synthesis in the scanning direction
shown in FIG. 16 A and FIG. 16B may be performed without
performing the aperture synthesis in the slice direction
which involves probe movement as shown in FIG. 13A to
FIG. 13D.

[0122] Additionally, in the case of a 1DA probe, the
aperture synthesis in the scanning direction shown in FIG.
16A and FIG. 16B may be performed in combination with
the aperture synthesis in the slice direction which involves
probe movement as shown in FIG. 15A to FIG. 15D.

[0123] Further, both of the aperture synthesis in the scan-
ning direction and the aperture synthesis in the slice direc-
tion may be performed such that transmission/reception
conditions of ultrasonic waves are different between both.
For instance, combination of transmission/reception condi-
tions such as a transmission/reception frequency, aperture
width, and a focal point may be changed between both.

[0124] In order to successfully achieve the above-de-
scribed aperture synthesis processing, it is required to pre-
cisely move the ultrasonic probe 120 with accuracy suffi-
ciently finer than wavelength of an ultrasonic wave inside an
object’s body. Such accuracy is hardly achieved when an
operator holds the ultrasonic probe 120 with the hand to
move it, and such accuracy can be achieved only when the
ultrasonic probe 120 is supported by the robot arm 110 and
mechanically moved.

[0125] So far, descriptions have been given for a case
where the aperture synthesis is achieved by mechanically
moving the ultrasonic probe 120. However, the ultrasonic
diagnostic apparatus 1 of some embodiments can perform
spatial compound processing by mechanically moving the
ultrasonic probe 120. Hereinafter, the spatial compound
processing of the present embodiment will be described.
Since the spatial compound processing of the present
embodiment is performed while the aperture of the ultra-
sonic probe 120 is caused to mechanically move, the spatial
compound processing of the present embodiment is also
referred to as moving aperture compound processing.

[0126] FIG. 18 is a flowchart illustrating the spatial com-
pound processing of the present embodiment. Since the
processing from the steps ST100 to ST103 is the same as the
above-described aperture synthesis processing, duplicate
description is omitted. In the step ST105, the spatial com-
pound processing is performed.

[0127] The processing of the step ST105 corresponds to
the spatial compound processing function 313 in FIG. 2. The
spatial compound processing is processing of incoherently
summing up (i.e., synthesizing) plural reception signals
acquired by transmitting each ultrasonic wave and receiving
each reception signal to/from the same position in plural
different directions. The incoherent summation is processing
of summing up (i.e., synthesizing) reception signals such
that phase information of each of the reception signals is
eliminated in the summation, and is, e.g., processing of
converting respective reception signals acquired as complex
signals into amplitude signals, and then summing up the
respective reception signals, which is converted to the
amplitude signals, into one synthesized signal. The spatial
compound processing provides an effect that homogeneity
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of parenchyma is increased and spatial continuity of echo
signals from an outer border of a lesion area is improved.

[0128] Conventional spatial compound processing using a
1DA probe, which is performed without mechanical move-
ment of the probe, is performed in two-dimensional space,
i.e., within an azimuth plane. By contrast, in the present
embodiment, dimension number is increased and a spatial
compound processing in three dimension space is achieved.
Thus, the effect of spatial compound can be further
enhanced.

[0129] FIG. 19 is a functional block diagram of respective
components relevant to the spatial compound function. The
ultrasonic diagnostic apparatus 1 of this embodiment
includes a slice-direction spatial-compound function 313a
as a moving aperture compound function in order to perform
the spatial compound processing. The moving aperture
compound function includes a slice delay correction func-
tion 320 and a third summation function 3134.

[0130] In the spatial compound processing, similarly to
the moving aperture synthesis, echo signals corresponding
to the observation point P1 are also acquired for the respec-
tive moving positions of a 2DA probe by mechanically
moving the 2DA probe. Afterward, the acquired echo signals
are provided with respective delay amounts in accordance
with probe positions of their acquisition timings. Thus, the
receiving phase-compensation/summation circuit 234, the
first acquisition function 3114, the probe position acquisition
function 310, and the slice delay correction function 320 in
FIG. 19 are substantially equal to the corresponding func-
tions in FIG. 14. The difference between the spatial com-
pound processing and the moving aperture synthesis lies in
summation function.

[0131] In the moving aperture synthesis, the first summa-
tion function 321 in FIG. 14 performs the aperture synthesis
by coherently summing up plural echo signals acquired for
respective probe positions. Meanwhile, in the spatial com-
pound processing, the third summation function 330 in FIG.
19 performs the spatial compound processing by incoher-
ently summing up plural echo signals acquired for respective
probe positions.

[0132] FIG. 20 is a functional block diagram in a case
where the spatial compound processing is performed not
only in the slice direction but also in the scanning direction.
The spatial compound processing function shown in FIG. 20
corresponds to the aperture synthesis processing shown in
FIG. 17.

[0133] In the configuration of FIG. 20, a second signal
acquisition function 3115 and a scanning-direction transmis-
sion compound-processing function 3136 are further
included in addition to the components shown in FIG. 19.
The scanning-direction transmission compound-processing
function 3135 includes a transmission delay correction func-
tion 323 and a fourth summation function 331.

[0134] The second signal acquisition function 3116 and
the transmission delay correction function 323 in FIG. 20 are
the same as those in FIG. 17.

[0135] Although the second summation function 324 in
FIG. 17 configured to perform the transmission aperture
synthesis processing coherently sums up plural signals, the
fourth summation function 331 in FIG. 20 configured to
perform the spatial compound incoherently sums up plural
signals. The incoherent summation implemented by the third
summation function 330 and the incoherent summation



US 2017/0252007 A1l

implemented by the fourth summation function 331 enable
spatial compound processing both in the slice direction and
in the scanning direction.

[0136] As to the above-described embodiment of the spa-
tial compound, various types of modifications are possible.
For instance, the spatial compound processing and the
aperture synthesis processing may be performed in combi-
nation. Additionally, the spatial compound processing in the
scanning direction is not limited to processing performed by
the scanning-direction transmission compound-processing
function 313 shown in FIG. 20. For instance, the same
observation point can be electronically scanned plural times
in the scanning plane, and the echo signals acquired in this
manner can be subjected to the spatial compound process-
ing.

[0137] Additionally, transmission/reception conditions
can be changed each time the spatial compound processing
is performed. For instance, conditions such as a desired
transmission/reception frequency, desired aperture width,
and a desired focal point can be combined. Further, the
compound processing is not limited to a spatial dimension.
Different transmission frequencies may be used for the
compound processing, additionally or alternatively to the
different spatial directions.

[0138] Meanwhile, when the ultrasonic probe 120 is
moved by the robot arm 110, it is required that the ultrasonic
probe 120 is moved in contact with a body surface of an
object. Thus, predetermined biological contact pressure can
be included in the trace information for driving the robot arm
110. Then, by driving the robot arm 110 such that a detected
value of the pressure sensor of the robot arm 110 matches
this predetermined biological contact pressure, the ultra-
sonic probe 120 can be moved in contact with a body surface
at the predetermined biological contact pressure.

[0139] Further, since a body surface of the object is not
usually flat, the ultrasonic probe 120 fluctuates in a direction
perpendicular to a body surface during its movement.
[0140] FIG. 21 is a schematic perspective view illustrating
fluctuation in a direction perpendicular to a body surface.
Additionally, even if the ultrasonic probe 120 is at the same
position on a body surface of an object, the body surface
fluctuates due to factors such as respiration, heartbeat, and
change in posture, which changes the spatial position of the
ultrasonic probe 120.

[0141] In the present embodiment, however, the arm sen-
sor 111 is mounted on the robot arm 110 and three-dimen-
sional positional information of the ultrasonic probe 120 is
acquired by the arm sensor 111 as described above. In other
words, fluctuation in the direction perpendicular to a body
surface can be detected. Thus, the aperture synthesis pro-
cessing function 312 can correct respective delay amounts
before coherent summation by using the detected fluctuation
amounts for respective probe positions so as to cancel the
fluctuation of the body surface. Similarly, the compound
processing function 313 can correct respective delay
amounts before incoherent summation by using the detected
fluctuation amounts for respective probe positions so as to
cancel the fluctuation of the body surface.

[0142] As mentioned above, even if the ultrasonic probe
120 is configured such that its aperture width in the slice
direction is smaller than its aperture width in the azimuth
direction (i.e., scanning direction), and the resolution in the
slice direction is lower than the resolution in the azimuth
direction, a three-dimensional image with high resolution
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can be acquired. That is, even in such a case, a three-
dimensional image with high resolution both in the azimuth
and slice directions can be acquired by moving the ultra-
sonic probe 120 in the slice direction by the robot arm 110
and by performing the aperture synthesis processing on the
reception signals acquired during this movement. Addition-
ally, since the fluctuation of the ultrasonic probe 120 when
moving on the body surface can be canceled by correction,
a three-dimensional image of satisfactory image quality can
be stably acquired over a wide scanning range.

[0143] FIG. 22 is a schematic diagram illustrating a con-
cept of the spatial compound processing in three-dimen-
sional space. An ultrasonic probe can be moved in a desired
direction by a robot arm, and plural reception signals from
the same region can be subjected to the compound process-
ing by scanning the same region plural times in different
directions and using positional information.

[0144] For instance, as to the target region P shown in FIG.
22, an ultrasonic probe is moved by a robot arm from the left
side to the right side with respect to FIG. 22 so as to acquire
ultrasonic reception signals as the first scan. Next, the
ultrasonic probe is rotated by 90 degrees, and the ultrasonic
prove is moved by the robot arm in the direction from the
front to the back of the sheet of FIG. 22 so as to acquire
ultrasonic reception signals as the second scan. The orien-
tation of the ultrasonic probe with respect to the target region
P is different between the first scan and the second scan.
Incidentally, in the case of a 2DA probe, arrangement of its
transducers is anisotropic as shown in FIG. 9, and thus a
point-spread function of a beam formed by a 2DA probe is
anisotropic. Here, beam width of an ultrasonic probe and a
point-spread function of a beam formed by this ultrasonic
probe are correlated to each other.

[0145] 1Inthe case ofa 1DA probe, though its point-spread
function (i.e., its beam width) can be narrowed on a scanning
plane by electronic focusing, its focus in the slice direction
is fixed by its acoustic lens, and thus, there is a large
anisotropy in a point-spread function of a beam formed by
the 1DA probe as shown in FIG. 15A to FIG. 15D. Anisot-
ropy exists not only in the scanning direction and the slice
direction of a beam but also in the depth direction. A larger
spatial compound effect can be expected by coherently
summing up data of a target region in which reception
signals are acquired under conditions of different orienta-
tions of the ultrasonic probe and different incident angles of
beams.

[0146] Further, each position of an ultrasonic probe and
positional information of each beam, which are obtained
from the arm sensor 111 attached to the robot arm 110, can
be accurately recorded in the present embodiment. Accord-
ingly, the spatial compound processing can be repeated on
the same target region or the same target space by acquiring
ultrasonic scanning data plural times. Furthermore, in order
to further enhance image quality, relationship between
point-spread functions of respective beams and cross-sec-
tional directions to be displayed can be taken in account in
the incoherent summation of beams in the spatial compound
processing. For instance, weighted summation can be
applied to the incoherent summation such that a larger
weight is put on a beam with a smaller point-spread function
in a displayed cross-sectional direction.

[0147] Additionally, the three-dimensional image process-
ing function 216 in FIG. 2 can generate an MPR image
and/or a three-dimensional image based on ultrasonic beam
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data with positional information. The incoherent summation
can be performed by increasing a weight for a beam with
comparatively high spatial resolution (i.e., small point-
spread function) in an instructed direction of an MPR
cross-section and/or a projection direction of a volume
image. Additionally or alternatively, the incoherent summa-
tion can be performed by detecting an extending direction of
a structure existing in a target region (e.g., a traveling
direction of a blood vessel) and increasing a weight for a
beam with comparatively high spatial resolution (i.e., small
point-spread function) in the detected extending direction.
[0148] Further, in the case of depicting a parallel cross-
section close to a body surface, weights of respective beams
to be summed up can be changed according to an extending
direction of each structure. For instance, in the case of a
blood vessel, weighted summation is performed in such a
manner that a larger weight is applied to a beam with a
smaller point-spread function in the lateral direction of the
blood vessel (i.e., in the direction perpendicular to the
direction of blood flow). In this manner, blur of a vessel wall
in the lateral direction can be reduced.

[0149] Moreover, in the case of performing the spatial
compound processing, respective reception signals from the
same region, which is a target the incoherent summation, can
be incoherently summed up after being subjected to various
types of calculation. For instance, respective reception sig-
nals may be incoherently summed up after being weighted
according to intensity of respective reception signals. Addi-
tionally, the reception signal of the maximum value and at
least one reception signal of a value close to the maximum
value may be selected from plural reception signals acquired
for the same region so as to be incoherently summed up.
Additionally or alternatively, plural reception signals with
high SNR may be selected from all the reception signals
acquired for the same region so as to be incoherently
summed up.

[0150] Further, respective reception signals acquired by
transmission frequencies different from each other may be
incoherently summed up. When a transmission frequency is
higher, beam width is caused to be narrower to enhance
resolution but attenuation in a deep part of an object is
caused to be larger. Conversely, when a transmission fre-
quency is lower, beam width is caused to be wider to reduce
resolution but attenuation in a deep part of an object is
caused to be smaller. Thus, an image of uniform quality can
be generated by incoherently summing up respective recep-
tion signals acquired at different frequencies, such as a high
frequency, a middle frequency, and a low frequency.
[0151] According to the ultrasonic diagnostic apparatus 1
of at least one of the above-described embodiments as
described above, a three-dimensional image with high reso-
lution and high image quality can be stably acquired over a
wide scanning range.

[0152] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inven-
tions. Indeed, the novel methods and systems described
herein may be embodied in a variety of other forms; fur-
thermore, various omissions, substitutions and changes in
the form of the methods and systems described herein may
be made without departing from the spirit of the inventions.
The accompanying claims and their equivalents are intended
to cover such forms or modifications as would fall within the
scope and spirit of the inventions.
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What is claimed is:

1. An ultrasonic diagnostic apparatus comprising:

a probe configured to be equipped with a plurality of
transducers arranged in a first direction and a second
direction perpendicular to the first direction and be able
to perform a two-dimensional scan in the first direction
and the second direction;

a moving device configured to support the probe and
mechanically move the probe in the second direction;

a receiving circuit configured to generate first reception
signals for respective moving positions of the probe in
the second direction, by performing receiving phase-
compensation and summation processing on respective
reflected signals received by the plurality of transducers
at each of the moving positions; and

processing circuitry configured to generate a second
reception signal by performing moving aperture syn-
thesis on the first reception signals generated for the
respective moving positions of the probe based on
positional information of the probe and generate image
data from the second reception signal.

2. The ultrasonic diagnostic apparatus according to claim

15

wherein the probe is configured in such a manner that
number of the plurality of transducers arranged in the
second direction is smaller than number of the plurality
of transducers arranged in the first direction.

3. The ultrasonic diagnostic apparatus according to claim

15

wherein the receiving phase-compensation and summa-
tion processing is processing of generating each of the
first reception signals by coherently summing up the
respective reflected signals after correcting respective
delay amounts from an observation point in three-
dimensional space inside an object to the plurality of
transducers such that the respective delay amounts
become substantially equal to each other; and

the moving aperture synthesis is processing of generating
the second reception signal by coherently summing up
the first reception signals after correcting respective
delay amounts from the observation point changing due
to movement of the probe such that the respective delay
amounts become substantially equal for each of moving
positions of the probe.

4. The ultrasonic diagnostic apparatus according to claim

1, further comprising a transmitting circuit configured to
divide a transmission aperture of the probe into a plurality of
partial transmission apertures and transmit respective ultra-
sonic signals from the plurality of partial transmission
apertures such that a plurality of virtual point sound sources
corresponding to the plurality of partial transmission apet-
tures are formed,

wherein the first reception signals are a plurality of
reception signals corresponding to the plurality of
partial transmission apertures; and

the processing circuitry is configured to
generate a plurality of processed signals by performing

transmission aperture synthesis, the transmission
aperture synthesis coherently summing up the first
reception signals after correcting respective delay
amounts from the plurality of virtual point sound
sources to an observation point such that the respec-
tive delay amounts become substantially equal to
each other, and
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generate the second reception signal from the plurality
of processed signals subjected to the transmission
aperture synthesis.

5. The ultrasonic diagnostic apparatus according to claim

4,

wherein the transmitting circuit is configured to divide the
transmission aperture of the probe in the first direction
into the plurality of partial transmission apertures;

the processing circuitry is configured to perform the
transmission aperture synthesis in the first direction.

6. The ultrasonic diagnostic apparatus according to claim

45
wherein the transmitting circuit is configured to divide the
transmission aperture of the probe in the second direc-
tion into the plurality of partial transmission apertures;
the processing circuitry is configured to perform the
transmission aperture synthesis in the second direction.
7. An ultrasonic diagnostic apparatus comprising:
a probe configured to be equipped with a plurality of
transducers arranged in a first direction and be able to
perform a one-dimensional scan in the first direction;
a moving device configured to support the probe and
mechanically move the probe in a second direction
which is perpendicular to the first direction;
a transmitting circuit configured to
divide a transmission aperture of the probe into a
plurality of partial transmission apertures, and

transmit respective ultrasonic signals from the plurality
of partial transmission apertures in such a manner
that a plurality of virtual point sound sources corre-
sponding to the plurality of partial transmission
apertures are formed,
a receiving circuit configured to generate a plurality of
first reception signals corresponding to the plurality of
partial transmission apertures, by performing receiving
phase-compensation and summation processing on
respective reflected signals from an observation point
in three-dimensional space inside an object received by
the plurality of transducers at each of moving positions
of the probe in the second direction; and
processing circuitry configured to
generate a plurality of processed signals by performing
transmission aperture synthesis, the transmission
aperture synthesis coherently summing up the plu-
rality of first reception signals, after correcting
respective delay amounts from the plurality of virtual
point sound sources to the observation point in such
a manner that the respective delay amounts become
substantially equal to each other,

generate a second reception signal by performing mov-
ing aperture synthesis on the plurality of processed
signals subjected to the transmission aperture syn-
thesis, based on positional information of the probe,
and generate image data from the second reception
signal.

8. The ultrasonic diagnostic apparatus according to claim

7,

wherein the receiving phase-compensation and summa-
tion processing is processing of generating each of the
plurality of first reception signals by coherently sum-
ming up the respective reflected signals after correcting
respective delay amounts to the plurality of transducers
such that the respective delay amounts become sub-
stantially equal to each other; and
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the moving aperture synthesis is processing of generating
the second reception signal by coherently summing up
the plurality of processed signals subjected to the
transmission aperture synthesis, after correcting
respective delay amounts from the observation point
changing due to movement of the probe such that the
respective delay amounts become substantially equal
for each of moving positions of the probe.

9. The ultrasonic diagnostic apparatus according to claim
7,

wherein the transmitting circuit is configured to divide the
transmission aperture of the probe in the first direction
into the plurality of partial transmission apertures;

the processing circuitry is configured to perform the
transmission aperture synthesis in the first direction.

10. An ultrasonic diagnostic apparatus comprising:

a probe configured to be equipped with a plurality of
transducers;

a moving device configured to support the probe and
mechanically move the probe;

a receiving circuit configured to generate a plurality of
first reception signals for respective moving positions
of the probe, by performing receiving phase-compen-
sation and summation processing on respective
reflected signals received by the plurality of transducers
at each of the moving positions; and

processing circuitry configured to generate a second
reception signal by performing moving aperture com-
pound processing on the plurality of first reception
signals generated for the respective moving positions of
the probe based on positional information of the probe
and generate image data from the second reception
signal.

11. The ultrasonic diagnostic apparatus according to claim
10,

wherein the receiving phase-compensation and summa-
tion processing is processing of generating each of the
plurality of first reception signals by coherently sum-
ming up the respective reflected signals after correcting
respective delay amounts from an observation point in
three-dimensional space inside an object to the plurality
of transducers such that the respective delay amounts
become substantially equal to each other; and

the moving aperture compound processing is processing
of generating the second reception signal by incoher-
ently summing up the plurality of first reception signals
after correcting respective delay amounts from the
observation point changing due to movement of the
probe such that the respective delay amounts become
substantially equal for each of moving positions of the
probe.

12. The ultrasonic diagnostic apparatus according to
claim 10, further comprising a transmitting circuit config-
ured to divide a transmission aperture of the probe into a
plurality of partial transmission apertures and transmit
respective ultrasonic signals from the plurality of partial
transmission apertures such that a plurality of virtual point
sound sources corresponding to the plurality of partial
transmission apertures are formed,
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wherein the plurality of first reception signals are a
plurality of reception signals corresponding to the
plurality of partial transmission apertures; and
the processing circuitry is configured to
generate a plurality of processed signals by performing
transmission aperture synthesis, the transmission
aperture synthesis coherently summing up the plu-
rality of first reception signals after correcting
respective delay amounts from the plurality of virtual
point sound sources to an observation point such that
the respective delay amounts become substantially
equal to each other, and

generate the second reception signal from the plurality
of processed signals subjected to the transmission
aperture synthesis.

13. The ultrasonic diagnostic apparatus according to

claim 11,

wherein the probe is configured to be able to perform a
one-dimensional scan in the first direction; and

the moving device is configured to move the probe in the
second direction which is perpendicular to the first
direction.

14. The ultrasonic diagnostic apparatus according to

claim 10,

wherein the moving aperture compound processing is
processing of generating the second reception signal by
weighting the plurality of first reception signals based
on characteristics of respective point-spread functions
and incoherently summing up the plurality of first
reception signals subjected to weighting, the respective
point-spread functions being point-spread functions of
respective beams corresponding to the plurality of first
reception signals with respect to a display direction of
a three-dimensional image or a cross-sectional direc-
tion of a three-dimensionally reconstructed MPR image
to be displayed on a display.

15. The ultrasonic diagnostic apparatus according to

claim 10,

wherein the moving aperture compound processing is
processing of generating the second reception signal by
weighting the plurality of first reception signals based
on characteristics of respective point-spread functions
and incoherently summing up the plurality of first
reception signals subjected to weighting, the respective
point-spread functions being point-spread functions of
respective beams corresponding to the plurality of first
reception signals with respect to an extending direction
of a biological structure.

16. The ultrasonic diagnostic apparatus according to

claim 1,

wherein the moving device is configured to be equipped

with a robot arm; and
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the processing circuitry is configured to
acquire probe information on a moving path of the
probe controlled by the robot arm, the probe infor-
mation including at least one of a position of the
probe, velocity of the probe, and biological contact
pressure of the probe, and
perform the moving aperture synthesis on the first
reception signals based on the probe information.
17. The ultrasonic diagnostic apparatus according to
claim 7,
wherein the moving device is configured to be equipped
with a robot arm; and
the processing circuitry is configured to
acquire probe information on a moving path of the
probe controlled by the robot arm, the probe infor-
mation including at least one of a position of the
probe, velocity of the probe, and biological contact
pressure of the probe, and
generate the second reception signal by performing the
moving aperture synthesis on the plurality of pro-
cessed signals based on the probe information.
18. The ultrasonic diagnostic apparatus according to
claim 10,
wherein the moving device is configured to be equipped
with a robot arm; and
the processing circuitry is configured to
acquire probe information on a moving path of the
probe controlled by the robot arm, the probe infor-
mation including at least one of a position of the
probe, velocity of the probe, and biological contact
pressure of the probe, and
generate the second reception signal by performing the
moving aperture synthesis on the plurality of first
reception signals based on the probe information.
19. The ultrasonic diagnostic apparatus according to
claim 18,
wherein the processing circuitry is configured to
acquire a plurality of data from a same target region in
directions different from each other, and
perform the moving aperture compound processing by
generating three-dimensional data from the plurality
of data subjected to a predetermined calculation.
20. The ultrasonic diagnostic apparatus according to
claim 19,
wherein the predetermined calculation includes at least
one of a weighting calculation based on signal intensity
or a signal to noise ratio, a calculation based on a
maximum value or a minimum value, and a calculation
based on data acquired at frequencies different from
each other.
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