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(57) ABSTRACT

An ultrasound diagnostic apparatus includes an acquisition
unit acquiring pieces of ultrasound image data at different
deflection angles; a calculation unit calculating coefficients
corresponding to respective positions in ultrasound image
data corresponding to a certain deflection angle based on
signal or pixel values corresponding to the respective posi-
tions in at least one piece of ultrasound image data corre-
sponding to a deflection angle other than the certain deflec-
tion angle; a multiplication unit multiplying, by the
(Continued)
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coefficients, signal or pixel values corresponding to the
respective positions in the piece of ultrasound image data
corresponding to the certain deflection angle, or signal or
pixel values corresponding to the respective positions in
image data obtained by compounding ultrasound image data
corresponding to respective deflection angles including the
certain deflection angle; and a control unit causing a display
unit to display an image based on the signal or pixel values
multiplied by the coefficients.

17 Claims, 15 Drawing Sheets



U.S. Patent Jan. 7, 2020 Sheet 1 of 15 US 10,524,767 B2

FIG.T

« 10
N ) 2
APPARATUS BODY %
MONITOR
53
NPT
14 DEVICE
BAGE
GENERAT-
ING UNIT
<15
g2 DATA
BO0E PROCESSING
et DROICE RS, UWT{?@’!
NG UNIT ACQUISITION
10 LINGT
DOPPLER 152
PROCESS- L
NG UNHT CALCULATION
LINIT
A1 MULTIPLICA-
TION LNIT
Yo deded TRANSMITTER.
By RECEIVER UNIT
¢1G
SMAGE
18 MEMORY
CONTROL 17
UNIT
INTERNAL
MEMORY




U.S. Patent Jan. 7, 2020 Sheet 2 of 15 US 10,524,767 B2

Fle AAAAAA

BACKGROUND ART

l{@

h 4
AVERAGING
OR WEIGHTED
ADDITION

FIG.3A
BACKGROUND ART *
AVERAG-
ING
FIG.3B
BACKGROUND ART ’

st )
PR




U.S. Patent Jan. 7, 2020 Sheet 3 of 15 US 10,524,767 B2

FIGA4A

Cix, v PR

OVER.
LAPPING

\;" Rix, y3
RiGHS

AREA %

L0 vy

FIG.AC

FI1G.4D -

Sy ¥ ofix, ¥} i ¥ O D v




U.S. Patent Jan. 7, 2020 Sheet 4 of 15 US 10,524,767 B2

FG.5

et
e V’M’m

o™

& 0.5

Lo

&3

i H i i H H i
Q{} 0 02 03 44 05 08 07 48 08 1

Mix, yii 8

FIG.6

3 7308 80 3 TH DR 88

S




U.S. Patent Jan. 7, 2020 Sheet 5 of 15 US 10,524,767 B2

FIG.7

frame

» fime

pIOUESS
1

Ay - s

2 L

Sk
o

4
T ama— g % B S
e
Y
e
el

Lk
o
F

gutput 11200




U.S. Patent Jan. 7, 2020 Sheet 6 of 15 US 10,524,767 B2

FIG.9A

/2 / L?/ (0 | O R

FIG.OB

L3, L1, L8 RO R, R2 - MEAN IMAGE DATA

FIG.9C

L0, 4, RO £ | CENTRAL IMAGE DATA

12,01, RY, A2 o 1 MEAN IMAGE DATA

FIG.SD

L1, L0, G RO RY 0 | CENTRAL IMAGE DATA

12,11 R1.R2 o | MEAN IMAGE DATA




U.S. Patent Jan. 7, 2020 Sheet 7 of 15 US 10,524,767 B2

FIG.10A
o Rrd)
‘C§fd}
FIG.10B )
Lidy Reld) ()
A
FIG.10C )
Mr(hy cof_r{d}
A & 4

FIG.10D S

A A DA SA R
HG 1 GE E:> CGUTPUT IMAGE
[IATA
COUTPUT
RECEIVED-

SIGNAL GROUP




U.S. Patent Jan. 7, 2020 Sheet 8 of 15 US 10,524,767 B2

FIG.11A

b2, Ll LeD, G, Re, Bet, B2

FIG.11B

LR, Let, e, ReQ, Rt Re? JESv ] MEAN SIGNAL

FIG.11C

Lel Cr, Rel 1 ED | CENTRAL SIGNAL

Lez Let, Brt, Re? (O] MEAN SIGNAL

FIG.11D

Lrt, LD, Cr, B, Ryt CENTRAL SIGNAL

—
Loz el Rrt, Re? 1E2D D MEAN SIGNAL




U.S. Patent Jan. 7, 2020 Sheet 9 of 15 US 10,524,767 B2

FIG.12A
e
F1G.128 )
Lp(dy Rpld) Mp{d}
& 8
FIG.A2C )
Mp{d cof_pl{d
4 A 4
F1G.12D S I
Cpidy  cof_pld O Oy
& 3 48 4 =
. QUTPUT IMAGE
FIG.12E g
OUTPRUT
RECENED.

SIGNAL GROUP




U.S. Patent Jan. 7, 2020 Sheet 10 of 15 US 10,524,767 B2

FIG.13A [tz et 1p0 Cp. Rpo. Rpt, Rp2

FIG.13B s 01 (oo ren. ret. Rpz 1] MEAN SIGNAL

FIG 130 Lp0, Cp, RpQ | S8 JCENTRAL SIGNAL
Lp2, Lpt, Rpt, Rp2 |20 MEAN SIGNAL

Lpt, Lp0, Op, RpO, Rpt |20 [CENTRAL SIGNAL

FG.13D

Lp2, Lot Rpt, Rp2 102D MEAN SIGNAL

FIG.14




U.S. Patent

US 10,524,767 B2

Jan. 7, 2020 Sheet 11 of 15
FIG.15
FIRST SCAN | SECOND SCAN
MODE MODE
M ki
PROCESS M C
e A




U.S. Patent

Jan. 7, 2020

FIG.17

Sheet 12 of 15

US 10,524,767 B2

FIRET SCAN THIRD SCAN
MODE MOUE
M A
PROCESS ot o




U.S. Patent Jan. 7, 2020 Sheet 13 of 15 US 10,524,767 B2

FI1G.19

SECOND SCAN | THIRD SOAM
MODE MODE
M M
PROCESST M &
c M




US 10,524,767 B2

Sheet 14 of 15

Jan. 7, 2020

U.S. Patent

e e R e e e o e o o, o S e i R g S S A




U.S. Patent

Jan. 7, 2020

Sheet 15 of 15

FIG.21

US 10,524,767 B2

DIRECTHON

FIRST SCAN | SECOND SCAN | THIRD SCAN
MOBE MODE MODE
¥ M ¥
M M e
M " ¥
PROCESS C M M
Y G C
¥ M C
C ¢ M
FIG.22
TRANSDUCER
FLEMENT SURFACE "ELAVATION
CIRECTION
) AZIMUTH ”



US 10,524,767 B2

1

ULTRASOUND DIAGNOSTIC APPARATUS
AND ULTRASOUND IMAGING METHOD

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2013-142807,
filed on Jul. 8, 2013; the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to an
ultrasound diagnostic apparatus and an ultrasound imaging
method.

BACKGROUND

Conventionally, various methods have been performed to
reduce multiple-reflection echoes in an ultrasound image
(B-mode image) that hinder diagnosis. As one example of
such methods, a method is known of compounding, by
averaging, a plurality of B-mode images at different deflec-
tion angles of ultrasound transmission and reception. A
method is also known in which this method is applied for
estimating the levels and the positions of multiple-reflection
echo components from the B-mode images at different
deflection angles to adaptively control weights for the aver-
aging based on the estimation result.

Due to the limitation of the element factor, however, the
above-described methods of compounding a plurality of
images at different deflection angles are inevitably subject to
the influence of amplitude reduction in elements at aperture
edges. which becomes noticeable when the deflection angles
are increased. Specifically, the lateral resolution of an
obliquely tilted image is low due to its smaller effective
aperture in comparison with an image (central image) at a
regular deflection angle of “0°”. Furthermore, in the
obliquely tilted image, the sensitivity (S/N ratio) is also low
compared with the central image. Thus, in an output image
compounded with a plurality of images at different deflec-
tion angles, the lateral resolution and the sensitivity are
lower than those of a regular central image.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a configuration
example of an ultrasound diagnostic apparatus according to
a first embodiment;

FIG. 2, FIG. 3A, and FIG. 3B are diagrams illustrating
another conventional method;

FIG. 4A, FIG. 4B, FIG. 4C, FIG. 4D, FIG. 5, FIG. 6, FIG.
7, FIG. 8, FIG. 9A, FIG. 9B, FIG. 9C, and FIG. 9D are
diagrams illustrating the first embodiment;

FIG. 10A, FIG. 10B, FIG. 10C, FIG. 10D, F1G. 10E, FIG.
11A, FIG. 11B, FIG. 11C, and FIG. 11D are diagrams
illustrating the second embodiment;

FIG. 12A, FIG. 12B, FIG. 12C, FIG. 12D, FIG. 12E, FIG.
13A, FIG. 13B, FIG. 13C, and FIG. 13D are diagrams
illustrating the third embodiment;

F1G. 14, F1G. 15, FIG. 16, FIG. 17, F1G. 18, F1G. 19, FIG.
20, and FIG. 21 are diagrams illustrating the fourth embodi-
ment; and

FIG. 22 is a diagram illustrating a modification.

DETAILED DESCRIPTION

An ultrasound diagnostic apparatus according to an
embodiment includes an acquisition unit, a calculation unit,
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2

a multiplication unit, and a control unit. The acquisition unit
acquires a plurality of pieces of ultrasound image data at
different deflection angles for ultrasound transmission and
reception. The calculation unit calculates coefficients corre-
sponding to a plurality of respective positions in a piece of
ultrasound image data corresponding to a certain deflection
angle based on signal values or pixel values corresponding
to the respective positions in at least one piece of ultrasound
image data corresponding to a deflection angle other than the
certain deflection angle. The multiplication unit multiplies,
by the coeflicients, signal values or pixel values correspond-
ing to the respective positions in the piece of ultrasound
image data corresponding to the certain deflection angle, or
signal values or pixel values corresponding to the respective
positions in a piece of image data that is obtained by
compounding pieces of ultrasound image data correspond-
ing to a plurality of respective deflection angles including
the certain deflection angle. The control unit causes a display
unit to display an image based on the signal values or the
pixel values multiplied by the coeflicients.

An ultrasound diagnostic apparatus according to embodi-
ments will be explained in detail below with reference to
accompanying drawings.

First Embodiment

The configuration of an ultrasound diagnostic apparatus
according to a first embodiment will be first described. FIG.
1 is a block diagram illustrating a configuration example of
the ultrasound diagnostic apparatus according to the first
embodiment. As illustrated in FIG. 1, the ultrasound diag-
nostic apparatus according to the first embodiment includes
an ultrasonic probe 1, a monitor 2, an input device 3, and an
apparatus body 10.

The ultrasonic probe 1 includes a plurality of transducer
elements (e.g., piezoelectric transducer elements). The trans-
ducer elements generate ultrasonic waves based on a drive
signal supplied from a transmitter-receiver unit 11 included
in the apparatus body 10 described later. The transducer
elements included in the ultrasonic probe 1 receive a
reflected wave from a subject P to convert the reflected wave
thus received into an electric signal. The ultrasonic probe 1
also includes matching layers provided to the transducer
elements and backing materials preventing ultrasonic waves
from traveling behind the transducer elements, for example.

When ultrasonic waves are transmitted from the ultra-
sonic probe 1 to the subject P, the ultrasonic waves thus
transmitted are sequentially reflected on the planes of dis-
continuity of acoustic impedances in body tissues of the
subject P and then received by the transducer elements
included in the ultrasonic probe 1 as reflected wave signals.
The amplitudes of the reflected wave signals thus received
depend on the differences between the acoustic impedances
on a plane of discontinuity on which the ultrasonic waves are
reflected. When the ultrasonic pulses transmitted are
reflected on a moving blood flow or the surface of a cardiac
wall, for example, the reflected wave signals undergoes a
frequency shift depending on the velocity component in the
ultrasound transmission direction of the moving body
because of the Doppler effect.

The ultrasonic probe 1 is removably connected to the
apparatus body 10. To two-dimensionally scan the subject P,
an operator connects, for example, a one-dimensional array
probe in which a plurality of piezoelectric transducer ele-
ments are arranged in a line, as the ultrasonic probe 1, to the
apparatus body 10. Examples of the one-dimensional array
probe include a linear ultrasonic probe, a convex ultrasonic
probe, and a sector ultrasonic probe. To three-dimensionally
scan the subject P, an operator connects, for example, a
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mechanical four-dimensional probe or a two-dimensional
array probe as the ultrasonic probe 1 to the apparatus body
10. A mechanical four-dimensional probe can perform two-
dimensional scanning using a plurality of piezoelectric
transducer elements that are arranged in a line similarly to
the one-dimensional array probe, and can also perform
three-dimensional scanning by causing the piezoelectric
transducer elements to oscillate with a certain angle (oscil-
lation angle). A two-dimensional array probe can perform
three-dimensional scanning with a plurality of piezoelectric
transducer elements that are arranged in a matrix, and can
also perform two-dimensional scanning by converging and
transmitting ultrasound waves. The following describes a
case in which the apparatus body 10 is connected to a
one-dimensional array probe.

The input device 3 includes a mouse, a keyboard, buttons,
a panel switch, a touch command screen, a foot switch, a
track ball, or a joystick. The input device 3 receives various
setting requests from the operator of the ultrasound diag-
nostic apparatus and transmits the received setting requests
to the apparatus body 10.

The monitor 2 displays a graphical user interface (GUI)
through which the operator of the ultrasound diagnostic
apparatus inputs various setting requests using the input
device 3 and displays ultrasonic image data generated by the
apparatus body 10, for example.

The apparatus body 10 is an apparatus that generates
ultrasonic image data based on the reflected wave signal
received by the ultrasonic probe 1. The apparatus body 10
illustrated in FIG. 1 is an apparatus that can generate
two-dimensional ultrasound image data based on two-di-
mensional reflected wave data received by the ultrasonic
probe 1. The apparatus body 10 illustrated in FIG. 1 is also
an apparatus that can generate three-dimensional ultrasound
image data based on three-dimensional reflected wave data
received by the ultrasonic probe 1.

As illustrated in FIG. 1, the apparatus body 10 includes
the transmitter-receiver unit 11, a B-mode processing unit
12, a Doppler processing unit 13, an image generating unit
14, a data processing unit 15, an image memory 16, an
internal memory 17, and a control unit 18.

The transmitter-receiver unit 11 is a transmission beam
former that controls transmission directionality in transmit-
ting ultrasound waves. Specifically, the transmitter-receiver
unit 11 includes a rate pulse generator, a transmission delay
unit, and a transmission pulser and supplies a drive signal to
the ultrasonic probe 1. The rate pulse generator repeatedly
generates rate pulses for forming an ultrasonic wave for
transmission at a predefined rate frequency (pulse repetition
frequency, PRF). The rate pulses pass through the transmis-
sion delay unit, thereby applying voltage to the transmission
pulser in a manner having different transmission delay times.
The transmission delay unit provides each rate pulse gen-
erated by the rate pulse generator with a transmission delay
time for each transducer element. The transmission delay
time is required to converge ultrasonic waves generated by
the ultrasonic probe 1 into a beam to determine transmission
directionality. The transmission pulser applies a drive signal
(drive pulse) to the ultrasonic probe 1 at the timing based on
this rate pulse.

The drive pulse is transmitted from the transmission
pulser to the transducer element in the ultrasonic probe 1 via
a cable, and is then converted from an electric signal into a
mechanical vibration in the transducer element. This
mechanical vibration is transmitted as an ultrasound wave
inside an organism. Ultrasound waves having different trans-
mission delay times for the respective transducer elements
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are converged and transmitted in a certain transmission
direction. The transmission delay unit adjusts the transmis-
sion direction from the surface of the transducer elements as
required by changing the transmission delay time provided
to each rate pulse. The transmitter-receiver unit 11 provides
transmission directionality by controlling the number and
positions (transmission aperture) of transducer elements
used for transmission of an ultrasound beam and transmis-
sion delay times corresponding to the positions of the
respective transducer elements constituting the transmission
aperture.

The transmitter-receiver unit 11 has functions capable of
instantaneously changing transmission frequencies, trans-
mission drive voltages, and the like in order to perform a
predefined scan sequence based on an instruction from the
control unit 18 described below. In particular, the transmis-
sion drive voltages can be changed with a linear amplifier
type of transmission circuit capable of instantaneously
changing values or a mechanism for electrically switching
over a plurality of power source units.

The reflected waves of the ultrasound waves transmitted
by the ultrasonic probe 1 are converted from mechanical
vibrations to electric signals (reflected wave signals) at the
transducer elements after reaching the transducer elements
in the ultrasonic probe 1. The reflected wave signals are
input via the cable to the transmitter-receiver unit 11 serving
as a reception beam former that controls reception direc-
tionality in receiving ultrasound waves.

More specifically, the transmitter-receiver unit 11
includes an amplifier circuit, an analog/digital (A/D) con-
verter, a reception delay circuit, and an adder, and performs
various processing on the reflected wave signals received by
the ultrasonic probe 1 to generate reflected wave data. The
amplifier circuit amplifies the reflected wave signals for each
channel and perform thereon gain correction processing.
The A/D converter A/D-converts the reflected wave signals
thus gain-corrected. The reception delay circuit provides
digital data with a reception delay time required to deter-
mine reception directionality. The adder performs addition
processing on the reflected wave signals provided with the
reception delay time by the reception delay circuit to gen-
erate reflected wave data. The addition processing per-
formed by the adder enhances reflection components from
the direction in accordance with the reception directionality
of the reflected wave signals. The transmitter-receiver umt
11 provides reception directionality by controlling the num-
ber and positions (reception aperture) of transducer elements
used for reception of reflected waves and reception delay
times corresponding to the positions of the respective trans-
ducer elements constituting the reception aperture.

The transmitter-receiver unit 11 causes the ultrasonic
probe 1 to transmit two-dimensional ultrasonic beams when
the subject P is two-dimensionally scanned. The transmitter-
receiver unit 11 then generates two-dimensional reflected
wave data from two-dimensional reflected wave signals
received by the ultrasonic probe 1. The transmitter-receiver
unit 11 also causes the ultrasonic probe 1 to transmit
three-dimensional ultrasonic beams when the subject P is
three-dimensionally scanned. The transmitter-receiver unit
11 then generates three-dimensional reflected wave data
from three-dimensional reflected wave signals received by
the ultrasonic probe 1.

The form of each output signal from the transmitter-
receiver unit 11 can be selected from various forms such as
a signal including phase information and a signal indicating
amplitude information after envelope demodulation. The
signal including phase information herein is an IQ signal
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that includes an in-phase signal (I signal) and a quadrature-
phase signal (Q signal), or a radio frequency (RF) signal.

The B-mode processing unit 12 performs logarithmic
amplification, envelope demodulation, and logarithmic com-
pression, for example, on the reflected wave data output by
the transmitter-receiver unit 11 to generate data (B-mode
data) in which the signal intensity (amplitude intensity) for
each sample point is represented by the brightness of its
luminance.

The Doppler processing unit 13 performs frequency
analysis on the reflected wave data output by the transmitter-
receiver unit 11 to generate data (Doppler data) that includes
extracted pieces of kinetic information of moving bodies
(blood flows, tissues, contrast agent echo components, etc.)
based on the Doppler effect. Specifically, the Doppler pro-
cessing unit 13 generates Doppler data including average
velocities, variances, and power values, for example,
extracted at multiple points as the pieces of kinetic infor-
mation of moving bodies.

The B-mode processing unit 12 and the Doppler process-
ing unit 13 can process both two-dimensional reflected wave
data and three-dimensional reflected wave data.

The image generating unit 14 generates ultrasound image
data from the data generated by the B-mode processing unit
12 and the Doppler processing unit 13. Specifically, the
image generating unit 14 generates two-dimensional
B-mode image data in which the intensity of a reflected
wave is represented by the luminance from the two-dimen-
sional B-mode data generated by the B-mode processing
unit 12. The image generating unit 14 also generates two-
dimensional Doppler image data representing moving body
information from the two-dimensional Doppler data gener-
ated by the Doppler processing unit 13. The two-dimen-
sional Doppler image data includes velocity image data,
dispersion image data, power image data, or image data in
which the data mentioned above are combined.

The image generating unit 14 typically generates ultra-
sonic image data for display through conversion (scan-
conversion) of signal arrays of ultrasonic scan lines into
signal arrays of scan lines in a video format represented by
television, for example. Specifically, the image generating
unit 14 generates ultrasonic image data for display through
coordinate conversion in accordance with the form of the
ultrasonic scan performed by the ultrasonic probe 1. The
image generating unit 14 also performs various image
processing other than the scan conversion. For example, the
image generating unit 14 uses a plurality of image frames
after the scan conversion to perform image processing
reproducing an image having an average luminance
(smoothing processing) and image processing using a dif-
ferentiation filter in an image (edge enhancement process-
ing). The image generating unit 14 also combines text
information on various parameters, scales, body marks, and
the like with ultrasonic image data.

In other words, the B-mode data and the Doppler data are
ultrasonic image data before the scan conversion, and data
generated by the image generating unit 14 is ultrasonic
image data for display after the scan conversion. The
B-mode data and the Doppler data are also referred to as raw
data.

The image generating unit 14 further generates three-
dimensional B-mode image data by performing coordinate
conversion on the three-dimensional B-mode data generated
by the B-mode processing unit 12. The image generating
unit 14 also generates three-dimensional Doppler image data
by performing coordinate conversion on the three-dimen-
sional Doppler data generated by the Doppler processing
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unit 13. In other words, the image generating unit 14
generates “three-dimensional B-mode image data and three-
dimensional Doppler image data” as “three-dimensional
ultrasonic image data (volume data)”. The image generating
unit 14 further performs various types of rendering process-
ing on volume data to generate various two-dimensional
image data for causing the monitor 2 to display volume data.

The data processing unit 15 is a processing unit that
performs various processes on the data generated in the
apparatus body 10, and includes an acquisition unit 151, a
calculation unit 152, and a multiplication unit 153 as illus-
trated in FIG. 1. The data processing unit 15 according to the
first embodiment uses the ultrasound image data generated
by the image generating unit 14 as data to be processed. The
data processing unit 15 according to the first embodiment
will be described later in detail.

The image memory 16 is a memory storing therein image
data generated by the image generating unit 14. The image
memory 16 also can store therein data generated by the
B-mode processing unit 12 and the Doppler processing unit
13. The B-mode data and the Doppler data stored in the
image memory 16 can be called by the operator after
diagnosis, for example, and serve as ultrasonic image data
for display after going through the image generating unit 14.
The image memory 16 also can store therein the data output
from the transmitter-receiver unit 11 and the data output
from the data processing unit 15.

The internal memory 17 stores therein various data such
as control programs for performing transmission and recep-
tion of ultrasonic waves, image processing, and display
processing; diagnostic information (subjects’ IDs and doc-
tors’ opinions, for example); a diagnostic protocol; and
various body marks. The internal memory 17 is also used for
storing the data stored in the image memory 16, for example,
as necessary.

The control unit 18 controls the entire processing per-
formed by the ultrasound diagnostic apparatus. Specifically,
the control unit 18 controls processing performed by the
transmitter-receiver unit 11, the B-mode processing unit 12,
the Doppler processing unit 13, the image generating unit
14, and the data processing unit 15 based on various setting
requests input by the operator through the input device 3 and
various control programs and data read from the internal
memory 17. The control unit 18 also controls the monitor 2
to display ultrasonic image data for display stored in the
image memory 16.

In the foregoing, the overall structure of the ultrasound
diagnostic apparatus according to the first embodiment has
been described. In this structure, generation and display of
ultrasound image data (e.g., B-mode image data) are per-
formed.

Conventionally, various methods have been performed to
reduce multiple-reflection echoes that hinder diagnosis in
B-mode images. These conventional methods are methods
to reduce multiple-reflection echoes by what is called a
spatial compounding process. FIG. 2, FIG. 3A, and FIG. 3B
are diagrams illustrating such conventional methods.

One example of these methods is a method of compound-
ing, by averaging, a plurality of pieces of B-mode image
data at different deflection angles for ultrasound transmis-
sion and reception. A method is also known in which this
method is applied for estimating the levels and the positions
of multiple-reflection echo components from the pieces of
B-mode image data at different deflection angles to adap-
tively control weight for the averaging based on the estima-
tion result. These methods are methods of compounding a
plurality of pieces of ultrasound image data at different
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deflection angles that are generated by ultrasound scanning
for making deflection angles for ultrasound transmission and
reception different between frames.

The deflection angle of a direction that is perpendicular to
the array direction of the transducer elements is defined as
“0°”. The deflection angle “0°” indicates a direction of
regular ultrasound transmission and reception that are per-
formed without deflection applied. A deflection angle of a
direction that is tilted to the left relative to the array direction
of the transducer elements is defined as a “positive angle”,
and a deflection angle of a direction that is tilted to the right
relative to the array direction of transducer elements is
defined as a “negative angle”.

With these definitions, “C” indicated in FIG. 2 denotes a
piece of B-mode image data generated by performing ultra-
sound transmission and reception at the deflection angle
“0°”. “L” indicated in FIG. 2 denotes a piece of B-mode
image data generated by performing ultrasound transmission
and reception that are deflected left at a deflection angle of
“+0°”. “R” indicated in FIG. 2 denotes a piece of B-mode
image data generated by performing ultrasound transmission
and reception that are deflected right at a deflection angle of
“~0°”, Hereinafter, the “L” indicated in FIG. 2 is referred to
as left-deflection image data L. The “R” indicated in FIG. 2
is referred to as right-deflection image data R. “C” indicated
in FIG. 2 that denotes an image in the middle between the
left-deflection image data [ and the right-deflection image
data R is referred to as central image data C.

In the conventional method illustrated in FIG. 2, image
data is output that is obtained by averaging the central image
data C, the left-deflection image data I, and the right-
deflection image data R. Alternatively, in the conventional
method illustrated in FIG. 2, the levels and the positions of
multiple-reflection echo components are estimated from the
central image data C, the left-deflection image data L, and
the right-deflection image data R. Subsequently, in the
conventional method illustrated in FIG. 2, weights for the
averaging are calculated based on the estimated result, and
weighted addition is performed of the central image data C,
the left-deflection image data L, and the right-deflection
image data R to output the resulting image data.

Other than the above-described conventional methods of
compounding a plurality of images at different deflection
angles, two conventional methods illustrated in FIGS. 3A
and 3B are used as general spatial compounding for reduc-
ing multiple-reflection echoes. The method illustrated in
FIG. 3A is a method of averaging a group of a plurality of
received signals at different reception deflection angles that
are simultaneously obtained by parallel simultaneous recep-
tion in response to the same transmission beam when
received signals on one scan line are obtained. In the method
illustrated in FIG. 3A, simultaneously received signals in
three directions are obtained by parallelly and simultane-
ously receiving reflected waves at reception deflection
angles (e.g., 0°, +6°, =6°) in the three directions in response
to an ultrasound wave transmitted on a certain scan line with
the transmission aperture and the reception aperture being
fixed. In the conventional method illustrated in FIG. 3A, one
received signal at a reception deflection angle of “0°” is
obtained by averaging the simultaneously received signals in
three directions. This processing is performed for all scan
lines in a frame.

In contrast, the method illustrated in FIG. 3B is a method
in which, when a received signal on one scan line is
obtained, received signals from corresponding directions are
obtained at transmission deflection angles that are different
between rates, and the resulting received signals at these
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rates are averaged. In FIG. 3B, received signals in three
directions are depicted that are generated by performing
ultrasound transmission and reception at deflection angles
(0°, +6°, -0°) in three directions with the transmission
aperture and the reception aperture being fixed. In the
conventional method illustrated in FIG. 3B, one received
signal at a reception deflection angle of “0°” is obtained by
averaging the received signals in three directions. This
processing is performed for all scan lines in a frame.

These three types of conventional methods are techniques
for improving a signal-to-noise ratio in an image by utilizing
a fact that, when a deflection angle of an ultrasound beam
relative to the subject P is changed (when the ultrasound
beam is tilted), the position where multiple-reflection echoes
(noise) appear changes depending on the deflection angle,
and by performing a compounding process to maintain
signal components (e.g., tissue-derived signal components)
intensity of which changes relatively little even when the
ultrasound beam is tilted.

The conventional method illustrated in FIG. 3A is excel-
lent in real-time performance because parallel simultaneous
reception is used. However, the conventional method illus-
trated in FIG. 3A requires larger deflection angles to obtain
a multiple reduction effect because deflection angles are
made different between transmission and reception. How-
ever, in the conventional method illustrated in FIG. 3A, the
sensitivity decreases when the deflection angles between
transmission and reception are increased.

In contrast, in the conventional method illustrated in FIG.
3B, because deflection angles between transmission and
reception can be set the same, larger deflection angles are set
while the sensitivity reduction is being prevented, and thus
a multiple reduction effect can be obtained that is greater
than the conventional method illustrated in FIG. 3A. How-
ever, the conventional method illustrated in FIG. 3B requires
a rate sequence, thereby reducing the frame rate.

In contrast, in the conventional method illustrated in FIG.
2, because the deflection angle is changed on a frame-by-
frame basis, deflection angles can be set the same between
transmission and reception, and thus the frame rate is not
reduced while the sensitivity reduction is being prevented.
Thus, in the conventional method illustrated in FIG. 2, the
multiple reduction effect, the frame rate, and a certain level
of sensitivity can be maintained.

Due to the limitation of the element factor, however, such
a method in which the deflection angle is changed on a
frame-by-frame basis is inevitably subject to the influence of
amplitude reduction in elements at aperture edges, which
becomes noticeable when the deflection angle is increased.
In particular, in elements at the edges of the apertures,
transmission and reception are performed with relatively
larger deflection angles, whereby the amplitude reduction is
larger. This corresponds to reduction in effective width of the
apertures. Specifically, the lateral resolution of obliquely
tilted image data (e.g., the left-deflection image data L or the
right-deflection image data R) is lower than that of an image
(the central image data C) at a deflection angle of “0°”.
Furthermore, in the obliquely tilted image, the sensitivity
(S/N ratio) is also lower than that of the central image data
C. Thus, in an output image compounded from a plurality of
images at different deflection angles, there is a problem in
that the lateral resolution and the sensitivity are lower than
those of a non-deflected image (e.g., the central image data
C).

Accordingly, in the ultrasound diagnostic apparatus
according to the first embodiment, to obtain a high-quality
image in which multiple reflections are reduced and the
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lateral resolution and the sensitivity are maintained, the data
processing unit 15 and the control unit 18 perform processes
described below.

The acquisition unit 151 according to the first embodi-
ment acquires a plurality of pieces of ultrasound image data
at different deflection angles for ultrasound transmission and
reception. The acquisition unit 151 acquires a plurality of
pieces of ultrasound image data that are generated by
ultrasound scanning in which a deflection angle for ultra-
sound transmission and reception is changed between
frames. For example, the acquisition unit 151 acquires an
image data group including the pieces of ultrasound image
data at different deflection angles that are generated by the
ultrasound scanning in which a deflection angle of ultra-
sound transmission and reception is changed between
frames. The calculation unit 152 according to the first
embodiment then calculates coeflicients corresponding to a
plurality of respective positions in a piece of ultrasound
image data corresponding to a certain deflection angle,
based on signal values or pixel values corresponding to the
respective positions in at least one piece of ultrasound image
data corresponding to a deflection angle other than the
certain deflection angle. The coeflicients corresponding to
the respective positions are represented by a coefficient
distribution. For example, the calculation unit 152 calculates
the coeflicient distribution using at least one piece of ultra-
sound image data at a deflection angle in a direction other
than a certain direction in the image data group. For
example, the calculation unit 152 calculates the above-
described coeflicients (the above-described coefficient dis-
tribution) based on a mean value between pieces of data to
be processed. For example, the calculation unit 152 calcu-
lates the above-described coeficients (the above-described
coeflicient distribution) using a function including arithme-
tic processing of exponentiating an input value. The multi-
plication unit 153 according to the first embodiment then
multiplies, by the coeflicients, signal values or pixel values
corresponding to the respective positions in the piece of
ultrasound image data corresponding to the certain deflec-
tion angle, or signal values or pixel values corresponding to
the respective positions in a piece of image data that is
obtained by compounding pieces of ultrasound image data
corresponding to a plurality of respective deflection angles
including the certain deflection angle. For example, the
multiplication unit 153 multiplies, by the coefficient distri-
bution, a piece of ultrasound image data at a deflection angle
in the certain direction, or a piece of image data that is
obtained by compounding pieces of ultrasound image data at
respective deflection angles in a plurality of directions
including the certain direction. For example, the multipli-
cation unit 153 performs multiplication processing on data
obtained by weighted addition as the above-described com-
pounding process. The control unit 18 according to the first
embodiment then causes the monitor 2 to display an image
based on the signal values or the pixel values multiplied by
the coefficients. For example, the control unit 18 causes the
monitor 2 to display the output data from the multiplication
unit 153 as ultrasound image data.

The following describes concrete examples of processes
performed by the data processing unit 15 and the control unit
18 according to the first embodiment with reference to FIGS.
4A to 9D, for example. FIGS. 4A to 9D are diagrams
illustrating the first embodiment.

For example, under the control of the control unit 18, the
transmitter-receiver unit 11 causes the ultrasonic probe 1 to
perform ultrasound transmission and reception in three
directions (deflection angles: 0°, +&°, -6°) on a frame-by-

20

25

40

45

60

65

10

frame basis. This causes the image generating unit 14 to
generate three pieces of B-mode image data at different
deflection angles. The above-described certain direction
herein is the direction at the deflection angle “0°”. The
acquisition unit 151 then acquires these three pieces of
B-mode image data. “L(x,y)” and “R(x,y)” indicated in FIG.
4A are respectively left-deflection image data and right-
deflection image data in which multiple reflection compo-
nents are reduced by oblique transmission and reception.
“C(x,y)” indicated in FIG. 4A is B-mode image data in the
direction of the deflection angle “0°”, and is front image data
(central image data) in which the lateral resolution and the
sensitivity are high but multiple reflections may have
occurred. “(x,y)” herein indicates the position of each pixel
constituting the image data.

The following describes a case in which the calculation
unit 152 calculates the coeflicient distribution using “L(x,y)”
and “R(x,y)” as objects to be processed and the multiplica-
tion unit 153 uses “C(x,y)” as an object to be multiplied. To
begin with, the calculation unit 152 obtains “M(x,y)” that is
mean image data of “L(x,y)” and “R(x,y)” as illustrated in
FIG. 4B. Specifically, the calculation unit 152 obtains “M(x,
y)” according to Formula (1):

Mx, y)=(L{x, y) + R(x, y)) /2 (overlapping area) [0}
=L{x y)

=R, y)

(left area)
(right area)

As illustrated in 4B, when “L(x,y)” and “R(x,y)” are
aligned, there are an overlapping area where they overlap
each other, a left area that is an area in “L(x,y)” excluding
the overlapping area, a right area that is an area in “R(x,y)”
excluding the overlapping area. Formula (1) above indicates
that the mean image data “M(x,y)” is obtained by assigning
the mean values of pixel values of “L(x,y)” and “R(x,y) at
the same position for the overlapping area, assigning pixel
values of “L(x,y)” for the left area, and assigning pixel
values of “R(x,y)” for the right area.

The calculation unit 152 then calculates a coefficient
distribution “cof(x,y)” from the mean image data “M(x,y)”
as illustrated in FIG. 4C. Specifically, the calculation unit
152 calculates “cof(x,y)” according to Formula (2):

cof (x, y) = (M(x, y)/ B }
(when M(x, y) > 5, cof(x, y) = 1.0)

In Formula (2) above, the value obtained by raising a
quotient of M(x,y) divided by “B” to the “power of & is
defined as “cof(x,y)”. In Formula (2) above, “cof(x,y)” is
defined to be “1” when the quotient of M(x,y) divided by “B”
is larger than “1”. “a.”” and “B” herein are values that are set
in advance. Specifically, “f” means an upper limit of output
signals, and is set equal to or smaller than the maximum
value “max” of image signals. “f” is preferably set to about
70% to 80% of “max”. “a” is preferably set to a value of
about “V4 to 14"

The graph illustrated in FIG. 5 is a graph in which output
values “cof(x,y)” are plotted that are calculated from input
values “M(x,y)/f” by using Formula (2) with “a=l4".
Advantages will be described later of calculating the coef-
ficient distribution using a function including arithmetic
processing of exponentiating an input value such as Formula

Q).
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The multiplication unit 153 then multiplies the central
image data “C(x,y)” by the coeflicient distribution “cof(x,
y)” to output the output image data “O_C(x,y)” as illustrated
in FIG. 4D. Specifically, the multiplication unit 153 per-
forms arithmetic processing of Formula (3):

O_Clxy)=Clx,y)*coflxy) (3)

The control unit 18 then causes the monitor 2 to display
the output image data “O_C(x,y)” as B-mode image data on
which correction processing is performed. The left diagram
in FIG. 6 illustrates front B-mode image data “C(x,y)” at the
“deflection angle: 0°” out of pieces of B-mode image data in
three directions that are obtained by using a linear probe to
image an area including carotid arteries. The right diagram
in FIG. 6 illustrates output image data “O_(x,y)” obtained by
the above-described processing. As illustrated in FIG. 6,
multiple reflection components appearing in carotid arteries
in “C(x,y)” are reduced in “O_C(x,y)” while the lateral
resolution and the sensitivity are being maintained. FIG. 6
herein illustrates a result of processing performed with
settings of “a=V4, =192, max=255, 6=10°".

The following describes reasons why “O_C(x,y)” output
by the above-described processing becomes high-quality
image data in which multiple reflections are reduced and
also the lateral resolution and the sensitivity are maintained.

As with scattered signals, in a region where a signal level
does not differ regardless of whether the region is viewed
from the right or the left, the luminance of mean image data
becomes high. In contrast, as with multiple reflections, in a
region where a signal level is reduced by tilting a beam, the
luminance of the mean image data decreases. In particular,
multiple reflections cause not only reductions in signal level
due to deflection to the right and the left, but also changes
in the appearance position corresponding to deflection to the
right and the left. Accordingly, the degree of luminance
reduction in the mean image data of the left-deflection image
data and the right-deflection image data increases.

Thus, in the above-described processing, in a region
where the average luminance in the mean image data is high,
which is considered to be an actual signal component, the
coeflicient value contributing to the central image data to be
finally output is made larger. In the above-described pro-
cessing, in a region where the average luminance in the
mean image data is low, which is considered to be a noise
component due to multiple reflections or the like, the coef-
ficient value contributing to the central image data is made
smaller. Thus, the above-described processing enables
reduction of multiple reflection components that is effective
for the central image data. The image signal itself of the
output image data derives from the central image data in
which the lateral resolution is high and the sensitivity is also
high, and thus the lateral resolution and the sensitivity are
maintained in a region for which the coefficient value is
large because of being considered to be a signal.

In a conversion method for obtaining coefficient values as
output data from the mean image data as input data, it is
desired that, while an output value in a signal area is
maintained at a high level compared with a level used as a
boundary level between a signal and a noise based on
magnitudes of input, an output value in a noise area be
sufficiently smaller than the boundary level. A simplest
method to obtain such conversion characteristics is threshold
processing in which the output value is set to be “1” when
the input value exceeds a preset threshold and the output
value is set to be “0” when the input value is equal to or
smaller than the threshold.
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However, such a “boundary level between a signal and a
noise” used for threshold setting generally varies depending
on a subject P, and thus cannot be clearly determined. In
view of this, to obtain a robust multiple reduction effect, it
is effective to use conversion characteristics that smoothly
change in response to an input and include characteristics
that are similar to those of the threshold processing.

A specific method for obtaining such conversion charac-
teristics preferably provides an output value according to a
“power function” depending on the input level as indicated
in Formula (2) above. For example, in the conversion
characteristic illustrated in FIG. 5, the coefficient value
smoothly changes in a range where “M(x,y)/p” is larger than
“0.17, and the coeflicient value significantly decreases in a
range where “M(x,y)p” is equal to or smaller than “0.1”.

However, when the above-described coeflicient control is
performed, as is clear from the graph in FIG. 5, the output
image data “O_C(x,y)” indicates almost no signal in a
low-luminance area, and thus there is apparently a tendency
that the display dynamic range is narrowed and the gain
decreases. Accordingly, the control unit 18 according to the
first embodiment may control the display dynamic range and
the gain when displaying the output image data using a
predetermined look-up table (LUT) so that the apparent
display dynamic range and the apparent gain may become
equivalent to those of image data on which the above-
described multiplication processing is not performed.

For example, as illustrated in FIG. 6, the control unit 18
expands the “display dynamic range: DR” of the output
image data to “65 dB” when the “display dynamic range:
DR” of the central image data is “60 dB”. Furthermore, for
example, as illustrated in FIG. 6, the control unit 18 raises
the “gain: G” of the output image data to “76 dB” when the
“gain: G” of the central image data is “73 dB”.

The control unit 18 controls the frame rate of the output
image data (hereinafter, O_C) so that it may become
approximately the same as the frame rate in regular B-mode
imaging. FIG. 7 illustrates a case in which the central image
data (hereinafter, C), the left-deflection image data (herein-
after, L), and the right-deflection image data (hereinafter, R)
are repeatedly generated in the order of “C, L, and R” (see
the row of “input” in FIG. 7). In FIG. 7, each frame is
depicted by one rectangle.

In this case, the control unit 18 causes the data processing
unit 15 to output “O_C” of the first frame using an image
data group “C,L,R” that is initially obtained (see “process:
17 and “output: 1”in FIG. 7). The control unit 18 also causes
the data processing unit 15 to output “O_C” of the second
frame using an image data group “L,R,C” that includes
newly generated “C” as latest data (see “process: 2” and
“output: 2” in FIG. 7). The control unit 18 also causes the
data processing unit 15 to output “O_C” of the third frame
using an image data group “R,C,L” that includes newly
generated “L” as latest data (see “process: 3” and “output: 3”
in FIG. 7). The control unit 18 also causes the data process-
ing unit 15 to output “O_C” of the fourth frame using an
image data group “C,L,R” that includes newly generated
“R” as latest data (see “process: 4” and “output: 4” in FIG.
7). The control unit 18 also causes the data processing umt
15 to output “O_C” of the fifth frame using an image data
group “L,R,C” that includes newly generated “C” as latest
data (see “process: 5” and “output: 5” in FIG. 7). Performing
such control can maintain the frame rate.

In the foregoing, a typical example has been described in
which deflection angles in three directions (+6° and 0°) are
used, and the mean image data of the lefi-deflection image
data and the right-deflection image data is used to calculate
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a coefficient distribution. However, “oblique-deflection
image data” for calculating the coefficient distribution for
performing multiple reduction may be deflection image data
in one direction, either to the right or to the left. For
example, the calculation unit 152 may substitute “T(x.y)”
for Formula (2) to calculate the coefficient distribution
“cof(x,y)” as illustrated in FIG. 8.

Because a structure that can be a multiple reflection
source in a scanning area of the subject P may be tilted
obliquely to the array direction of the transducer elements,
it is preferable that the mean image data of the left-deflection
image data and the right-deflection image data be used as
described above to obtain a robust multiple-reflection reduc-
tion effect. As described with reference to FIG. 4B, the
left-deflection image data is used as the mean image data for
the left area excluding the overlapping area, and the right-
deflection image data is used as the mean image data for the
right area excluding the overlapping area. Even in such a
case, however, as described with reference to the drawings
including FIG. 6, output image data can be obtained in
which multiple reflections are reduced and also the lateral
resolution and the sensitivity are maintained.

Furthermore, the first embodiment allows the number of
directions of deflection angles to be increased to five or
seven. In this case, it is possible to perform “(a): a method
of increasing the number of directions for addition of mean
image data”, “(b): a method of using, as central image data,
image data that is obtained by performing a compounding
process (e.g., weighting process) on a plurality of pieces of
image data including front image data”, and “(c): a method
achieved by combining (a) and (b)”.

One example of a case in which the above-described
methods are used when the number of directions is “7” will
be described with reference to FIGS. 9A to 9D. In FIG. 9A,
pieces of image data in seven directions that are generated
by a frame sequence of deflection angles “+8,°, +8,°, +8°,
0°,-8°, -6,° and -6,° (6,>8,>0)” are denoted as “1.2, L1,
L0, C, RO, R1, and R2”, respectively.

In this case, for example, the calculation unit 152 or the
image generating unit 14 generates mean image data from
the six pieces of image data “L.2, L1, L0, R0, R1, and R2”
as illustrated in FIG. 9B to calculate a coefficient distribu-
tion. In this case, the multiplication unit 153 multiplies “C”
by the coeflicient distribution.

Alternatively, for example, the multiplication unit 153 or
the image generating unit 14 performs weighted addition of
“L0, C, and R0” to generate central image data as illustrated
in FIG. 9C. Furthermore, for example, the calculation unit
152 or the image generating unit 14 generates mean image
data from “L2, L1, R1, and R2” as illustrated in FIG. 9C to
calculate a coefficient distribution.

Alternatively, image data used for the mean image data
may be used for the central image data. For example, the
multiplication unit 153 or the image generating unit 14
performs weighted addition of “L1, L0, C, R0, and R1” to
generate central image data as illustrated in FIG. 9D. Fur-
thermore, for example, the calculation unit 152 or the image
generating unit 14 generates mean image data from “L2, 11,
R1, and R2” as illustrated in FIG. 9D to calculate a coeffi-
cient distribution. Even when these applications are per-
formed, output image data can be obtained in which multiple
reflections are reduced and also the lateral resolution and the
sensitivity are maintained.

Regardless of whether a conventional method of perform-
ing a compounding process in frame sequence or the method
according to the first embodiment in which multiplication
processing is performed in frame sequence is used, the frame
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rate is not different from that in regular scanning of regular
B-mode scanning. However, in both of the methods, there is
a tendency that the responsivity of image change to move-
ment of the ultrasonic probe 1, respiratory movement of the
subject P, or the like decreases as the number of directions
increases because of the influence of using frames the
number of which corresponds to the number of directions for
the processing. On the other hand, the effect of multiple
reflection reduction becomes higher as the number of direc-
tions increases.

Accordingly, a trade-off occurs between the responsivity
and the effect of multiple reflection reduction depending on
the setting of the number of directions in the method
according to the first embodiment. Thus, in the first embodi-
ment, in order to allow the operator to select settings on “the
number of directions in total” and “the number of directions
used for generating mean image data and the number of
directions used for generating central image data” as appro-
priate, candidate sets for these numbers of directions are
preferably set in advance. In this case, the operator selects a
desired setting from candidate sets displayed on a GUI, for
example.

As described above, in the first embodiment, “weights
(coeflicients)” are calculated based on a group of pieces of
oblique image data in which multiple reflections are reduced
or pieces of oblique image data in which multiple reflections
are reduced among a plurality of pieces of B-mode image
data at different deflection angles that are generated by frame
sequence. In the first embodiment, B-mode image data (front
image data) at the “deflection angle: 0°” excellent in lateral
resolution and sensitivity is used as central image data to be
multiplied by the coefficient distribution to generate output
image data. Alternatively, in the first embodiment, image
data obtained by compounding a plurality of pieces of
B-mode image data with front image data excellent in lateral
resolution and sensitivity at the center is used as central
image data to be multiplied by the coeflicient distribution to
generate output image data. Thus, in the first embodiment, a
high-quality image can be obtained in which multiple reflec-
tions are reduced and also the lateral resolution and the
sensitivity are maintained. It should be noted that, in the first
embodiment, the above-described processing may be per-
formed on signal values of B-mode data. In this case,
ultrasound image data is generated by processing performed
by the image generating unit 14 using data output by the
multiplication unit 153.

Second Embodiment

In the first embodiment, a method has been described in
which the effect of multiple reflection reduction and the
maintenance of lateral resolution and sensitivity are
achieved by performing multiplication processing in frame
sequence instead of conventional methods of performing a
compounding process in frame sequence. The concept of the
processes described in the first embodiment can be used as
an improved method of the conventional method of per-
forming a space compounding process in rate sequence
described with reference to FIG. 3B. In a second embodi-
ment, with reference to FIGS. 10A to 11D, for example, a
case will be described in which the effect of multiple
reflection reduction and the maintenance of lateral resolution
and sensitivity are achieved by performing multiplication
processing in rate sequence. FIGS. 10A to 11D are diagrams
illustrating the second embodiment.

An ultrasound diagnostic apparatus according to the sec-
ond embodiment is configured similarly to the ultrasound
diagnostic apparatus according to the first embodiment
described with reference to FIG. 1. However, the data
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processing unit 15 according to the second embodiment
performs the following processes.

Specifically, the acquisition unit 151 according to the
second embodiment acquires received signals corresponding
to a plurality of respective reception scan lines at different
deflection angles for at least reception of an ultrasound
wave. The acquisition unit 151 according to the second
embodiment acquires received signals corresponding to the
respective reception scan lines that are generated by ultra-
sound scanning in which deflection angles for ultrasound
transmission and reception are changed between rates. For
example, the acquisition unit 151 acquires a received-signal
group including a plurality of received signals at different
deflection angles that are generated by ultrasound scanning
in which deflection angles for ultrasound transmission and
reception are changed between rates. The calculation unit
152 according to the second embodiment then calculates
coeflicients corresponding to a plurality of respective depths
on a reception scan line at a certain deflection angle, based
on signal values or pixel values that are based on a received
signal corresponding to at least one of reception scan lines
at deflection angles except the certain deflection angle and
that correspond to the respective depths. The coeflicients
corresponding to the respective depths constitute a coefli-
cient distribution. For example, the calculation unit 152 uses
received signals in at least one of deflection angles in
directions except a certain direction among the received-
signal group to calculate the coefficient distribution. For
example, the calculation unit 152 calculates the above-
described coeflicients (the above-described coefficient dis-
tribution) based on a mean value between pieces of data to
be processed. Alternatively, for example, the calculation unit
152 uses a function including arithmetic processing of
exponentiating an input value to calculate the above-de-
scribed coeflicients (the above-described coeflicient distri-
bution). The multiplication unit 153 according to the second
embodiment then multiplies, by the coeflicients, signal val-
ues or pixel values that are based on a received signal
corresponding to a reception scan line at a certain deflection
angle or a signal obtained by compounding received signals
corresponding to respective reception scan lines at a plural-
ity of deflection angles including the certain deflection angle
and that correspond to the respective depths on the reception
scan line corresponding to the certain deflection angle. For
example, the multiplication unit 153 multiplies, by the
coeflicient distribution, a received signal in the deflection
angle in the certain direction or a signal obtained by com-
pounding received signals in respective deflection angles in
a plurality of directions including the certain direction
among the received-signal group. For example, the multi-
plication unit 153 performs multiplication processing on
data obtained by weighted addition as the above-described
compounding process. The control unit 18 according to the
second embodiment then causes the monitor 2 to display an
image based on the signal values or the pixel values multi-
plied by the coeflicients. For example, the control unit 18
causes the monitor 2 to display ultrasound image data based
on the output data from the multiplication unit 153.

In rate sequence, when a signal of one reception scan line
is obtained, ultrasound transmission and reception is per-
formed a plurality of times at different deflection angles with
the direction of this reception scan line at the center. In the
second embodiment, the processes described in the first
embodiment are applied to each received signal obtained by
this transmission and reception performed plurality of times
to obtain received signals in the direction of the reception
scan line as final outputs.
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For example, under the control of the control unit 18, the
transmitter-receiver unit 11 causes the ultrasonic probe 1 to
perform ultrasound transmission and reception in three
directions (deflection angles: 0°, +6°, -6°) on a rate-by-rate
basis as illustrated in FIG. 10A. In this manner, three
received signals at different deflection angles are obtained.
The above-described certain direction herein is the direction
of the deflection angle “0°”, which is the direction of the
reception scan line. The acquisition unit 151 then acquires
these three received signals. “Lr(d)” and “Rr(d)” indicated in
FIG. 10A are respectively a left-deflection received signal
and a right-deflection received signal in which multiple
reflection components are reduced by oblique transmission
and reception. “Cr(d)” indicated in FIG. 10A is a received
signal in the direction of the deflection angle “0°”, and is a
front signal (central signal) that can produce an image in
which the lateral resolution and the sensitivity are high but
multiple reflections may have occurred. “(d)” herein indi-
cates the position of a received signal in the depth direction
(reception scan line direction).

The following describes a case in which the calculation
unit 152 calculates the coefficient distribution using “Lr(d)”
and “Rr(d)” as objects to be processed and the multiplication
unit 153 uses “Cr(d)” as an object to be multiplied. To begin
with, the calculation unit 152 obtains “Mr(d)” that is a mean
signal of “Lr(d)” and “Rr(d)” that are received signals in left
deflection and right deflection, respectively, as illustrated in
FIG. 10B. Specifically, the calculation unit 152 obtains
“Mr(d)” according to Formula (4):

Mr(d)=(Lrdy+RAHd))2 @

The calculation unit 152 then calculates a coeflicient
distribution “cof_r(d)” to be given for the central signal
“Cr(d)” in the depth direction “d” from the mean signal
“Mr(d)” as illustrated in FIG. 100. Specifically, the calcu-
lation unit 152 calculates “cof_r(d)” according to Formula

)

cof_t(d) = (Mr(d)/ B } )

(when Mr(d) > f3, cof 1(d) =1.0)

In Formula (5) above, the value obtained by raising a
quotient of Mr(d) divided by “f” to the “power of a” is
defined as “cof_r(d)”. In Formula (5) above, “cof_r(d)” is
defined to be “1” when the quotient of Mr(d) divided by “p”
is larger than “1”. “a.”” and “B” herein are values that are set
in advance as desctibed in the first embodiment. Specifi-
cally, “f” means an upper limit of output received signals,
and is set to be equal to or smaller than the maximum value
“max” of the received signals. “p” is preferably set to be
about 70% to 80% of “max”. “a” is preferably set to be a
value of about “%4 to '4”.

The multiplication unit 153 then multiplies the central
signal “Cr(d)” by the coeflicient distribution “cof_r(d)” to
output an output received signal “O_Cr(d)” as illustrated in
FIG. 10D. Specifically, the multiplication unit 153 performs
arithmetic processing of Formula (6):

O_Crid)=Cr{d)*cof #(d) (6)

The data processing unit 15 performs the above-described
processes on all reception scan lines to output output
received signals for one frame. Under the control of the
control unit 18, the image generating unit 14 generates
output image data from the output received-signal group for
one frame as illustrated in FIG. 10E. The monitor 2 then
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displays the output image data under the control of the
control unit 18. This output image data becomes a high-
quality image in which multiple reflections are reduced and
also the lateral resolution and the sensitivity are maintained.

For the above-describe received signals “Lr(d), Rr(d),
Cr(d)”, any of RF signals or IQ signals including phase
information, amplitude signals after phase detection, or
logarithmically compressed data of the amplitude signals
may be used. Any of these pieces of data can be used to
define coeflicients, and multiplication by the obtained coef-
ficients can produce a high-quality image.

In the second embodiment also, one oblique received
signal (e.g., “Lr(d)”) may be used to calculate the coeflicient
distribution as described in the first embodiment. In the
second embodiment also, the number of directions of deflec-
tion angles can be increased to five or seven as described in
the first embodiment.

One example of processing performed when the number
of directions is “7” will be described with reference to FIGS.
11A to 11D. In FIG. 11A, received signals in seven direc-
tions that are generated by rate sequence of deflection angles
“+0,°% +0,°, +0°, 0°, -0°, -0,°, and -0,° (0,>0,>0)” are
Denoted as “Lr2, Lrl, Lt0, Cr, Rr0, Rrl, and Rr2”, respec-
tively.

In this case, for example, the calculation unit 152 or the
B-mode processing unit 12 generates a mean signal from the
six received signals of “Lr2, Lrl, Lr0, Rr0, Rr1, and Rr2” as
illustrated in FIG. 11B to calculate a coefficient distribution.
In this case, the multiplication unit 153 multiplies “Cr” by
the coeflicient distribution.

Alternatively, for example, the multiplication unit 153 or
the B-mode processing unit 12 performs weighted addition
of “Lr0, Cr, Rr0” to generate a central signal as illustrated in
FIG. 11C. Furthermore, for example, the calculation unit
152 or the B-mode processing unit 12 generates a mean
signal from “Lr2, Lrl, Rrl, Rr2” as illustrated in FIG. 11C
to calculate a coeflicient distribution.

Alternatively, received signals used for the mean signal
may be used for the central signal. For example, the multi-
plication unit 153 or the B-mode processing unit 12 per-
forms weighted addition of “Lrl, Lr0, Cr, Rr0, Rr1” to
generate a central signal as illustrated in FIG. 11D. Further-
more, for example, the calculation unit 152 or the B-mode
processing unit 12 generates a mean signal from “Lr2, Lrl,
Rrl1, Rr2” as illustrated in FIG. 11D to calculate a coefficient
distribution. Even when these application examples are
performed, it is possible to obtain output received signals
from which output image data can be generated in which
multiple reflections are reduced and also the lateral resolu-
tion and the sensitivity are maintained.

When the application examples described with reference
to FIGS. 11A to 11D are performed, in the second embodi-
ment similarly to the first embodiment, in order for the
operator to optionally select settings on “the number of
directions in total” and “the number of directions used for
generating a mean signal and the number of directions used
for generating a central signal”, candidate sets for these
numbers of directions are preferably set in advance.

As described above, in the second embodiment, by per-
forming multiplication processing with the coefficient dis-
tribution, the effect of multiple reflection reduction can be
obtained while the lateral resolution and the sensitivity are
being enhanced in comparison with conventional methods in
which spatial compounding between rates is performed.

Third Embodiment

The concept of the multiplication processing described in
the first embodiment and the second embodiment can be
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used as an improved method for the conventional methods
of performing a space compounding process in parallel
simultaneous reception described with reference to FIG. 3A.
In a third embodiment, with reference to FIGS. 12Ato 13D,
for example, a case will be described in which the effect of
multiple reflection reduction and the maintenance of lateral
resolution and sensitivity are achieved by performing mul-
tiplication processing in parallel simultaneous reception.
FIGS. 12A to 13D are diagrams illustrating the third
embodiment.

An ultrasound diagnostic apparatus according to the third
embodiment is configured similarly to the ultrasound diag-
nostic apparatus according to the first embodiment described
with reference to FIG. 1. However, the data processing unit
15 according to the third embodiment performs the follow-
ing processes.

Specifically, the acquisition unit 151 according to the third
embodiment, similarly to the second embodiment, acquires
received signals corresponding to a plurality of respective
reception scan lines at different deflection angles for at least
reception of an ultrasound wave. The acquisition unit 151
according to the third embodiment herein acquires received
signals corresponding to the respective reception scan lines
that are generated by ultrasound scanning in which a plu-
rality of reflected waves at different deflection angles for
ultrasound reception are received in response to each ultra-
sound transmission. For example, the acquisition unit 151
acquires a simultaneously-received-signal group including a
plurality of simultaneously received signals at different
deflection angles that are generated by ultrasound scanning
in which reflected waves in a plurality of reception deflec-
tion angles are parallelly and simultaneously received in
response to a transmitted ultrasound wave. The calculation
unit 152 according to the third embodiment then, similarly
to the second embodiment, calculates coefficients corre-
sponding to a plurality of respective depths on a reception
scan line at a certain deflection angle, based on signal values
or pixel values that are based on a received signal corre-
sponding to at least one of reception scan lines at a deflection
angle other than the certain deflection angle and that corre-
spond to the respective depths. The coeflicients correspond-
ing to the respective depths constitute a coeflicient distribu-
tion. For example, the calculation unit 152 uses
simultaneously received signals in at least one of deflection
angles in directions except a certain direction among the
simultaneously-received-signal group to calculate the coef-
ficient distribution. For example, the calculation unit 152
calculates the above-described coefficients (the above-de-
scribed coeflicient distribution) based on a mean value
between pieces of data to be processed. Alternatively, for
example, the calculation unit 152 uses a function including
arithmetic processing of exponentiating an input value to
calculate the above-described coeflicients (the above-de-
scribed coeflicient distribution). The multiplication unit 153
according to the third embodiment then, similarly to the
second embodiment, multiplies, by the coeflicients, signal
values or pixel values that are based on a received signal
corresponding to a reception scan line at a certain deflection
angle or a signal obtained by compounding received signals
corresponding to respective reception scan lines at a plural-
ity of deflection angles including the certain deflection angle
and that correspond to the respective depths on the reception
scan line corresponding to the certain deflection angle. For
example, the multiplication unit 153 multiplies, by the
coeflicient distribution, a simultaneously received signal in
the deflection angle in the certain direction or a signal
obtained by compounding simultaneously received signals
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in respective deflection angles in a plurality of directions
including the certain direction among the simultaneously-
received-signal group. For example, the multiplication unit
153 performs multiplication processing on data obtained by
weighted addition as the above-described compounding
process. The control unit 18 according to the third embodi-
ment then causes the monitor 2 to display an image based on
the signal values or the pixel values multiplied by the
coeflicients. For example, the control unit 18 causes the
monitor 2 to display ultrasound image data based on the
output data from the multiplication unit 153.

In parallel simultaneous reception, when a signal of one
reception scan line is obtained, a plurality of received signals
(simultaneously received signals) at different deflection
angles are simultaneously acquired with the direction of this
reception scan line at the center. In the third embodiment, the
processes described in the second embodiment are applied to
these simultaneously received signals to obtain signals in the
direction of the reception scan line as final outputs.

For example, under the control of the transmitter-receiver
unit 11 via the control unit 18, the ultrasonic probe 1
transmits an ultrasound beam in the deflection angle “0°”
and simultaneously receives reflected waves in three direc-
tions (deflection angles: 0°, +6°, -6°) as illustrated in FIG.
12A. In this manner, three simultaneously received signals
at different deflection angles are obtained. The above-de-
scribed certain direction herein is the direction of the deflec-
tion angle “0°”, which is the direction of the reception scan
line. The acquisition unit 151 then acquires these three
simultaneously received signals. “Lp(d)” and “Rp(d)” indi-
cated in FIG. 12A are respectively a left-deflection simul-
taneously received signal and a right-deflection simultane-
ously received signal in which multiple reflection
components are reduced by oblique transmission and recep-
tion. “Cp(d)” indicated in FIG. 12A is a simultaneously
received signal in the direction of the deflection angle “0°”,
and is a front signal (central signal) that can produce an
image in which the lateral resolution and the sensitivity are
high but multiple reflections may have occurred. “(d)”
herein indicates the position of a simultaneously received
signal in the depth direction (reception scan line direction).

For the above-described simultaneously received signals
“Lp(d), “Rp(d), Cp(d)”, similarly to the second embodiment,
any of RF signals or IQ signals including phase information,
amplitude signals after phase detection, or logarithmically
compressed data of the amplitude signals may be used. Any
of these pieces of data can be used to define coefficients
described later.

The following describes a case in which the calculation
unit 152 calculates the coeflicient distribution using “Lp(d)”
and “Rp(d)” as objects to be processed and the multiplica-
tion unit 153 uses “Cp(d)” as an object to be multiplied. To
begin with, the calculation unit 152 obtains a mean signal
“Mp(d)” of “Lp(d)” and “Rp(d)” that are simultaneously
received signals in left deflection and right deflection,
respectively, as illustrated in FIG. 12B. Specifically, the
calculation unit 152 obtains “Mp(d)” according to Formula

(™

Mp(d)=(Lp(d)+Rp(d))/2 ™

The calculation unit 152 then calculates a coeflicient
distribution “cof_p(d)” to be given for the central signal
“Cp(d)” in the depth direction “d” from the mean signal
“Mp(d)” as illustrated in FIG. 12C. Specifically, the calcu-
lation unit 152 calculates “cof_p(d)” according to Formula

(8):
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cof_p(d) = (Mp(d)/ B)* } ®)

(when Mp(d) > B, cof p(d) =1.0)

In Formula (8) above, the value obtained by raising a
quotient of Mp(d) divided by “p” to the “power of a.” is
defined as “cof_p(d)”. In Formula (8) above, “cof_p(d)” is
defined to be “1” when the quotient of Mp(d) divided by “p”
is larger than “1”. “o”” and “P” herein are values that are set
in advance as described in the first embodiment and the
second embodiment. Specifically, “f* means an upper limit
of output simultaneously received signals, and is set to be
equal to or smaller than the maximum value “max” of the
simultaneously received signals. “B” is preferably set to be
about 70% to 80% of “max”. “«” is preferably set to be a
value of about “V4 to 14”.

The multiplication unit 153 then multiplies the central
signal “Cp(d)” by the coeflicient distribution “cof_p(d)” to
output an output received signal “O_Cp(d)” as illustrated in
FIG. 12D. Specifically, the multiplication unit 153 performs
arithmetic processing of Formula (9):

0_Cp(d)=Cp(d)*cof_p(d) O

The data processing unit 15 performs the above-described
processes on all reception scan lines to output output
received signals for one frame. Under the control of the
control unit 18, the image generating unit 14 generates
output image data from the output received-signal group for
one frame as illustrated in FIG. 12E. The monitor 2 then
displays the output image data under the control of the
control unit 18. This output image data becomes a high-
quality image in which multiple reflections are reduced and
also the lateral resolution and the sensitivity are maintained.

In the third embodiment also, one oblique simultaneously
received signal (e.g., “Lp(d)”) may be used to calculate the
coefficient distribution as described in the second embodi-
ment. In the third embodiment also, the number of directions
of deflection angles can be increased to five or seven as
described in the first embodiment and the second embodi-
ment.

One example of processing performed when the number
of directions is “7” will be described with reference to FIGS.
13At0 13D. In FIG. 13A, simultaneously received signals in
seven directions that are generated by rate sequence of
deflection angles “+0,°, +0,°, +0°, 0°, -0°, -0,°, and -0,°
(6,>0,>0)” are denoted as “Lp2, Lpl, Lp0, Cp, Rp0, Rp1,
and Rp2”, respectively.

In this case, for example, the calculation unit 152 or the
B-mode processing unit 12 generates a mean signal from the
six received signals of “Lp2, Lp1, Lp0, Rp0, Rp1, and Rp2”
as illustrated in FIG. 13B to calculate a coefficient distribu-
tion. In this case, the multiplication unit 153 multiplies “Cp”
by the coeflicient distribution.

Alternatively, for example, the multiplication unit 153 or
the B-mode processing unit 12 performs weighted addition
of “Lp0, Cp, Rp0” to generate a central signal as illustrated
in FIG. 13C. Furthermore, for example, the calculation unit
152 or the B-mode processing unit 12 generates a mean
signal from “Lp2, Lp1, Rpl, and Rp2” as illustrated in FIG.
13C to calculate a coeficient distribution.

Alternatively, simultaneously received signals used for
the mean signal may be used for the central signal. For
example, the multiplication unit 153 or the B-mode process-
ing unit 12 performs weighted addition of “Lp1, Lp0, Cp,
Rp0, and Rpl” to generate a central signal as illustrated in
FIG. 13D. Furthermore, for example, the calculation umt
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152 or the B-mode processing unit 12 generates a mean
signal from “Lp2, Lp1, Rp1, Rp2” as illustrated in FIG. 13D
to calculate a coefficient distribution. Even when these
application examples are performed, it is possible to obtain
output received signals from which output image data can be
generated in which multiple reflections are reduced and also
the lateral resolution and the sensitivity are maintained.

When the application examples described with reference
to FIGS. 13A to 13D are performed, in the third embodiment
similarly to the first embodiment and the second embodi-
ment, in order for the operator to optionally select settings
on “the number of directions in total” and “the number of
directions used for generating a mean signal and the number
of directions used for generating a central signal”, candidate
sets for these numbers of directions are preferably set in
advance.

As described above, in the third embodiment, by perform-
ing multiplication processing with the coeflicient distribu-
tion, the effect of multiple reflection reduction can be
obtained while the lateral resolution and the sensitivity are
being enhanced in comparison with conventional methods in
which spatial compounding is performed in parallel simul-
taneous reception.

Fourth Embodiment

In a fourth embodiment, a case will be described in which
the processes described in the first to the third embodiments
are performed in combination.

Specifically, in a scan mode (hereinafter, first scan mode)
of the frame sequence described in the first embodiment, a
scan mode (hereinafter, second scan mode) of the rate
sequence described in the second embodiment, and a scan
mode (hereinafter, third scan mode) of the parallel simulta-
neous reception described in the third embodiment, settings
of deflection angles can be set independently of each other.
Thus, operations described in the first to the third embodi-
ments can be used together in optional combination. This
enables the achievement of the effect of multiple reflection
reduction and the maintenance of lateral resolution and
sensitivity.

When at least two of the three types of scan modes are
used together, multiplication processing with coeflicients
(coefficient distribution) may be performed in at least one of
the scan modes and a conventional method (compounding
process) may be performed in the remaining scan modes.
This also enables the achievement of the effect of multiple
reflection reduction and the maintenance of lateral resolution
and sensitivity.

In view of this, an ultrasound diagnostic apparatus
according to the fourth embodiment is configured as fol-
lows. The acquisition unit 151 according to the fourth
embodiment has a function of acquiring the image data
group (pieces of ultrasound image data at different deflection
angles) described in the first embodiment, the received-
signal group (received signals corresponding to the respec-
tive reception scan lines at different deflection angles)
described in the second embodiment, and the simultane-
ously-received-signal group (received signals corresponding
to the respective reception scan lines at different deflection
angles) described in the third embodiment.

For example, the calculation unit 152 according to the
fourth embodiment has a function of calculating the coef-
ficients (coefficient distribution) described in the first
embodiment, a function of calculating the coefficients (coef-
ficient distribution) described in the second embodiment,
and a function of calculating the coefficients (coeflicient
distribution) described in the third embodiment. For
example, the multiplication unit 153 according to the fourth
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embodiment has the multiplication function described in the
first embodiment, the multiplication function described in
the second embodiment, and the multiplication function
described in the third embodiment.

When at least two of the first scan mode, the second scan
mode, and the third scan mode are used together, the control
unit 18 according to the fourth embodiment performs control
to perform nultiplication processing with a coefficient dis-
tribution corresponding to at least one data group in a
plurality of data groups obtained by a scan mode performed.
When there is a data group on which multiplication pro-
cessing is not performed, the control unit 18 according to the
fourth embodiment performs control to perform a com-
pounding process on the data group. The control unit 18
according to the fourth embodiment then causes the monitor
2 to display ultrasound image data that is an image output by
these control processes.

The following describes processes performed in the fourth
embodiment with reference to FIGS. 14 to 21. FIGS. 14 to
21 are diagrams illustrating the fourth embodiment. Selec-
tion of combinations of scan modes and processes in each
scan mode described below is performed in various man-
ners. For example, the operator may determine a setting, or
the operator may select a setting from a plurality of presets
that are initially set.

A case of using together the first scan mode and the
second scan mode will be described with reference 1o FIGS.
14 and 15. F1G. 14 illustrates a case in which three directions
are set as deflection angles for the whole image data in the
first scan mode and, in the second scan mode, when a
received signal is obtained from one reception scan line in
image data of each of the directions, three directions are set
for transmission and reception.

In this case, processes in each scan mode can be selected
from three types of combinations illustrated in FIG. 15. In
FIG. 15, “M” denotes multiplication processing with the
coeflicient distribution, and “C” denotes a conventional
compounding process. Specifically, when the first scan mode
and the second scan mode are used together, as illustrated in
FIG. 15, there are three patterns that are cases of performing
the process in “first scan mode: M, second scan mode: M”,
performing the process in “first scan mode: M, second scan
mode: C”, and performing the process in “first scan mode:
C, second scan mode: M”.

The following describes a case in which the first scan
mode and the third scan mode are used together, with
reference to FIGS. 16 and 17. FIG. 16 illustrates a case in
which three directions are set as deflection angles for the
whole image data in the first scan mode and, in the third scan
mode, when a received signal is obtained from one reception
scan line in image data of each of the directions, three
directions are set for simultaneous reception in response to
a transmission beam in one direction.

In this case, processes in each scan mode can be selected
from three types of combinations illustrated in FIG. 17.
Specifically, when the first scan mode and the third scan
mode are used together, as illustrated in FIG. 17, there are
three patterns that are cases of performing the process in
“first scan mode: M, third scan mode: M”, performing the
process in “first scan mode: M, third scan mode: C”, and
performing the process in “first scan mode: C, third scan
mode: M”.

The following describes a case in which the second scan
mode and the third scan mode are used together, with
reference to FIGS. 18 and 19. FIG. 18 illustrates a case in
which three directions are set for transmission and reception
when a received signal is obtained from one reception scan
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line in front image data of “0°” in the second scan mode, and
the third scan mode is set to obtain simultaneously received
signals that, with each direction of these three directions for
transmission and reception at the center, are deflected into
three directions.

In this case, processes in each scan mode can be selected
from three types of combinations illustrated in FIG. 19.
Specifically, when the second scan mode and the third scan
mode are used together, as illustrated in FIG. 19, there are
three patterns that are cases of performing the process in
“second scan mode: M, third scan mode: M”, performing the
process in “second scan mode: M, third scan mode: C”, and
performing the process in “second scan mode: C, third scan
mode: M”.

The following describes a case in which the first scan
mode, the second scan mode, and the third scan mode are
used together, with reference to FIGS. 20 and 21. FIG. 20
illustrates a case in which three directions are set as deflec-
tion angles for the whole image data in the first scan mode
and, in the second scan mode, when a received signal is
obtained from one reception scan line in image data of each
of the directions, three directions are set for transmission and
reception. FIG. 20 further illustrates in the case that the third
scan mode is set to obtain simultaneously received signals
that, with each direction of these three directions for trans-
mission and reception in the second scan mode at the center,
are deflected into three directions.

In this case, processes in each scan mode can be selected
from seven types of combinations illustrated in FIG. 21.
Specifically, when the first scan mode, the second scan
mode, and the third scan mode are used together, as illus-
trated in FIG. 21, there are cases of performing the process
in “first scan mode: M, second scan mode: M, third scan
mode: M”, performing the process in “first scan mode: M,
second scan mode: M, third scan mode: C”, performing the
process in “first scan mode: M, second scan mode: C, third
scan mode: M”, and performing the process in “first scan
mode: C, second scan mode: M, third scan mode: M”. In
addition, when the first scan mode, the second scan mode,
and the third scan mode are used together, as illustrated in
FIG. 21, there are cases of performing the process in “first
scan mode: M, second scan mode: C, third scan mode: C”,
performing the process in “first scan mode: C, second scan
mode: M, third scan mode: C”, and performing the process
in “first scan mode: C, second scan mode: C, third scan
mode: M”.

Performing any of the processes illustrated in FIGS. 15,
17, 19, and 20 can also produce a high-quality image in
which multiple reflections are reduced and also the lateral
resolution and the sensitivity are maintained. It should be
noted that the foregoing describes merely examples. For
example, in the case in which the first scan mode, the second
scan mode, and the third scan mode are used together, seven
directions may be set as deflection angles for the whole
image data in the first scan mode and, in the second scan
mode, when a received signal is obtained from one reception
scan line in image data in each of the directions, five
directions for transmission and reception may be set. In this
case, the third scan mode may be further set to obtain
simultaneously received signals that, with each direction of
these five directions for transmission and reception in the
second scan mode at the center, are deflected into three
directions.

According to the fourth embodiment described above, a
degree of flexibility in an image-quality setting method
using a coeflicient distribution with multiplication process-
ing combined can be increased depending on an image-
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quality request that the operator desires. Specifically, the
fourth embodiment allows the operator to select, from the
setting candidate sets, setting of image quality that is deter-
mined by which of the responsivity, the frame rate, the
spatial resolution (lateral resolution), the sensitivity, and the
multiple reflection components priority is placed on, in view
of the balance therebetween.

Fifth Embodiment

In the first to the fourth embodiments, cases have been
described in which mean values in a plurality of directions
are used with respect to image signals with deflection or
received signals with deflection when a coeflicient distribu-
tion is calculated. In a fifth embodiment, with respect to
signal components and noise components such as multiple
reflection components, another configuration example that
exerts the same effect as the mean values will be described
below with reference to formulae, for example.

As described in the first embodiment, like a scattered
signal (real signal), if a signal level does not change in a
certain region even when seen from either the right or the
left, correlation between pieces of data is high. In contrast,
like multiple reflection components, if the appearance posi-
tion changes depending on the respective deflections to the
right and to the left, correlation in signal level at a certain
region is low between right deflection signals and left
deflection signals.

Accordingly, the calculation unit 152 according to the
fifth embodiment, as a process directly using these charac-
teristics, calculates coeflicients (coefficient distribution)
based on local cross-correlation coefficient values between
pieces of data to be processed. Alternatively, the calculation
unit 152 according to the fifth embodiment, as a process
indirectly using these characteristics, calculates coefficients
(coeflicient distribution) based on difference values between
pieces of data to be processed.

The following describes a case of calculating a coefficient
distribution “cof(x,y)” based on the cross-correlation coef-
ficient values and a case of calculating a coefficient distri-
bution “cof(x,y) based on difference values, using the lefi-
deflection image data and the right-deflection image data
described in the first embodiment. The content described
below can be applied to the second, the third, or the fourth
embodiment by using data to be handled as received signals.

A calculation example of the coefficient distribution based
on cross-correlation coefficient values will be described. For
example, the calculation unit 152 calculates cross-correla-
tion coeflicients “corr(x,y) between “L(x,y)” and “R(x.y)” in
the overlapping area illustrated in FIG. 4B, and calculates a
coeflicient distribution “cof(x,y)” from “corr(x,y)” accord-
ing to Formula (10):

cof (%, y) = (corr(x, y)/ B)* } 10

(when corrix, y) > f5, cof(x, ¥y) = 1.0)

In Formula (10) above, the value obtained by raising a
quotient of “corr(x,y)” divided by “f” to the “power of o
is defined as “cof(x,y)”. In Formula (10) above, “cof(x,y)”
is defined to be “1” when the quotient of “corr(x,y)” divided
by “B” is larger than “1”. “a” and “p” herein are set values
described in the first embodiment. Formula (10) above
means that the cross-correlation coefficient value itself is
used as a coeflicient value on the assumption that “a=1.0,
p=1.0".

In a case that the number of directions of lateral deflection
is equal to or larger than three, when priority is given to
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increasing the effect of multiple reflection reduction, the
calculation unit 152 calculates cross-correlation coefficients
between all pairs of signals that can be combined. The
calculation unit 152 then substitutes a minimum value
“min_corr(x,y)” of a plurality of cross-correlation coeffi-
cients thus calculated for “corr(x,y)” in Formula (10).

In the case that the number of directions of lateral
deflection is equal to or larger than three, when priority is
given to keeping a balance between the maintenance of
signal components and the effect of multiple reflection
reduction, the calculation unit 152 substitutes an average
value “ave_corr(x,y)” of the cross-correlation coeflicients
calculated for “corr(x,y)” in Formula (10). The operator can
determine which of these two methods to be selected.

Because the cross-correlation coefficients herein can be
obtained by giving a certain degree of expansion “(xdx,
+0y)” with “(x,y)” at the center, the spatial stability with
respect to correlation estimation is relatively high. However,
because expansion in the same degree as “(x0x,xdy)” is
generated also in “cofix,y)” that is obtained with the cross-
correlation coeflicients, it is sometimes difficult to maintain
the spatial resolution with respect to coefficient control.

In contrast, in a configuration of using difference values
as a process indirectly using the above-described character-
istics, the spatial resolution can be increased more than the
case of using cross-correlation coefficients. For example, the
calculation unit 152 calculates a difference value “D(x.y)”
between signals in “L(x,y)” and “R(x,y)” according to
Formula (11) below in the overlapping area illustrated in
FIG. 4B. In areas excluding the overlapping area, “L(x.y)”
or “R(x,y)” is “D(x,y)".

D(xy)=sgr(Lx.y)-R(x.y)F) an

In this configuration, the coeflicient distribution “cof(x,
y)” is defined by using the fact that difference values are
small when the correlation between “L(x,y)” and “R(x.y)”
being the left and the right deflection signals is high, and the
difference values are large when the correlation is low. In
this configuration, the calculation unit 152 calculates “sub
(x,y)” according to Formula (12) below from the maximum
value “max” of the input signals described above and
“D(x,y)”. The value of “sub(x,y)” obtained by Formula (12)
below is large when the correlation is high, and the value is
small when the correlation is low.

12

The calculation unit 152 then calculates a coefficient
distribution “cof(x,y)” from “sub(x,y) according to Formula

(13):

sub(x,y)=max-D(x,y)

cof (x, y) = (sub(x, y)/ p)* } (13)
(when sub(x, y) > 5, cof (x, ¥) = 1.0)

In Formula (13) above, the value obtained by raising a
quotient of “sub(x,y)” divided by “p” to the “power of o 1s
defined as “cof(x,y)”. In Formula (13) above, “cof(x,y)” is
defined to be “1” when the quotient of “sub(x,y)” divided by
“PB” is larger than “1”. “o” and “B” herein are the same set
values as described above.

Furthermore, in the fifth embodiment, the coefficient
distribution may be calculated by using the mean values
together with the difference values. In this case, the calcu-
lation unit 152 according to the fifth embodiment calculates
coeflicients (coeflicient distribution) based on a difference
value between pieces of data to be processed and mean
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values between the pieces of data to be processed. For
example, the calculation unit 152 calculates “sub(x,y)”
according to Formula (14) below using “max”, “D(x,y)”,
and “M(x,y)”. The calculation unit 152 then substitutes
“sub(x,y)” obtained by Formula (14) below for “sub(x.y)” in
Formula (13) to calculate a coefficient distribution “cofi(x,

y)”.

sub(x, y) = max—D(x, y)/M(x, y) (M{x, y)#0) (14

=0.0 (M(x,y)=0)

In Formula (14) above, “sub(x,y)” is defined to be “0.0”
when “M(x,y)” is “0”, and the magnitude of the difference
value “D(x,y)” is normalized with the mean value “M(x,y)”
when “M(x,y)” is not “0”. In the fifth embodiment, using the
definition of Formula (14) can automatically provide an
appropriate coeflicient depending on the level of an input
signal.

In the configuration of using difference values, and also in
the configuration of using difference values and mean val-
ues, in the case that the number of directions of lateral
deflection is equal to or larger than three, when priority is
given to increasing the effect of multiple reflection reduc-
tion, the calculation unit 152 calculates difference values
between all pairs of signals that can be combined. The
calculation unit 152 then substitutes the maximum value
“max_D(x,y)” of a plurality of difference values thus cal-
culated for “D(x,y)” in Formula (12) or Formula (14) to
calculate “sub(x,y)”.

Alternatively, in the case that the number of directions of
lateral deflection is equal to or larger than three, when
priority is given to keeping a balance between the mainte-
nance of signal components and the effect of multiple
reflection reduction, the calculation unit 152 substitutes an
average value “ave_D(x,y)” of the difference values calcu-
lated for “D(x,y)” in Formula (12) or Formula (14) to
calculate “sub(x,y)”. The operator can determine which of
these two methods to be selected.

It should be noted that, in all of the configuration of using
cross-correlation coefficient values, the configuration of
using difference values, and the configuration of using
difference values and mean values, when lateral deflection
signals do not overlap, a coeflicient generation method (see
the first to the third embodiments) is preferably used in
which mean values of signals in at least one direction of the
lateral deflection signals are used.

By the coeflicient generation method described in the fifth
embodiment also, a high-quality image can be obtained in
which multiple reflections are reduced and also the lateral
resolution and the sensitivity are maintained.

The ultrasound imaging methods described in the first to
the fifth embodiments can be applied to not only a case of
imaging general B-mode image data but also, as a modifi-
cation, a case of performing harmonic imaging such as tissue
harmonic imaging (THI) or contrast harmonic imaging
(CHI). Furthermore, the ultrasound imaging methods
described in the first to the fifth embodiments can be applied
to a case of using together frequency compounding, which
is a method of compounding image signals in a plurality of
frequency bands, in addition to the above-described spatial
compounding process.

Furthermore, the ultrasound imaging methods described
in the first to the fifth embodiments can be applied to not
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only a case of imaging two-dimensional ultrasound image
data but also a case of imaging volume data as a modifica-
tion.

For example, when a mechanical four-dimensional probe
is used as the ultrasonic probe 1, volume data is generated
by compounding a plurality of tomographic views that are
obtained by mechanically swinging the transducer element
group. In this case, setting a plurality of directions at
different deflection angles in each of the tomographic views
can provide high-quality volume data in which multiple
reflections are reduced and also the lateral resolution and the
sensitivity are maintained.

Furthermore, for example, when a two-dimensional array
probe that performs three-dimensional real-time scanning is
used as the ultrasonic probe 1, the ultrasound imaging
methods described in the first to the fifth embodiments can
be used. FIG. 22 is a diagram illustrating a modification. In
this case, as illustrated in FIG. 22, for example, on an array
surface (transducer element surface) of a two-dimensional
array transducer element, by two-dimensionally setting a
plurality of directions at different deflection angles in the
azimuth direction and also in the elevation direction, high-
quality volume data can be obtained in which multiple
reflections are reduced and also the lateral resolution and the
sensitivity are maintained. Two-dimensional image data
generated from this volume data also becomes a high-quality
image in which multiple reflections are reduced and also the
lateral resolution and the sensitivity are maintained.

Among the processes described in the first to the fifth
embodiments and the modifications, all or part of processes
described as automatically performed processes can be
manually performed, and all or part of processes described
as manually performed processes can be automatically per-
formed by a known method. In addition, information includ-
ing processing procedures, control procedures, specific
names, various types of data or parameters may be option-
ally changed except as otherwise specified.

The components of each device illustrated are function-
ally conceptual, and are not necessarily required to be
physically configured as illustrated in the drawings. In other
words, concrete forms of distribution and integration of the
units are not limited to those illustrated in the drawings, and
all or part of the units can be configured to be functionally
or physically distributed and integrated in an arbitrary unit
depending on various loads and conditions in use. Further-
more, all or an arbitrary part of the processing functions
performed by the respective units can be implemented by a
CPU and a computer program to be executed by the CPU,
or can be implemented as hardware by wired logic.

The ultrasound imaging methods described in the first to
the fifth embodiments and the modifications described above
can be achieved by executing control programs prepared in
advance in a computer such as a personal computer or a
work station. The ultrasound imaging methods can be dis-
tributed via a network such as the Internet. Furthermore, the
ultrasound imaging methods can be stored in a computer-
readable recording medium such as a hard disc, a flexible
disc (FD), a CD-ROM, an MO, and a DVD, and read out
from the recording medium by the computer.

As described in the foregoing, according to the first to the
fifth embodiments and the modifications, a high-quality
image can be obtained in which multiple reflections are
reduced and also the lateral resolution and the sensitivity are
maintained.

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 inventions.
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Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing 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.
What is claimed is:
1. An ultrasound diagnostic apparatus, comprising;
processing circuitry configured to
acquire a plurality of pieces of ultrasound image data,
each of the plurality of pieces of ultrasound image
data being acquired at a different deflection angle, of
a plurality of different deflection angles, for both of
ultrasound transmission and reception, the plurality
of different deflection angles including a first deflec-
tion angle;
calculate coeflicients, each coeflicient corresponding to
a spatial position and being separately calculated for
each spatial position, of a plurality of spatial posi-
tions in a first piece of ultrasound image data, of the
acquired plurality of pieces of ultrasound image data,
acquired at the first deflection angle, each of the
coeflicients being calculated based on a signal value
or a pixel value at a corresponding spatial position,
of the plurality of spatial positions, in at least one of
the acquired plurality of pieces of ultrasound image
data acquired at a deflection angle of the plurality of
different deflection angles other than the first deflec-
tion angle, wherein the first piece of ultrasound
image data acquired at the first deflection angle is not
used for calculating the coeflicients;
generate an output image by multiplying, by the coef-
ficients, signal values or pixel values corresponding
to the plurality of spatial positions in the first piece
of ultrasound image data acquired at the first deflec-
tion angle, or signal values or pixel values corre-
sponding to the plurality of spatial positions in a
piece of image data that is obtained by compounding
the plurality of pieces of ultrasound image data
acquired at the plurality of different deflection angles
including the first deflection angle; and
cause a display to display the output image,
wherein an absolute value of each of the plurality of
different deflection angles is larger than the first
deflection angle.
2. The ultrasound diagnostic apparatus according to claim
1, wherein the processing circuitry is further configured to
acquire the plurality of pieces of ultrasound image data at the
plurality of different deflection angles, each piece of ultra-
sound image data corresponding to a frame of a plurality of
frames, and each frame corresponding to one of the plurality
of different deflection angles.
3. The ultrasound diagnostic apparatus according to claim
1, wherein the processing circuitry is further configured to
calculate the coefficients based on mean values calculated
from the plurality of pieces of ultrasound image data.
4. The ultrasound diagnostic apparatus according to claim
3, wherein the processing circuitry is further configured to
calculate the coefficients using an exponentiation function.
5. The ultrasound diagnostic apparatus according to claim
1, wherein the processing circuitry is further configured to
calculate the coeflicients based on local cross-correlation
coeflicient values calculated from the plurality of pieces of
ultrasound image data, based on difference values calculated
from the plurality of pieces of ultrasound image data, or
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based on the calculated difference values and mean values
calculated from the plurality of pieces of ultrasound image
data.

6. The ultrasound diagnostic apparatus according to claim
5, wherein the processing circuitry is further configured to
calculate the coefficients using an exponentiation function.

7. The ultrasound diagnostic apparatus according to claim
1, wherein the compounding comprises weighted addition.

8. The ultrasound diagnostic apparatus according to claim
1, wherein the absolute value of each of the plurality of
different deflection angles, at which the processing circuitry
acquires the plurality of pieces of ultrasound image data, is
larger than the first deflection angle, with an orientation that
is perpendicular to an array direction of transducer elements,
which is defined as an orientation of zero degrees.

9. An ultrasound diagnostic apparatus, comprising:

processing circuitry configured to

acquire received signals, each of the received signals
corresponding to one of a plurality of reception scan
lines, and each of the reception scan lines corre-
sponding to a different deflection angle of a plurality
of different deflection angles used for reception of a
corresponding ultrasound wave, the plurality of dif-
ferent deflection angles including a first deflection
angle;

calculate coefficients, each coefficient corresponding to
one depth of a plurality of depths on a first reception
scan line corresponding to the first deflection angle,
the coeflicient being calculated based on a first signal
value or a first pixel value at the one depth and being
derived from the received signals corresponding to at
least one reception scan line, each coeflicient being
separately calculated for each one depth, of the
plurality of reception scan lines, having a deflection
angle other than the first deflection angle;

generate an output image by multiplying, by the coef-
ficients, second signal values or second pixel values
acquired from the received signals corresponding to
the first reception scan line or signals obtained by
compounding the received signals corresponding to
the reception scan lines at the plurality of deflection
angles including the first deflection angle, the second
signal values or the second pixel values having
values at the plurality of depths on the first reception
scan line; and

cause a display to display the output image,

wherein signal values or pixel values acquired at the
first deflection angle are not used for calculating the
coefficients, and an absolute value of each of the
plurality of deflection angles other than the first
deflection angle is larger than the first deflection
angle.

10. The ultrasound diagnostic apparatus according to
claim 9, wherein the processing circuitry is further config-
ured to acquire the received signals, each of the received
signals corresponding to one of the plurality of reception
scan lines, wherein the plurality of scan lines are generated
by ultrasound scanning in which a plurality of reflected
waves at the different deflection angles are received in
response to the ultrasound transmission.

11. The ultrasound diagnostic apparatus according to
claim 9, wherein the processing circuitry is further config-
ured to calculate the coefficients based on mean values of the
first signal values or the first pixel values.
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12. The ultrasound diagnostic apparatus according to
claim 11, wherein the processing circuitry is further config-
ured to calculate the coeflicients using an exponentiation
function.

13. The ultrasound diagnostic apparatus according to
claim 9, wherein the processing circuitry is further config-
ured to calculate the coefficients based on local cross-
correlation coefficient values calculated from the plurality of
pieces of ultrasound image data, based on difference values
of the plurality of pieces of ultrasound image data, or based
on the difference values and mean values of the plurality of
pieces of ultrasound image data.

14. The ultrasound diagnostic apparatus according to
claim 13, wherein the processing circuitry is further config-
ured to calculate the coeflicients using an exponentiation
fanction.

15. The ultrasound diagnostic apparatus according to
claim 9, wherein the compounding comprises weighted
addition.

16. An ultrasound diagnostic apparatus, comprising:

processing circuitry configured to

acquire, as a first data group, a plurality of pieces of
ultrasound image data, each of the plurality of pieces
of ultrasound image data being acquired at a different
deflection angle, of a plurality of different deflection
angles generated by first ultrasound scanning in a
first mode in which the deflection angles for ultra-
sound transmission and reception are changed
between a plurality of frames, the plurality of dif-
ferent deflection angles including a first deflection
angle and each piece of ultrasound image data cor-
responding to a frame of the plurality of frames,
acquire, as a second data group, first received sig-
nals, each of the first received signals corresponding
to one of a plurality of reception scan lines, the first
received signals being generated by second ultra-
sound scanning in a second mode in which the
deflection angles for ultrasound transmission and
reception are changed, and acquire, as a third data
group, second received signals, each of the second
received signals corresponding to one of the plurality
of reception scan lines, the second received signals
being generated by third ultrasound scanning in a
third mode in which a plurality of reflected waves at
the different deflection angles for ultrasound recep-
tion are received;

in the first mode, calculate first coefficients, each first
coeflicient corresponding to a spatial position of a
plurality of spatial positions in a first piece of ultra-
sound image data and being separately calculated for
each spatial position, of the acquired plurality of
pieces of ultrasound image data, acquired at the first
deflection angle, each of the first coeflicients being
calculated based on a signal value or a pixel value at
a corresponding spatial position, of the plurality of
spatial positions, in at least one of the acquired
plurality of pieces of ultrasound image data acquired
at a deflection angle, of the plurality of different
deflection angles, other than the first deflection
angle, and in the second and the third modes, cal-
culate second coefficients, each second coefficient
corresponding to one depth of a plurality of depths
on a first reception scan line corresponding to the
first deflection angle, each second coefficient being
separately calculated for each one depth, the second
coeflicient being calculated based on a first signal
value or a first pixel value at the one depth and being
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derived from the first received signals, when in the
second mode, or the second received signals, when
in the third mode, corresponding to at least one
reception scan line, of the plurality of reception scan
lines, having a deflection angle other than the first
deflection angle;

in the first ultrasound scanning, multiply, by the first
coeflicients, second signal values or second pixel
values corresponding to the plurality of spatial posi-
tions in the first piece of ultrasound image data
corresponding to the first deflection angle, or third
signal values or third pixel values corresponding to
the plurality of spatial positions in a piece of image
data that is obtained by compounding the plurality of
pieces of ultrasound image data acquired at the
plurality of different deflection angles including the
first deflection angle, and in the second ultrasound
scanning and the third ultrasound scanning, multiply,
by the second coeflicients., fourth signal values or
fourth pixel values derived from the first received
signals, when in the second mode, or the second
received signals, when in the third mode, corre-
sponding to the first reception scan line or a signal
obtained by compounding the first received signals,
when in the second mode, or the second received
signals, when in the third mode, corresponding to the
reception scan lines at the plurality of deflection
angles including the first deflection angle, the fourth
signal values or the fourth pixel values having values
at the plurality of depths on the first reception scan
line;

when the processing circuitry uses the first data group
and at least one group of the second data group and
the third group, (1) perform first multiplication, the
first multiplication being multiplication of at least
one of the data values in the first data group by at
least one of the first coeflicients, and/or (2) perform
second multiplication, the second multiplication
being multiplication of at least one of the data values
in the at least one group by at least one of the second
coefficients;

when the processing circuitry does not use the first data
group and uses the second data group and the third
data group are obtained, perform third multiplica-
tion, the third multiplication being multiplication of
at least one of the data values in the at least one of
the second data group and the third data group by at
least one of the second coefficients;
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when the processing circuitry uses the first data group,
but does not perform the first multiplication, perform
a compounding process on the first data group;
when the processing circuitry does not use the second
data group, but does not perform the second multi-
plication nor the third multiplication, perform a
compounding process on the second data group; and
when the processing circuitry uses the third data group,
but does not perform the second multiplication nor
the third multiplication on the third data group,
perform a compounding process on the third data
group.
17. An ultrasound imaging method, comprising:
acquiring, by processing circuitry, a plurality of pieces of
ultrasound image data, each of the plurality of pieces of
ultrasound image data being acquired at a different
deflection angle, of a plurality of different deflection
angles, for both of ultrasound transmission and recep-
tion, the plurality of different deflection angles includ-
ing a first deflection angle;
calculating, by the processing circuitry, coeflicients, each
coeflicient corresponding to a spatial position of a
plurality of spatial positions in a first piece of ultra-
sound image data, of the acquired plurality of pieces of
ultrasound image data, acquired at the first deflection
angle, each of the coeflicients being calculated based on
asignal value or a pixel value at a corresponding spatial
position in at least one of the acquired plurality of
pieces of ultrasound image data acquired at a deflection
angle, of the plurality of different deflection angles,
other than the first deflection angle, each coefficient
being separately calculated for each spatial position;
generating an output image by multiplying, by the coef-
ficients, signal values or pixel values corresponding to
the plurality of spatial positions in the first piece of
ultrasound image data acquired at the first deflection
angle, or signal values or pixel values corresponding to
the plurality of spatial positions in a piece of image data
that is obtained by compounding the plurality of pieces
of ultrasound image data acquired at the plurality of
different deflection angles including the first deflection
angle; and
causing a display to display the output image,

wherein the first piece of ultrasound image data acquired

at the first deflection angle is not used for calculating
the coeflicients, and an absolute value of the each of
deflection plurality of angles other than the first deflec-
tion angle is larger than the first deflection angle.
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