US 20150327840A1

12) Patent Application Publication (o) Pub. No.: US 2015/0327840 A1l

a9y United States

HIRAMA et al,

(43) Pub. Date: Nov. 19, 2015

(54) ULTRASONIC DIAGNOSTIC DEVICE AND
CORRECTION METHOD

(71)  Applicants:Kabushiki Kaisha Toshiba, Minato-ku
(JP); Toshiba Medical Systems
Corporation, Otawara-shi (JP)

(72) Inventors: Makoto HIRAMA, Otawara (JP);
Yasuhiko ABE, Otawara (JP); Takeshi
SATO, Nasushiobara (JP); Yasunori
HONJO, Otawara (JP)

(73) Assignees: Kabushiki Kaisha Toshiba, Minato-ku
(JP); Toshiba Medical Systems
Corporation, Otawara-shi (JP)

(21)  Appl. No.: 14/713,147

(22) Filed: May 15, 2015
(30) Foreign Application Priority Data
May 19,2014 (JP) wcoorecercae 2014-103715

Publication Classification

(51) Int.CL

(52) US.CL
CPC ovveverre AGIB 8/5207 (2013.01); A6IB 8/14
(2013.01); A61B 8/463 (2013.01)

(57) ABSTRACT

An ultrasonic diagnostic device includes transmission cir-
cuitry, reception circuitry, and signal processing circuitry.
The transmission circuitry causes an ultrasonic probe includ-
ing a plurality of elements to transmit plane waves at a plu-
rality of different deflection angles. The reception circuitry
generates reception signal groups based on reflection waves
that the individual elements included in the probe receive in
response to the transmission of the plane waves. The signal
processing circuitry acquires a plurality of complex images
corresponding to the respective deflection angles and esti-
mates wavefront distortion at the time of transmission using
the complex pixel values of the complex images, and per-
forms correction processing on the reception signal groups
based on the wavefront distortion at the time of the transmis-
sion to generate image data based on the complex pixel values

A61B 8/08 (2006.01) of the complex images for the respective deflection angles
A61B 8/00 (2006.01) that are acquired from the reception signal groups after the
A6IB 8/14 (2006.01) correction processing.
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ULTRASONIC DIAGNOSTIC DEVICE AND
CORRECTION METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2014-
103715, filed on May 19, 2014, the entire contents of all of
which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to
an ultrasonic diagnostic device and a correction method.

BACKGROUND

[0003] Conventionally, when an ultrasonic image (for
example, B mode image) is shot, transmission and reception
beams are formed by setting transmission delay time and
reception delay time using a sound velocity of a constant
value under an assumption that the speed (sound velocity) of
ultrasonic waves propagating in a living body in a scan range
1s constant. The sound velocity in the living body is, however,
not necessarily constant and disturbance of the transmission
and reception beams (disturbance of wavefronts) occurs and
image quality deteriorates when the delay time is set based on
the above-mentioned assumption.

[0004] For solving the above-mentioned problem, a
method for estimating disturbance of wavefronts (wavefront
distortion) using correlations among signals received by
respective elements of an ultrasonic probe to correct the
wavefront distortion has been developed. Furthermore, a
method has been known for estimating and correcting wave-
front distortion when plane waves at different deflection
angles are transmitted and transmission wavefronts are syn-
thesized based on reception signals received by respective
elements to form a high-resolution image. In the above-men-
tioned methods, under an assumption that alayer (hereinafter,
non-uniform layer) causing the sound velocity to be non-
uniform in a propagation path of ultrasonic waves is in close
contact with the ultrasonic probe, reception wavefront distor-
tion is obtained from difference in delay time between recep-
tion channels and correction of the transmission wavefront
distortion is repeatedly performed.

[0005] The non-uniform layer in the living body is not only
in close contact with the ultrasonic probe but also it may
present at a position distanced from the ultrasonic probe. In
addition, the propagation path at the time of transmission is
different from that at the time of reception. In the above-
mentioned methods, an estimation result of the reception
wavefront distortion is fed-back for correction of the trans-
mission wavefront distortion on the different propagation
path under the assumption that the non-uniform layer is in
close contact with the ultrasonic probe. This means that the
above-mentioned methods do not necessarily correct the
wavefront distortion sufficiently.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG.1isa block diagram illustrating an example of
the configuration of an ultrasonic diagnostic device according
to an embodiment;

[0007] FIG. 2is a first diagram for explaining a problem of
a conventional technique;
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[0008] FIG. 3 is a second diagram for explaining the prob-
lem of the conventional technique;

[0009] FIG. 4isa first diagram for explaining an example of
processing by a signal processor in the embodiment;

[0010] FIG. 5 is a second diagram for explaining the
example of processing by the signal processor in the embodi-
ment;

[0011] FIG. 6is a third diagram for explaining the example
of processing by the signal processor in the embodiment;

[0012] FIG. 7 is a diagram for explaining an effect of the
embodiment;
[0013] FIGS.8A, 8B, and 8C are first diagrams for explain-

ing modifications of the embodiment;

[0014] FIG. 9 is a second diagram for explaining another
modification of the embodiment;

[0015] FIG. 10 is ablock diagram illustrating an example of
the configuration of an ultrasonic diagnostic device according
to other embodiments; and

[0016] FIG. 11 is a flowchart of a processing procedure of
the ultrasonic diagnostic device according to other embodi-
ments.

DETAILED DESCRIPTION

[0017] An ultrasonic diagnostic device according to an
embodiment includes transmission circuitry, reception cir-
cuitry, signal processing circuitry, and control circuitry. The
transmission circuitry causes an ultrasonic probe including a
plurality of elements to transmit plane waves at a plurality of
different deflection angles. The reception circuitry generates
reception signal groups based on reflection waves that the
individual elements included in the ultrasonic probe receive
in response to the transmission of the plane waves at the
different deflection angles. The signal processing circuitry
acquires a plurality of complex images corresponding to the
respective deflection angles from the reception signal groups
and estimates wavefront distortion at the time of transmission
using the complex pixel values of the complex images. The
signal processing circuitry performs correction processing on
the reception signal groups based on the wavefront distortion
at the time of the transmission to generate image data based
on the complex pixel values of the complex images for the
respective deflection angles that are acquired from the recep-
tion signal groups after the correction processing. The control
circuitry causes a display to display the image data after the
correction processing by the signal processing circuitry.
[0018] Hereinafter, embodiments of an ultrasonic diagnos-
tic device and a correction method will be described in detail
with reference to the accompanying drawings.

Embodiment

[0019] First, the configuration of an ultrasonic diagnostic
device according to the present embodiment is described.
FIG. 1 is a block diagram illustrating an example of the
configuration of the ultrasonic diagnostic device in the
present embodiment. As illustrated in FIG. 1, the ultrasonic
diagnostic device in an embodiment includes an ultrasonic
probe 1, a monitor 2, an input unit 3, and a device main body
10.

[0020] The ultrasonic probe 1 includes a plurality of ele-
ments such as piezoelectric transducer elements and these
elements generate ultrasonic waves based on a drive signal
that is supplied from a transmitter 11 included in the device
main body 10, which will be described later. The ultrasonic
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probe 1 receives reflection waves from a subject P and con-
verts the reflection waves to electric signals. For example, the
ultrasonic probe 1 includes matching layers that are provided
on the piezoelectric transducer elements and backing mem-
bers that prevent ultrasonic waves from propagating to the
rear side from the piezoelectric transducer elements. It should
be noted that the ultrasonic probe 1 is connected to the device
main body 10 in a detachable manner.

[0021] When the ultrasonic probe 1 transmits ultrasonic
waves to the subject P, the transmitted ultrasonic waves are
reflected in succession by a surface having acoustic imped-
ance discontinuity in tissues in the body of the subject P and
are received by the elements included in the ultrasonic probe
1 as reflection waves. The reflection waves are converted into
reflection wave signals, which are electric signals, at the
elements that have received the reflection waves. The ampli-
tude of the reflection wave signals generated on the respective
transducer elements depends on difference in the acoustic
impedance on the surface having acoustic impedance discon-
tinuity by which the ultrasonic waves are reflected. The
reflection wave signals when transmitted ultrasonic pulses are
reflected by surfaces of blood flow, cardiac walls, and the like
are subjected to frequency deviation by the Doppler effect
depending on the velocity component of a moving body
against the transmission direction of the ultrasonic waves.
[0022] In the present embodiment, the ultrasonic probe 1
that is connected to the device main body 10 is a probe
capable of transmitting plane waves and capable of transmit-
ting the plane waves in a plurality of directions (at a plurality
of different deflection angles). For example, in the present
embodiment, the ultrasonic probe 1 that is connected to the
device main body 10 is a probe in which a plurality of fine
elements having small radiation faces of ultrasonic waves are
aligned so as to be capable of transmitting plane waves.
[0023] The input unit 3 includes a mouse, a keyboard, a
button, a panel switch, a touch command screen, a foot
switch, a track ball, a joystick, or the like, receives various
setting requests from an operator of the ultrasonic diagnostic
device, and transfers the received various setting requests to
the device main body 10.

[0024] The monitor 2 displays a graphic user interface
(GUI) for the operator of the ultrasonic diagnostic device to
input various setting requests using the input unit 3, and
displays ultrasonic image data and the like generated in the
device main body 10, for example.

[0025] The device main body 10 is a device that generates
ultrasonic image data based on the reflection wave signals
generated by the respective transducer elements included in
the ultrasonic probe 1. As illustrated in FIG. 1, the device
main body 10 includes the transmitter 11, a receiver 12, a B
mode processor 13, a Doppler processor 14, an image gen-
erator 15, an image memory 16, an internal storage unit 17, a
signal processor 18, and a controller 19.

[0026] The transmitter 11 causes the ultrasonic probe 1 to
transmit ultrasonic waves. As illustrated in FIG. 1, the trans-
mitter 11 includes a rate pulsar generator 111, a transmission
delay unit 112, and a transmission pulsar 113, and supplies a
drive signal to the ultrasonic probe 1. The rate pulsar genera-
tor 111 repeatedly generates a rate pulse for forming trans-
mission ultrasonic waves at a certain rate frequency (Pulse
Repetition Frequency (PRF)). The rate pulse applies a voltage
to the transmission pulsar 113 with transmission delay time
that varies by passing through the transmission delay unit
112. For example, the transmission delay unit 112 gives trans-
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mission delay time for each piezoelectric transducer element
that is necessary for focusing the ultrasonic waves generated
from the ultrasonic probe 1 in a beam form and determining
transmission directivity to each rate pulse generated by the
rate pulsar generator 111. Alternatively, for example, the
transmission delay unit 112 gives transmission delay time for
each piezoelectric transducer element that is necessary for
determining transmission directivity for transmission of the
ultrasonic waves generated from the ultrasonic probe 1 as the
plane waves to each pulse rate generated by the rate pulsar
generator 111. The transmission pulsar 113 applies a drive
signal (drive pulse) to the ultrasonic probe 1 at a timing based
on the rate pulse. The transmitter 11 controls the number and
positions (transmission openings) of transducer elements that
are used for transmission of the ultrasonic waves and the
transmission delay time in accordance with the position of
each of the transducer elements constituting the transmission
openings so as to give the transmission directivity.

[0027] The drive pulse is converted into mechanical vibra-
tion from an electric signal on the piezoelectric transducer
elements after transmitted to the piezoelectric transducer ele-
ments in the ultrasonic probe 1 through a cable from the
transmission pulsar 113. The mechanical vibration is trans-
mitted as ultrasonic waves in the living body. The ultrasonic
waves with the transmission delay time that varies for each
piezoelectric transducer element are propagated in a prede-
termined direction while being focused or as plane waves.
The transmission delay unit 112 changes the transmission
delay time to be given to each rate pulse so as to adjust the
transmission direction from the piezoelectric transducer ele-
ment surface to be any direction. The transmission delay time
is normally calculated from a sound velocity value set in
advance as an average sound velocity of the tissues in the
body of the subject P to be shot. The transmitter 11 creates a
wavefront function based on a direction from the controller
19, which will be described later, so as to perform the above-
mentioned transmission control.

[0028] Thetransmitter 11 has a function of instantaneously
changing a transmission frequency, a transmission drive volt-
age, and the like in order to execute a certain scan sequence
based on a direction from the controller 19, which will be
described later. In particular, the transmission drive voltage
can be changed by a linear amplifier-type oscillation circuit
capable of instantaneously switching a value thereof or a
mechanism of electrically switching a plurality of power
supply units.

[0029] The reflection waves of the ultrasonic waves trans-
mitted from the ultrasonic probe 1 reach the piezoelectric
transducer elements in the ultrasonic probe 1, and then, are
converted into electric signals (reflection wave signals) from
mechanical vibration on the piezoelectric transducer ele-
ments and are input to the receiver 12. As illustrated in FIG. 1,
the receiver 12 includes a pre-amplifier 121, an analog-to-
digital (A/D) converter 122, a reception delay unit 123, and an
adder 124, and performs various pieces of processing on the
reflection wave signals received by the ultrasonic probe 1 so
as to generate reflection wave data.

[0030] The pre-amplifier 121 amplifies the reflection wave
signal for each channel so as to perform gain adjustment. The
A/D converter 122 A/D-converts the reflection wave signal on
which the gain correction has been performed so as to convert
it to a digital signal. The reception delay unit 123 multiplies
the digital signal by reception delay (reception delay time)
necessary for determining reception directivity. To be spe-
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cific, the reception delay unit 123 gives the reception delay
time to the digital signal based on distribution of the reception
delay time for each reception focus calculated from the sound
velocity value set in advance as the average sound velocity of
the tissues in the body of the subject P to be shot.

[0031] The adder 124 adds the digital signal multiplied by
the reception delay time calculated based on the sound veloc-
ity s0 as to generate a reception signal subjected to phasing
addition (reflection wave data). The addition processing by
the adder 124 emphasizes reflection components from the
direction in accordance with the reception directivity of the
reflection wave signal. That is to say, the reception delay unit
123 and the adder 124 as illustrated in FIG. 1 are phasing-
adders that execute a delay and sum (DAS) method with the
reception delay based on the average sound velocity.

[0032] Thesignal that is output from the A/D converter 122
is an IQ signal (complex signal) formed by converting the
reflection wave signal on which the gain correction has been
performed into an in-phase (I) signal and a quadrature-phase
(Q) signal in a base band by quadrature detection processing
or Hilbert transformation processing, for example; and the
same processing can be also performed on an RF signal in the
present embodiment.

[0033] Thedevice mainbody 10 in the present embodiment
has a configuration in which the signal output from the A/D
converter 122 can be also input to the signal processor 18 as
illustrated in FIG. 1. The signal processor 18 is a processor
that performs estimation processing of wavefront distortion
and correction processing based on the wavefront distortion,
instead of general DAS processing, using reception signal
groups output from the A/D converter 122, and includes an
estimating unit 181 and a correction unit 182 as illustrated in
FIG. 1. Although not illustrated in the drawing, the signal
processor 18 includes a signal storage unit such as a memory
that stores therein the reception signal groups output from the
A/D converter 122. Processing that is performed by the signal
processor 18 will be described in detail later.

[0034] The B mode processor 13 performs logarithmic
amplification, envelope detection processing, logarithmic
compression, and the like on the reflection wave data output
from the adder 124 so as to generate data (B mode data) in
which signal intensity (amplitude intensity) at each sample
point is expressed by brightness.

[0035] The Doppler processor 14 analyzes the frequency of
the reflection wave data output from the adder 124 so as to
generate data (Doppler data) formed by extracting motion
information of the moving body (blood flow, tissues, contrast
echo components, or the like) based on the Doppler effect. To
be specific, the Doppler processor 14 generates Doppler data
formed by extracting average sound velocity values, dispet-
sion values, power values, and the like over a large number of
points as the motion information of the moving body.

[0036] The image generator 15 generates ultrasonic image
data from the pieces of data generated by the B mode proces-
sor 13 and the Doppler processor 14. In general, the image
generator 15 converts (scan-converts) a scan line signal string
for ultrasonic scan into a scan line signal string in a video
format represented by a television or the like so as to generate
ultrasonic image data for display. To be specific, the image
generator 15 performs coordinate conversion in accordance
with a scan mode of the ultrasonic waves by the ultrasonic
probe 150 as to generate the ultrasonic image data for display.
The image generator 15 performs, as various pieces of image
processing in addition to the scan conversion, image process-
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ing (smoothing processing) for regenerating an average value
image of the brightness, image processing (edge emphasis
processing) using a differential filter in the image, and the like
using a plurality of image frames after the scan conversion,
for example. The image generator 15 synthesizes pieces of
character information, scales, body marks, and the like of
various parameters on the ultrasonic image data.

[0037] The B mode data and the Doppler data are pieces of
ultrasonic image data before the scan conversion processing
and the data that is generated by the image generator 15 is
ultrasonic image data for display after the scan conversion
processing. The B mode data and the Doppler data are also
referred to as raw data.

[0038] The image memory 16 is a memory storing therein
the image data generated by the image generator 15. The
image memory 16 can also store therein the pieces of data
generated by the B mode processor 13 and the Doppler pro-
cessor 14. The B mode data and the Doppler data that are
stored in the image memory 16 can be called by the operator
after diagnosis, for example, and become the ultrasonic
image data for display through the image generator 15. The
image memory 16 can also store therein the data output from
the receiver 12 and the data output from the signal processor
18.

[0039] The internal storage unit 17 stores therein control
programs for performing transmission and reception of the
ultrasonic waves, the image processing, and the display pro-
cessing, and various pieces of data such as diagnostic infor-
mation (for example, patient ID and observations by doctors),
diagnostic protocols, and various body marks. The internal
storage unit 17 is also used for keeping data stored in the
image memory 16, and so on, if necessary.

[0040] The controller 19 controls the processing of the
ultrasonic diagnostic device as a whole. To be specific, the
controller 19 controls the pieces of processing of the trans-
mitter 11, the receiver 12, the B mode processor 13, the
Doppler processor 14, the image generator 15, and the signal
processor 16 based on various setting requests input from the
operator through the input unit 3, and various control pro-
grams and various pieces of data read from the internal stor-
age unit 17. The controller 19 controls the ultrasonic image
data for display that is stored in the image memory 16 to be
displayed on the monitor 2.

[0041] The entire configuration of the ultrasonic diagnostic
device according to the present embodiment has been
described above. The ultrasonic diagnostic device according
to the present embodiment generates and displays ultrasonic
image data (for example, B mode image data) with this con-
figuration. In normal shooting of an ultrasonic image, under
an assumption that the velocity (sound velocity) of ultrasonic
waves propagating in the living body in a scan range is con-
stant, the transmission delay time and the reception delay
time are controlled using the sound velocity of a constant
value set as the average sound velocity as described above, for
example. The sound velocity in the living body is, however,
not necessarily constant. For example, with the DAS process-
ing using the average sound velocity, wavefront distortion at
the time of transmission and wavefront distortion at the time
of reception are generated and image quality of the B mode
image data deteriorates.

[0042] For solving this problem, known has been a method
in which when plane wave synthesis of transmitting a plural-
ity of plane waves at a plurality of different deflection angles
and synthesizing transmission wavefronts based on reception
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signals received by the respective elements so as to form a
high-resolution image is performed, estimation and correc-
tion of the wavefront distortion are performed using correla-
tions among the signals received by the respective elements of
the ultrasonic probe 1. FIG. 2 and FIG. 3 are diagrams for
explaining the problem of the conventional technique.
[0043] As illustrated in FIG. 2, in the above-mentioned
conventional technique, under an assumption that a “non-
uniform layer” causing the sound velocity to be non-uniform
in a propagation path of ultrasonic waves is in close contact
with an abutment surface of the ultrasonic probe 1, reception
wavefront distortion is obtained from difference in delay time
between reception channels and correction of distortion
(transmission wavefront distortion) of plane wavefronts that
are transmitted at respective deflection angles is repeatedly
performed. That is to say, the above-mentioned conventional
technique is a method that is effective under the assumption
that disturbance of the wavefront similar to that at the time of
reception can be considered to occur at the time of transmis-
sion in the same manner as long as the non-uniform layer is in
close contact with the ultrasonic probe 1.

[0044] As illustrated in FIG. 3, however, the non-uniform
layer in the living body is not only in close contact with the
ultrasonic probe 1 but also it may present at a position dis-
tanced from the ultrasonic probe 1. Reception wavefronts
incident on the same element are influenced by the non-
uniform layer at substantially the same position, so that the
reception wavefront distortion can be estimated by the above-
mentioned method. As illustrated in FIG. 3, however, when
the deflection angle of the transmission wavefront is large, the
propagation path of the transmission wavefront is different
among sample points (pixels) having different depths even on
the same reception scan line. The above-mentioned method is
not effective under normal conditions because an estimation
result of the reception wavefront distortion is fed back for
correction of the transmission wavefront distortion on a dif-
ferent propagation path under the assumption that the non-
uniform layer is in close contact with the ultrasonic probe 1.
[0045] Inthe present embodiment, processing by the signal
processor 18 as illustrated in FIG. 1 is performed in order to
correct the wavefront distortion with higher accuracy.
[0046] First, the transmitter 11 in the present embodiment
causes the ultrasonic probe 1 including a plurality of elements
(plurality of fine elements) to transmit plane waves at a plu-
rality of different deflection angles. The receiver 12 generates
reception signal groups based on reflection waves received by
the individual elements included in the ultrasonic probe 1 by
transmission of the plane waves at the respective deflection
angles. To be specific, the above-mentioned reception signal
groups are complex signal groups formed by converting sig-
nals based on the reflection waves received by the individual
elements included in the ultrasonic probe 1 by quadrature
detection or Hilbert transformation. To be more specific, the
above-mentioned reception signal groups are IQ signals
before being multiplied by reception delay output from the
A/D converter 122.

[0047] Theestimating unit 181 acquires the complex image
groups corresponding to the respective deflection angles from
the reception signal groups and estimates wavefront distor-
tion at the time of transmission (transmission wavefront dis-
tortion) using complex pixel values of the complex image
groups at the same positions. The correction unit 182 per-
forms correction processing based on the wavefront distor-
tion at the time of transmission on the reception signal groups
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s0 as to generate image data based on the complex pixel
values of the complex images corresponding to the respective
deflection angles at the same positions that are acquired from
the reception signal groups after the correction processing.
[0048] In other words, the estimating unit 181 acquires a
plurality of complex images corresponding to a plurality of
deflection angles from the reception signal groups and esti-
mates the wavefront distortion at the time of transmission
using complex pixel values of the plurality of acquired com-
plex images. The correction unit 182 performs correction
processing based on the wavefront distortion at the time of
transmission on the reception signal groups so as to generate
image data based on the complex pixel values of the complex
images for the respective deflection angles that are acquired
from the reception signal groups after the correction process-
ing.

[0049] In the present embodiment, the estimating unit 181
further estimates wavefront distortion (reception wavefront
distortion) at the time of reception using the reception signal
groups and the correction unit 182 performs correction pro-
cessing using the wavefront distortion at the time of reception
on the reception signal groups. In the present embodiment,
the controller 19 controls the estimating unit 181 and the
correction unit 182 to repeat the estimation processing of the
wavefront distortion at the time of transmission and the cor-
rection processing based on the wavefront distortion at the
time of transmission and the estimation processing of wave-
front distortion at the time of reception and the correction
processing based on the wavefront distortion at the time of
reception a plurality of times.

[0050] To be specific, the estimating unit 181 performs the
pieces of estimation processing of the wavefront distortion at
the time of transmission and reception by calculating an
eigenvector corresponding to a maximum eigenvalue of a
covariance matrix. To be more specific, the estimating unit
181 multiplies the complex signal groups (IQ signal groups as
the reception signal groups) by delay for focusing on each
pixel on animage so as to calculate a complex signal sequence
for reconstructing each pixel. The estimating unit 181 calcu-
lates the covariance matrix using each complex signal
sequence and calculates an eigenvector corresponding to a
maximum eigenvalue of the covariance matrix for each pixel
or a matrix formed by cumulating or averaging covariance
matrices for a plurality of pixels. The above-mentioned clas-
sification is performed in accordance with the size of an
image region, which will be described later.

[0051] The method for estimating the wavefront distortion
at the time of transmission and reception that is performed
using the covariance matrix by the estimating unit 181 is a
method in which elements in the reception wavefront distor-
tion estimation and the transmission deflection angles in the
transmission wavefront distortion estimation are handled in
the same manner and transmission wavefront distortion for
each deflection angle is estimated and reception wavefront
distortion for each element is estimated such that image
energy is the largest in a pixel group ofa certain limited region
while focusing on the fact that “pixel values are the same at
the same positions among images formed by transmission of
the plane waves at different deflection angles”. With the esti-
mation method, limitation on the non-uniform layer is largely
reduced in comparison with the above-mentioned conven-
tional technique. For example, the estimating unit 181 can
estimate, as the wavefront distortion at the time of transmis-
sion, the wavefront distortion generated by a non-uniform
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medium (non-uniform layer) in the living body and the wave-
front distortion generated by difference between the average
sound velocity in the living body and the sound velocity (for
example, average sound velocity) initially set with high accu-
racy.

[0052] In the above-mentioned estimation processing, in
order to further reduce limitation on the position of the non-
uniform layer, a region (video image formation region) on
which a video image is formed by transmission of the plane
waves is divided into a plurality of image regions. The esti-
mating unit 181 performs the wavefront distortion estimation
processing on each of the image regions and the correction
unit 182 performs the correction processing based on the
wavefront distortion estimated by the estimating unit 181 on
each of the image regions.

[0053] The following describes a specific example of the
above-mentioned processing in detail with reference to FIG.
4 to FIG. 6 and the like. FIG. 4 to FIG. 6 are diagrams for
explaining an example of processing by the signal processor
in the present embodiment.

[0054] First, as indicated at step S1 in FIG. 4, the transmit-
ter 11 transmits plane waves at a deflection angle A in the
leftward direction, plane waves at a deflection angle B in the
frontward direction, and plane waves at a deflection angle C
in the rightward direction. As indicated at step S2 in FIG. 4,
the A/D converter 122 of the receiver 12 generates a reception
signal group A for the deflection angle A, a reception signal
group B for the deflection angle B, and a reception signal
group C for the deflection angle C. The A/D converter 122 of
the receiver 12 outputs them to the signal storage unit of the
signal processor 18 based on a direction from the controller
19. Each of the reception signal groups A to C is an IQ signal
group.

[0055] When the reception signal groups A to C are stored
in the signal storage unit, for example, the estimating unit 181
performs estimation of reception wavefront distortion as first
processing. First, the estimating unit 181 multiplies the recep-
tion signal group A by time delay so as to focus on each pixel
on a reception delay pattern (see, left view in FIG. 5) at the
deflection angle A calculated from an initial value (for
example, average sound velocity). The estimating unit 181
multiplies the reception signal group B by delay so as to focus
on each pixel on a reception delay pattern (see, center view in
FIG. 5) at the deflection angle B calculated from the average
sound velocity. The estimating unit 181 multiplies the recep-
tion signal group C by delay so as to focus on each pixel on a
reception delay pattern (see, right view in FIG. 5) at the
deflection angle C calculated from the average sound veloc-
ity.

[0056] With this processing, the estimating unit 181 calcu-
lates a reception signal vector group A, a reception signal
vector group B, and a reception signal vector group C in a
state of being multiplied by the delay time for reconstructing
each pixel as indicated in step S3 in FIG. 4. The reception
signal vector groups A to C that are calculated at step S3 of the
first processing in the first round are provided by multiplica-
tion by the delay time under an assumption that there is no
wavefront distortion. For example, the estimating unit 181
generates a reception signal vector “R” while using a com-
plex signal sequence for reconstructing a “j”’th pixel as a
column vector based on the following equation (1):

Rj:[rj.l s ’}',M] o
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where “M” in the equation (1) is the total number of elements
used for providing “R;”, and is the number of receiving ele-
ments used for reconstructing the *“j”th pixel, for example. In
the above equation, “1=m=M, m is an integer” is satisfied.
With use of the definition, “r,,,” configuring the reception
signal vector “R;” is a complex signal provided by adding (or
adding and averaging) the IQ signal at the deflection angle A,
the IQ signal at the deflection angle B, and the IQ signal at the
deflection angle C received by an “m”th element that have
been multiplied by delay for reconstructing the “j”th pixel.
[0057] In the above equation, the time delay is multiplied
for focusing, so that a complex pixel value “I” of the “j”th
pixel can be calculated by the following equation (2):
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where “V™ in the equation (2) is a transposed matrix of a
column vector “V” for normalizing the IQ signal for each
element, and for example, “V”’is a column vector as indicated
in the following equation (3):

V=[INM ... 14/M] 3)

[0058] As apixel value on the complex image, for example,
the square of an absolute value of the complex pixel value is
used. In such a case, the pixel value of the “”th pixel of the
complex image is calculated by the following equation (4):

2_ — Tk T\ o T
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where “R xR in the parentheses in the right side of the
equation (4) 1s a covariance matrix of the reception signal
vector “R;”. For example, as illustrated in FIG. 6, the video
formation region is divided into an “image region Al, an
image region A2, an image region A3, an image region A4 . .
., an image region B1, an image region B2, an image region
B3, an image region B4 . . . ” in both of the azimuth direction
and the depth direction. The plurality of image regions as
illustrated in FIG. 6 are set in a divided manner such that they
overlap on each other partially in both of the azimuth direc-
tion and the depth direction.

[0059] Ifthe “jth pixel is a pixel in the image region B2,
cumulating pixel values of all the pixels configuring the
image region B2 leads to the following equation (5):

SILP=SV(R*R)V=P{S(R*R)} VT )

[0060] The sum of the covariance matrices in the brackets
in the right side of the equation (5) is a matrix that the
estimating unit 181 uses for estimation of the reception wave-
front distortion. Where “Ve” is an eigenvector corresponding
to a maximum eigenvalue “},,, . of the “matrix of the sum of

the covariance matrices” in the right side of the equation (5),
the following equation (6) is established:

Ve{Z(R;*R)} Ve ™y 6
”isa

[0061] The eigenvector “Ve” corresponding to “A,,,,.
vector “V” with which the total of the pixel values in the
image region is maximum. That is to say, the eigenvector
“Ve” is, for example, a vector that focuses on the respective
pixels on the image region B2 most preferably. In other
words, “Ve” is avalue indicating distortion (phase difference)
between the reception wavefronts received by the respective
elements and ideal reception wavefronts on the respective
values.

[0062] Asindicated at step S4 in FIG. 4, the estimating unit
181 calculates an “element covariance matrix” that is the
“matrix of the sum of the covariance matrices” on each of the
image regions. The “element covariance matrix” as illustrated
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in FIG. 4 is a matrix of “M rowsxM columns”. It should be
noted that the estimating unit 181 may calculate an average
matrix of the covariance matrices of all the pixels in the image
region as an “element covariance matrix”. When the number
of pixels contained in each image region is “1”, the estimating
unit 181 calculates “R xR as the “element covariance
matrix”. In the present embodiment, the entire video image
formation region (scan range) may be setto one image region.
[0063] As indicated at step S5 in FIG. 4, the estimating unit
181 calculates an eigenvector “Ve” for each of the image
regions from the element covariance matrix of each of the
image regions and outputs the eigenvector “Ve” as a “recep-
tion correction value” to the correction unit 182. The eigen-
vector “Ve” is a vector in which reception correction values
for the respective elements are aligned.

[0064] Then, the correction unit 182 performs second pro-
cessing. To be specific, the correction unit 182 multiplies the
reception signal vector group A, the reception signal vector
group B, and the reception signal vector group C by the
eigenvector “Ve” as the “reception correction value” for each
of the image regions (step S6 in FIG. 4). With this processing,
as indicated at step S7 in FIG. 4, the correction unit 182
calculates a reception correction addition pixel value group
A, a reception correction addition pixel value group B, and a
reception correction addition pixel value group C. That is to
say, the correction unit 182 calculates a reception-corrected
reception signal vector group A so as to calculate the recep-
tion correction addition pixel value group A as illustrated in
FIG. 4. In the same manner, the correction unit 182 calculates
areception-corrected reception signal vector group B so as to
calculate the reception correction addition pixel value group
B as illustrated in FIG. 4. Furthermore, the correctionunit 182
calculates a reception-corrected reception signal vector group
C so as to calculate the reception correction addition pixel
value group C as illustrated in FIG. 4. Each of the pixel values
configuring the reception correction addition pixel value
group is a complex pixel value.

[0065] The estimating unit 181 estimates the transmission
wavefront distortion as third processing. First, the estimating
unit 181 generates pixel vectors aligned for the respective
deflection angles for the pixels at the same positions from the
reception correction addition pixel value groups for the
respective deflection angles that have been provided by the
second processing. For example, the estimating unit 181
aligns a complex pixel value of the “j”th pixel for the deflec-
tion angle A, a complex pixel value of the “j”th pixel for the
deflection angle B, a complex pixel value of the “j”th pixel for
the deflection angle C so as to generate a pixel vector of the
“th pixel at the same position. The pixel vector contains
information related to wavefront distortion at a time point at
which the transmission wavefronts at the respective deflec-
tion angles reach the same position.

[0066] Itshould be noted that the number of elements of the
pixel vector is “N” where “N” is the number of a plurality of
different deflection angles. For example, a pixel vector “P;” of
the “j”th pixel is “P =[P, |, ..., P, o]"

[0067] Then, the estimating unit 181 calculates a covari-
ance matrix “P xP” of the pixel vector “P;”. The estimating
unit 181 derives a “pixel covariance matrix™ as a “matrix of
the sum of the covariance matrices” for each of the image
regions as illustrated in FIG. 6, for example (step S8 in FIG.
4). The “pixel covariance matrix” as illustrated in FIG. 4 is a
matrix of “N rowsxN columns”. As indicated at step S9 in
FIG. 4, the estimating unit 181 calculates an eigenvector “Vt”
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corresponding to a maximum eigenvalue of the pixel covari-
ance matrix for each of the image regions as a “transmission
correction value”. Then, the estimating unit 181 outputs the
calculated “transmission correction value” to the correction
unit 182.

[0068] Like “Ve”, the above-mentioned eigenvector “V{” is
also a vector with which the total pixel value in the image
region is a maximum and is a vector focusing on the respec-
tive pixels on the image region most preferably. “Vt” is a
value indicating distortion (phase difference) between a
transmission wavefront at each reflection angle that has
reached the same position and an ideal transmission wave-
front at each reflection angle that is to reach the same position.
The eigenvector “Vt” is a vector in which transmission cor-
rection values for the respective deflection angles are aligned.
[0069] Subsequently. the correction unit 182 performs
fourth processing. To be specific, the correction unit 182
multiplies the reception signal vector group A, the reception
signal vector group B, and the reception signal vector group C
by the eigenvector “Vt” as the “transmission correction
value” for each of the image regions (step S10in FIG. 4). With
this, the correction unit 182 calculates a transmission-cor-
rected reception signal vector group A, a transmission-cor-
rected reception signal vector group B, and a transmission-
corrected reception signal vector group C.

[0070] Thereafter, the first processing to the fourth process-
ing using the transmission-corrected reception signal vector
groups A to C in a first round are performed based on a
direction from the controller 19. The first processing to fourth
processing are repeated three times, for example, in accor-
dance with setting information by the operator or a direction
from the controller 19 based on initial setting. In this case, the
correction unit 182 calculates complex signal values of the
respective pixels from the transmission-corrected reception
signal vector group A provided in the correction processing in
the third round, calculates complex signal values of the
respective pixels from the transmission-corrected reception
signal vector group B provided in the correction processing in
the third round, and calculates complex signal values of the
respective pixels from the transmission-corrected reception
signal vector group C provided in the correction processing in
the third round. Then, the correction unit 182 outputs image
data having, as pixel values, absolute values of complex sig-
nal values obtained by adding (or adding and averaging) three
complex signal values of the respective pixels to the control-
ler 19 as image data on which the correction processing has
been performed. Then, the monitor 2 displays the image data
on which the correction processing has been performed in
accordance with a direction from the controller 19. In other
words, the controller 19 causes the monitor 2 to display the
image data on which the correction unit 182 has performed
the correction processing.

[0071] FIG. 7 is a diagram for explaining an effect of the
present embodiment. Image data 100 as illustrated in FIG. 7
is complex image data formed by synthesizing plane waves in
an ideal state with a uniform medium where the sound veloc-
ity in the living body is constant. Image data 200 as illustrated
in FIG. 71s complex image data formed by synthesizing plane
waves with deteriorating image quality due to wavefront dis-
tortion at the time of transmission and reception that has been
generated by the non-uniform layer. Image data 300 as illus-
trated in FIG. 7 is image data (complex image data) that is
output from the correction unit 182 by repeating the above-
mentioned first processing to fourth processing three times.
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FIG. 7 indicates that the image data 300 has substantially the
same image quality as the image data 100. That is to say, the
image data 300 is image data formed after the transmission
wavefront distortion and the reception wavefront distortion
are corrected.

[0072] Itshould be noted that the controller 19 may display
pieces of image data before and after the correction process-
ing by the correction unit 182 on the monitor 2 simulta-
neously or in a switching manner. For example, the image
data before the correction processing is the image data 200
formed by adding (or adding and averaging) complex images
of the reception signal vector groups A to C generated using
aset sound velocity as an initial value. For example, when the
monitor 2 performs simultaneous display, the pieces of image
data before and after the correction processing are displayed
in parallel in accordance with a direction from the controller
19 that has received a direction from the operator. Alterna-
tively, for example, the monitor 2 displays the pieces of image
data before and after the correction processing in a switching
manner in accordance with a direction from the controller 19
that has received a direction from the operator. The display
control enables the operator to check the effect of the correc-
tion processing.

[0073] As described above, in the present embodiment, the
elements in the estimation of reception wavefront distortion
and the transmission deflection angles in the estimation of
transmission wavefront distortion are handled in the same
manner while focusing on the fact that “pixel values are the
same at the same positions among images formed by trans-
mission of the plane waves at different deflection angles”.
Furthermore, in the present embodiment, the transmission
wavefront distortion for each deflection angle is estimated
and the reception wavefront distortion for each element is
estimated such that image energy is the largest in a certain
limited pixel group. As the transmission wavefront distortion
and the reception wavefront distortion that are estimated in
the present embodiment, wavefront distortion generated by
the non-uniform medium (non-uniform layer) in the living
body and wavefront distortion generated by difference
between the average sound velocity in the living body and the
initially set sound velocity (for example, average sound
velocity) can be also estimated with high accuracy.

[0074] Itis reported that the distortion (time difference) due
to the non-uniformity in the living body has equal to or lower
than 1 wavelength in many cases. Accordingly, phase correc-
tion processing using the transmission wavefront distortion
and the reception wavefront distortion that are estimated in
the present embodiment can recover the accuracy of focusing
sufficiently. Although the phase correction processing may
possibly lower the resolution in an axial direction (reception
scan line direction), it is expected that the lowering of the
resolution is equal to or lower than 1 wavelength. Accord-
ingly, in the present embodiment, the wavefront distortion
can be corrected with higher accuracy. As a result, the present
embodiment can provide an image with high image quality.
[0075] The calculation of the reception correction value
and the transmission correction value that is employed in the
present embodiment requires a relatively less operation
amount without product-sum operation in the time direction
unlike operation processing of a cross-correlation function. In
the present embodiment, non-uniformity of distortion among
the elements and non-uniformity of distortion among the
deflection angles are estimated so as to make them most
suitable to each of the image regions. Accordingly, in the
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present embodiment, it is possible to easily provide stable
correction having high noise resistance.

[0076] In the present embodiment, the correction unit 182
may convert wavefront distortion (reception correction value
and transmission correction value) estimated as the phase
difference by the estimating unit 181 into distortion of propa-
gation time and perform correction processing in the above-
mentioned second processing and fourth processing. Also
with this modification, the correction unit 182 can output
image data on which both of the wavefront distortion at the
time of transmission and the wavefront distortion at the time
of reception have been corrected.

[0077] For example, upon receiving a request from the
operator for referencing in a time series manner pieces of
image data on which the correction processing has been per-
formed, the transmitter 11 continuously transmits plane
waves at a plurality of deflection angles. In such a case, the
correction unit 182 sets the wavefront distortion (reception
correction value and transmission correction value), used in
the correction processing when image data in a certain frame
is output, to another wavefront distortion (reception correc-
tion value and transmission correction value) to be used for
correction processing for outputting image data from the next
frame ofthe frame. This modification can reduce an operation
amount for calculating a reception correction value and a
transmission correction value each suitable for shooting a
moving image.

[0078] Inthe above-mentioned embodiment, a plurality of
image regions are regions formed by dividing an image for-
mation region into a plurality of regions in each of the azimuth
direction and the depth direction. In the above-mentioned
embodiment, however, a modification can be made in which
the plurality of image regions may be either regions formed
by dividing the image formation region into a plurality of
regions in the azimuth direction or regions formed by divid-
ing the image formation region into a plurality of regions in
the depth direction. Also in this case, limitation on the non-
uniform layer can be reduced. In order to calculate the recep-
tion correction value and the transmission correction value
stably with high accuracy, however, regardless of the position
of the non-uniform layer, it is preferable that the plurality of
image regions divided in each of the azimuth direction and the
depth direction be used.

[0079] Inthe above-mentioned embodiment, the number of
repetition times of the first processing to fourth processing is
set in advance. The above-mentioned embodiment may be
modified into a modification in which the correction unit 182
determines whether the correction processing is performed in
accordance with the degree of wavefront distortion estimated
by the estimating unit 181. For example, when the number of
repetition times is set to six and a transmission correction
value output from the estimating unit 181 in the third process-
ing in the fourth round is substantially equivalent to or larger
than a transmission correction value output from the estimat-
ing unit 181 in the third processing in the third round, the
correction unit 182 does not perform the correction process-
ing using the transmission correction value output from the
estimating unit 181 in the third processing in the fourth round
and performs the correction processing using the transmis-
sion correction value output from the estimating unit 181 in
the third processing in the third round to output image data
after the correction processing. In this modification, output of
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image data with image quality deteriorated, instead of
improved, due to unnecessary correction processing can be
avoided.

[0080] Inthe above-mentioned embodiment, modifications
as illustrated in FIGS. 8A, 8B, and 8C and FIG. 9 may be
provided. FIGS. 8A, 8B, and 8C and FIG. 9 are diagrams for
explaining the modifications of the present embodiment.
[0081] In the above-mentioned embodiment, the same
image regions are used in the calculation of the reception
correction value and the transmission correction value. In the
above-mentioned embodiment, however, the image regions
may be formed by division with a pattern that is different
between the estimation processing of the wavefront distortion
at the time of transmission and the estimation processing of
the wavefront distortion at the time of reception.

[0082] Forexample, as described above, it is supposed that
the reception wavefront distortion at individual sample points
on the same reception scan line is relatively less fluctuated. In
view of this point, as illustrated in FIG. 8A, the controller 19
directs the estimating unit 181 to estimate the reception wave-
front distortion using individual image regions formed by
dividing the video image formation region in the azimuth
direction, for example.

[0083] On the other hand, as described above, the transmis-
sion wavefront distortion largely fluctuates even at individual
sample points on the same reception scan line due to the
difference in the propagation path caused by the difference in
the deflection angle. In view of this point, as illustrated in
FIG. 8B, the controller 19 directs the estimating unit 181 to
estimate the transmission wavefront distortion using indi-
vidual image regions formed by dividing the video image
formation region in the depth direction, for example. It should
be noted that the individual image regions as illustrated in
FIG. 8A and FIG. 8B may overlap on each other as in the
individual image regions as illustrated in FIG. 6.

[0084] Alternatively, the plurality of image regions may be
set by dividing the video image formation region discretely as
illustrated in F1G. 8C, for example. In this case, the estimating
unit 181 estimates wavefront distortion on regions other than
the plurality of image regions by spatial interpolation pro-
cessing using the wavefront distortion (transmission wave-
front distortion and reception wavefront distortion) estimated
on the respective image regions. With this modification, the
estimating unit 181 can reduce operation amounts necessary
for the estimation processing of the wavefront distortion at
the time of transmission and the estimation processing of the
wavefront distortion at the time of reception.

[0085] Furthermore, the estimating unit 181 and the correc-
tion unit 182 may perform the pieces of processing on a
region specified as a region for providing image data after
correction in a region that is scanned by transmission of the
plane waves at a plurality of deflection angles. For example,
when plane waves inclined to the right or left sides with large
deflection angles are transmitted, there is a region R in which
the transmission waves are not the plane waves on certain
regions of the video image formation region as illustrated in
FIG. 9. When synthesis of the plane waves is performed on
the region R, vertical stripes called moire are generated fre-
quently. To avoid this situation, the controller 19 or the opera-
tor directs the estimating unit 181 and the correction unit 182
to set only a region indicated by a double-headed arrow as
indicated in FIG. 9 as a target of the first processing to the
fourth processing, for example. In this modification, the
region set as the target of the first processing to the fourth
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processing is limited so as to reduce operation amounts nec-
essary for the estimation processing of the wavefront distor-
tion at the time of transmission and the estimation processing
of the wavefront distortion at the time of reception and
enhance an image quality improvement effect by the synthe-
sis of the plane waves more reliably.

[0086] Inthe above-mentioned embodiment, the correction
unit 182 sets the eigenvector as the correction value that is
used for the correction processing based on the wavefront
distortion estimated by the estimating unit 181. That is to say,
in the above-mentioned embodiment, element values of the
eigenvector “Ve” of the element covariance matrix are used as
reception correction values for correcting the reception wave-
front distortion and element values of the eigenvector “Vt” of
the element covariance matrix are used as transmission cor-
rection values for correcting the transmission wavefront dis-
tortion. The correction values that are used for the correction
processing are, however, not limited to the eigenvector itself.
A main component causing disturbance of an image due to the
wavefront distortion is phase. In consideration of this, setting
of “phases of eigenvector element values” as “correction
value phases (phase values for correction)” can also provide a
correction effect of the wavefront distortion sufficiently.
[0087] To be specific, the correction unit 182 may use a unit
vector having, as elements, “complex numbers with phases”
that are elements of the eigenvector as correction values that
are used for the correction processing based on the wavefront
distortion estimated by the estimating unit 181.

[0088] Forexample, “Ve=[vel,...,vem,...,veM]"is the
eigenvector “Ve” derived by the estimating unit 181. In this
case, the correction unit 182 calculates a correction value
(reception correction value) by the following equation (7).
Note that “m” as indicated in the equation (7) satisfies
“l=m<M, m is an integer”.

vem/(IvemV M) M

[0089] The equation (7) indicates that a vector divided by
the “square root of M” is calculated because each element has
the same phase as an eigenvector element and norm of the
vector is “1”. The correction unit 182 calculates a correction
value (transmission correction value) by the same processing
as the above-mentioned processing also when the eigenvector
“Vt” is output from the estimating unit 181. Also in the
modification, the wavefront distortion can be corrected with
higher accuracy.

[0090] The ultrasonic imaging method as described in the
above-mentioned embodiment and modifications may be
executed by a signal processing device installed independent
of the ultrasonic diagnostic device and having the functions of
the above-mentioned signal processor 18, controller 19, and
the like, the signal processing device acquiring the reception
signal groups from the receiver 12.

[0091] Furthermore, all of or a part of processing that have
been described to be performed automatically among the
pieces of processing as described in the above embodiments
can be performed manually. Alternatively, all of or a part of
processing that have been described to be performed manu-
ally among the pieces of processing as described in the above
embodiment can be performed automatically by a known
method. In addition, information including processing proce-
dures, control procedures, specific names, and various pieces
of data and parameters as described in the above-described
document and drawings can be changed in any manner unless
otherwise specified.
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[0092] The constituent components of the devices as illus-
trated in the drawings are conceptual functionally and are not
necessarily required to be configured as illustrated in the
drawings physically. That is to say, specific forms of disinte-
gration and integration of the devices are not limited to those
as illustrated in the drawings, and all of or a part of them can
be configured to be disintegrated or integrated functionally or
physically based on any unit depending on various loads and
usage conditions. Furthermore, all of or a part of the pieces of
processing that are performed by the devices can be executed
by a central processing unit (CPU) and a computer program
that is analyzed and executed by the CPU or can be executed
as hardware by a wired logic.

[0093] The ultrasonic imaging method as described in the
above-mentioned embodiment and modifications may be
executed by executing an ultrasonic imaging program pre-
pared in advance by a computer such as a personal computer
and a workstation. The ultrasonic imaging method can be
distributed through a network such as the Internet. Further-
more, the ultrasonic imaging method can be also executed by
being recorded in a computer readable recording medium
such as a hard disk, a flexible disk (FD), a compact disc read
only memory (CD-ROM), a magnetooptic disc (MO), and a
digital versatile disc (DVD) and being read from the record-
ing medium by the computer.

[0094] The pieces of processing by the respective constitu-
ent components as described in the above-mentioned
embodiment and modifications can be executed as a correc-
tion method that can be executed by a computer such as a
personal computer and a workstation. For example, the com-
puter acquires a plurality of complex images corresponding
to respective deflection angles from reception signal groups
based on reflection waves received by respective elements
included in an ultrasonic probe by plane waves transmitted at
the respective deflection angles from the ultrasonic probe
including the elements and estimates wavefront distortion at
the time of transmission using the complex pixel values of the
acquired complex images. Then, the computer performs the
correction processing based on the wavefront distortion at the
time of transmission on the reception signal groups so as to
generate image data based on the complex pixel values of the
complex images for the respective deflection angles that are
acquired from the reception signal groups after the correction
processing.

[0095] Other Configurations

[0096] For example, the ultrasonic diagnostic device
shown in FIG. 1 may be configured as shown in FIG. 10. FIG.
10 is a block diagram illustrating an example of the configu-
ration of an ultrasonic diagnostic device according to other
embodiments.

[0097] As illustrated in FIG. 10, an ultrasonic diagnostic
device includes an ultrasonic probe 1001, a display 1002,
input circuitry 1003, and a device main body 1010. The ultra-
sonic probe 1001, the display 1002, the input circuitry 1003,
and the device main body 1010 correspond to the ultrasonic
probe 1, the monitor 2, the input unit 3, and the device main
body 10 shown in FIG. 1, respectively.

[0098] The device main body 1010 includes transmission
circuitry 1011, reception circuitry 1012, B-mode processing
circuitry 1013, Doppler processing circuitry 1014, image
generating circuitry 1015, memory circuitry 1016, signal pro-
cessing circuitry 1017, and control circuitry 1018. The trans-
mission circuitry 1011, the reception circuitry 1012, the
B-mode processing circuitry 1013, the Doppler processing
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circuitry 1014, the image generating circuitry 1015, the signal
processing circuitry 1017, and the control circuitry 1018 cor-
respond to the transmitter 11, the receiver 12, the B-mode
processor 13, the Doppler processor 14, the image generator
15, the signal processor 18, and the controller 19 shown in
FIG. 1, respectively. The memory circuitry 1016 correspond
to the image memory 16 and the internal storage unit 17
shown in FIG. 1. The transmission circuitry 1011 is an
example of transmission circuitry in the accompanying
claims. The reception circuitry 1012 is an example of recep-
tion circuitry in the accompanying claims. The signal pro-
cessing circuitry 1017 is an example of signal processing
circuitry in the accompanying claims. The control circuitry
1018 is an example of control circuitry in the accompanying
claims.

[0099] The signal processing circuitry 1017 performs an
estimating function 1171 and a correction function 1172. The
estimating function 1171 is a function implemented by the
estimating unit 181 illustrated in FIG. 1. The correction func-
tion 1172 is a function implemented by the correction unit
182 illustrated in FIG. 1.

[0100] Forexample, each ofthe respective processing func-
tions performed by the estimating function 1171 and the
correction function 1172 which are components of the signal
processing circuitry 1017 illustrated in FIG. 10, is stored in
the memory circuitry 1016 in a form of a computer-execut-
able program. The signal processing circuitry 1017 is a pro-
cessor that loads programs from the memory circuitry 1016
and executes the programs so as to implement the respective
functions corresponding to the programs. In other words, the
signal processing circuitry 1017 that has loaded the programs
has the functions illustrated in the signal processing circuitry
1017 in FIG. 10. That is, the signal processing circuitry 1017
loads a program corresponding to the estimating function
1171 from the memory circuitry 1016 and executes the pro-
gram so as to perform the same processing as that of the
estimating unit 181. The signal processing circuitry 1017
loads a program corresponding to the correction function
1172 from the memory circuitry 1016 and executes the pro-
gram so as to perform the same processing as that of the
correction unit 182.

[0101] FIG. 11 is a flowchart of a processing procedure of
the ultrasonic diagnostic device according to other embodi-
ments. As shown in FIG. 11, the transmission circuitry 1011
causes an ultrasonic probe 1 including a plurality of elements
to transmit plane waves at a plurality of different deflection
angles (step S101). The reception circuitry 1012 generates
reception signal groups based on reflection waves that the
individual elements included in the ultrasonic probe 1 receive
in response to the transmission of the plane waves at the
different deflection angles (step S102). The signal processing
circuitry 1017 acquires a plurality of complex images corre-
sponding to the respective deflection angles from the recep-
tion signal groups and estimates wavefront distortion at the
time of transmission using the complex pixel values of the
complex images (step S103). The signal processing circuitry
1017 perform correction processing based on the wavefront
distortion at the time of transmission on the reception signal
groups so as to generate image data based on the complex
pixel values of the complex images for the respective deflec-
tion angles that are acquired from the reception signal groups
after the correction processing (step S104). The control cir-
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cuitry 1018 causes a display to display 1002 the image data
after the correction processing by the signal processing cit-
cuitry (step S105).

[0102] For example, Steps S103 illustrated in FIG. 11 is a
step that is implemented by the signal processing circuitry
1017 loading the program corresponding to the estimating
function 1171 from the memory circuitry 1016 and executing
the program. Step S104 illustrated in FIG. 11 is a step that is
implemented by the signal processing circuitry 1017 loading
the program corresponding to the correction function 1172
from the memory circuitry 1016 and executing the program.

[0103] In FIG. 10, the processing functions performed by
the estimating function 1171 and the correction function 1172
are described as being implemented in the single processing
circuit (signal processing circuitry). The functions, however,
may be implemented by configuring a processing circuit by
combining a plurality of separate processors and causing each
of the processors to execute a program.

[0104] The term “processor” used in the above description
means, for example, a central preprocess unit (CPU) and a
graphics processing unit (GPU), or a circuit such as an appli-
cation specific integrated circuit (ASIC), a programmable
logic device (for example, a simple programmable logic
device (SPLD)), a complex programmable logic device
(CPLD), and a field programmable gate array (FPGA). The
processor implements a function by loading and executing a
program stored in a storage circuit. Instead of being stored in
astorage circuit, the program may be built directly in a circuit
of the processor. In this case, the processor implements a
function by loading and executing the program built in the
circuit. The processors in the present embodiment are not
limited to a case in which each of the processors is configured
as a single circuit. A plurality of separate circuits may be
combined as one processor that implements the respective
functions. Furthermore, the components illustrated in FIG. 10
may be integrated into one processor that implements the
respective functions.

[0105] The respective circuitry exemplified in FIG. 10 may
be distributed or integrated as appropriate. For example, the
signal processing circuitry 1017 and the control circuitry
1018 may be integrated.

[0106] As described above, the above-mentioned embodi-
ment and modifications enable the wavefront distortion to be
corrected more accurately.

[0107] 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.
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 ultrasonic diagnostic device comprising:

transmission circuitry configured to cause an ultrasonic
probe including a plurality of elements to transmit plane
waves at a plurality of different deflection angles;

reception circuitry configured to generate reception signal
groups based on reflection waves received by the indi-
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vidual elements included in the ultrasonic probe by
transmission of the plane waves at the respective deflec-
tion angles;
signal processing circuitry configured to
acquire a plurality of complex images corresponding to the
respective deflection angles from the reception signal
groups and estimate wavefront distortion at the time of
transmission using complex pixel values of the complex
images,
perform correction processing based on the wavefront dis-
tortion at the time of transmission on the reception signal
groups so as to generate image data based on the com-
plex pixel values of the complex images for the respec-
tive deflection angles that are acquired from the recep-
tion signal groups after the correction processing; and

control circuitry configured to cause a display to display
the image data after the correction processing by the
signal processing circuitry.

2. The ultrasonic diagnostic device according to claim 1,
wherein

the signal processing circuitry is further configured to

estimate wavefront distortion at the time of reception using

the reception signal groups,

perform correction processing using the wavefront distor-

tion at the time of reception on the reception signal
groups, and

the control circuitry is configured to control the signal

processing circuitry so as to repeat estimation process-
ing of the wavefront distortion at the time of transmis-
sion and the correction processing based on the wave-
front distortion at the time of transmission, and
estimation processing of the wavefront distortion at the
time of reception and the correction processing based on
the wavefront distortion at the time of reception a plu-
rality of times.

3. The ultrasonic diagnostic device according to claim 1,
wherein the signal processing circuitry is configured to per-
form estimation processing of the wavefront distortion by
calculating an eigenvector corresponding to a maximum
eigenvalue of a covariance matrix.

4. The ultrasonic diagnostic device according to claim 2,
wherein the signal processing circuitry is configured to per-
form estimation processing of the wavefront distortion by
calculating an eigenvector corresponding to a maximum
eigenvalue of a covariance matrix.

5. The ultrasonic diagnostic device according to claim 3,
wherein

the reception signal groups are complex signal groups

formed by converting signals based on the reflection
waves received by the individual elements included in
the ultrasonic probe by quadrature detection or Hilbert
transformation, and

the signal processing circuitry is configured to multiple the

complex signal groups by delay for focusing on each
pixel on an image so as to calculate a complex signal
sequence for reconstructing each pixel, calculate a cova-
riance matrix using each complex signal sequence, and
calculates an eigenvector corresponding to a maximum
eigenvalue of the covariance matrix of each pixel or an
eigenvector corresponding to a maximum eigenvalue of
a matrix formed by cumulating or averaging covariance
matrices of a plurality of pixels.

6. The ultrasonic diagnostic device according to claim 5,
wherein the signal processing circuitry is configured to use
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the eigenvector or a unit vector having, as an element, a
complex number with a phase as an element of the eigenvec-
tor as a correction value that is used for the correction pro-
cessing based on the wavefront distortion estimated.
7. The ultrasonic diagnostic device according to claim 1,
wherein
the signal processing circuitry is configured to
divide a video image formation region into a plurality of
image regions and performs estimation processing of the
wavefront distortion on each of the image regions,

perform the correction processing based on the wavefront
distortion estimated by the estimating unit on each of the
image regions.
8. The ultrasonic diagnostic device according to claim 2,
wherein
the signal processing circuitry is configured to
divide a video image formation region into a plurality of
image regions and performs estimation processing of the
wavefront distortion on each of the image regions,

perform the correction processing based on the wavefront
distortion estimated by the estimating unit on each of the
image regions.

9. The ultrasonic diagnostic device according to claim 7,
wherein the image regions are regions formed by dividing the
video image formation region into a plurality of regions in at
least one direction of an azimuth direction and a depth direc-
tion.

10. The ultrasonic diagnostic device according to claim 8,
wherein the image regions are regions formed by dividing the
video image formation region into a plurality of regions in at
least one direction of an azimuth direction and a depth direc-
tion.

11. The ultrasonic diagnostic device according to claim 8,
wherein the image regions are formed by division with a
pattern that is different between estimation processing of the
wavefront distortion at the time of transmission and estima-
tion processing of the wavefront distortion at the time of
reception.

12. The ultrasonic diagnostic device according to claim 7,
wherein when the video image formation region is discretely
divided and the image regions are set, the signal processing
circuitry is configured to derive wavefront distortion on
regions other than the image regions by spatial interpolation
processing using the wavefront distortion estimated on each
of the image regions.

13. The ultrasonic diagnostic device according to claim 1,
wherein when plane waves are continuously transmitted at
the deflection angles, the signal processing circuitry is con-
figured to set wavefront distortion used for the correction
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processing when the image data is output as wavefront dis-
tortion that is used for the correction processing for output-
ting next image data of the image data.

14. The ultrasonic diagnostic device according to claim 1,
wherein the signal processing circuitry is configured to con-
vert wavefront distortion estimated as phase difference into
distortion of propagation time and perform the correction
processing.

15. The ultrasonic diagnostic device according to claim 1,
wherein the signal processing circuitry is configured to deter-
mine whether the correction processing is performed in
accordance with a degree of the wavefront distortion esti-
mated.

16. The ultrasonic diagnostic device according to claim 1,
wherein the signal processing circuitry is configured to per-
form pieces of processing on a region specified as a region for
providing the image data in a region that is scanned by trans-
mission of plane waves at the deflection angles.

17. The ultrasonic diagnostic device according to claim 1,
wherein the control circuitry is configured to cause the dis-
play to display pieces of image data before and after the
correction processing simultaneously or in a switching man-
ner.

18. The ultrasonic diagnostic device according to claim 1,
wherein the signal processing circuitry is configured to

estimate the wavefront distortion at the time of transmis-

sion using complex pixel values of the complex images
at same positions,

generate image data based on the complex pixel values of

the complex images for the respective deflection angles
at the same positions that are acquired from the recep-
tion signal groups after the correction processing.

19. A correction method comprising:

acquiring a plurality of complex images corresponding to a

plurality of different deflection angles from reception
signal groups based on reflection waves received by a
plurality of elements included in an ultrasonic probe by
plane waves transmitted at the respective deflection
angles from the ultrasonic probe including the elements,
and estimating wavefront distortion at the time of trans-
mission using complex pixel values of the complex
images, and

performing correction processing based on the wavefront

distortion at the time of transmission on the reception
signal groups so as to generate image data based on the
complex pixel values of the complex images for the
respective deflection angles that are acquired from the
reception signal groups after the correction processing.

I S T



THMBW(EF)

[ i (S RIR) A ()

RE(EFR)AGE)

HA R E(FRR)AGE)

FRI& B A

KRN

IPCH %S
CPCH(S
£ AR

H AT 3R
ShEREESE

BEG®)

BEUHEROEERBE  BREENESHOEBE, AMRRES
BES M AHNBFRLUAS NI TEANREART FEK, RREHRE
TREBRFERRESA , RAUFPSEN SN TABEE T FEIRN &
mmER. FEAERERRNEEMREAENENSNEEEE ,
EAESEGNESGREMITRAEMNNKINEE , AETRATBREX
BUEESARTRELAE, ETERELAEZ ENERESARBNE
MrEANEHEGNERERE , REERBGBENNE,

patsnap
HE R R E MR IE S E

US20150327840A1 NI (»&E)B 2015-11-19

US14/713147 RiEH 2015-05-15

KASHFRZ
FZEFREKRA 24

KRRALHFRZ
REETREGENT

REETREGENT

HIRAMA MAKOTO
ABE YASUHIKO
SATO TAKESHI
HONJO YASUNORI

HIRAMA, MAKOTO
ABE, YASUHIKO
SATO, TAKESHI
HONJO, YASUNORI

A61B8/08 A61B8/00 A61B8/14

A61B8/5207 A61B8/463 A61B8/14 A61B8/5253 A61B8/08 A61B8/5269 G01S7/52049 G01S15/8995
2014103715 2014-05-19 JP

US9955952

Espacenet USPTO

LEVICE MAIN BUDY

RRAGE
GENER
K10

RECENER
12t

GEMERATOR |



https://share-analytics.zhihuiya.com/view/07575c9d-a505-4da8-ac3b-7a0cfa065bc6
https://worldwide.espacenet.com/patent/search/family/054537551/publication/US2015327840A1?q=US2015327840A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150327840%22.PGNR.&OS=DN/20150327840&RS=DN/20150327840

