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(57) ABSTRACT

An ultrasonic diagnostic system includes elements disposed
around a subject to transmit and/or receive ultrasonic waves.
A controller controls the elements so that some of the
elements disposed in a first region transmit ultrasonic waves
at a first angle to a diagnosis target in the subject, some of
the elements disposed in a second region receive reflected
waves of the ultrasonic waves, which are reflected from the
diagnosis target at a second angle, and some of the elements
disposed in a third region receive reflected waves of the
ultrasonic waves, which are reflected from the diagnosis
target at a third angle distinct from the second angle. An
operator calculates a velocity vector of the diagnosis target
using the reflected waves received by the some of the

A61B 8/00 (2006.01) elements disposed in the second region and the reflected
A6IB 8/14 (2006.01) waves received by the some of the elements disposed in the
A61B 8/06 (2006.01) third region.
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ULTRASONIC DIAGNOSTIC SYSTEM AND
ULTRASONIC DIAGNOSTIC METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a by-pass continuation
application of International Application No. PCT/JP2016/
078115 filed on Sep. 23, 2016, which claims priority to
Japanese Patent Application No. 2015-187024 filed on Sep.
24, 2015, the contents of which are incorporated herein by
reference in their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present invention relates to an ultrasonic diag-
nostic system and an ultrasonic diagnostic method.

Discussion of the Background

[0003] Ultrasonic diagnostic systems are noninvasive, that
is, do not require a surgical operation in which a living body
undergo incision to observe directly. Because of the nonin-
vasive nature, ultrasonic diagnostic systems are widely used
in the medical field as a technique to diagnose internal
information of a subject.

[0004] In a conventional ultrasonic diagnostic system, a
tomography image of a subject is created by radiating
ultrasonic waves to the subject and analyzing reflected
waves from the subject. Since sound is a compressional
wave, sound pressure of an ultrasonic wave propagates by
fluctuation in a traveling direction of the ultrasonic wave. In
an ultrasonic diagnosis, echo signals scattered by scatterers
inln an ultrasonic diagnosis, echo signals scattered by scat-
terers in a subject are received. By measuring a fluctuation
of an echo signal caused by movement of a scatterer, the
conventional ultrasonic diagnostic system can detect a
movement of an object.

[0005] For example, a diagnostic device described in
Patent Document 1 includes an ultrasonic probe configured
to transmit ultrasonic waves at a right angle to a beating
blood vessel, and to receive a reflective echo, and performs
signal processing to extract, from the reflected echo, a
component that is frequency-shifted due to the Doppler
effect. The diagnostic device described in Patent Document
1 calculates a blood flow velocity by using the reflective
echo as a detection signal.

[0006] The contents of Japanese Unexamined Patent
Application Publication No. 05-023335 are incorporated
herein by reference in their entirety.

[0007] The contents of IEEE Trans. Ultrason. Ferr. Freq.
Contrl., vol. 45 No. 3 pp. 837-851, 1998 are incorporated
herein by reference in their entirety.

[0008] A change in an echo signal is not however signifi-
cant when an object moves in a direction perpendicular to a
direction in which ultrasonic waves advance, compared with
that when the object moves along the direction in which the
ultrasonic waves advance. Such an ordinary ultrasonic
device as described in Patent Document 1 can therefore
detect a movement of a subject only by components in
relation to a direction along which ultrasonic waves are
transmitted.

[0009] With regard to methods for measuring a Doppler
blood flow as a vector, Non-patent Document 1, for
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example, proposes a method for applying a phase modula-
tion in a direction of an aperture for transmission and
reception and a method for setting two beams at angles
different from each other in a linear or sector probe. A
problem in the former method is a reduction in transmission
energy. A problem in the latter method is a reduction in an
angle formed by the two beams that are set at angles
different from each other in the probe when they reach a
deeper section in the subject. This results in that no vector
can be measured when a diagnosis target presents at a deeper
section.

SUMMARY OF THE INVENTION

[0010] According to one aspect of the present invention,
an ultrasonic diagnostic system includes a plurality of ele-
ments, a controller, and an operator. The plurality of ele-
ments is disposed around a subject. The plurality of elements
is configured to transmit and/or receive ultrasonic waves.
The controller is configured to control the plurality of
elements so that at least some of elements disposed in a first
region, among the plurality of elements, transmit ultrasonic
waves at a first angle to a diagnosis target in the subject, at
least some of elements disposed in a second region, among
the plurality of elements, receive reflected waves of the
ultrasonic waves, the reflected waves being reflected from
the diagnosis target at a second angle, and at least some of
elements disposed in a third region, among the plurality of
elements, receive reflected waves of the ultrasonic waves,
the reflected waves being reflected from the diagnosis target
at a third angle distinct from the second angle. The operator
is configured to calculate a velocity vector of the diagnosis
target using the reflected waves received by the at least some
of the elements disposed in the second region and the
reflected waves received by the at least some of the elements
disposed in the third region.

[0011] According to another aspect of the present inven-
tion, an ultrasonic diagnostic system includes a plurality of
elements, a controller, and an operator. The plurality of
elements is disposed around a subject. The plurality of
elements is configured to transmit and/or receive ultrasonic
waves. The controller is configured to control the plurality of
elements so that at least some of elements disposed in a first
region, among the plurality of elements, transmit first ultra-
sonic waves at a first angle toward a diagnosis target in the
subject, the at least some of the elements disposed in the first
region, among the plurality of elements, receive reflected
waves of the first ultrasonic waves, the reflected waves being
reflected from the diagnosis target at the first angle, at least
some of elements disposed in a second region, among the
plurality of elements, transmit second ultrasonic waves at a
second angle toward the diagnosis target, and the at least
some of the elements disposed in the second region, among
the plurality of elements, receive reflected waves of the
second ultrasonic waves, the reflected waves being reflected
from the diagnosis target at the second angle. The operator
1s configured to calculate a velocity vector of the diagnosis
target using the reflected waves received by the at least some
of the elements disposed in the first region and the reflected
waves received by the at least some of the elements disposed
in the second region.

[0012] According to another aspect of the present inven-
tion, an ultrasonic diagnostic system includes a plurality of
elements, a controller, and an operator. The plurality of
elements is disposed around a subject. The plurality of
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elements is configured to transmit and/or receive ultrasonic
waves. The controller is configured to control the plurality of
elements so that at least some of elements disposed in a first
region, among the plurality of elements, receive reflected
waves of first ultrasonic waves, the reflected waves being
reflected from a diagnosis target in the subject, and at least
some of elements disposed in a second region, among the
plurality of elements, receive reflected waves of second
ultrasonic waves, the reflected waves being reflected from
the diagnosis target. The operator is configured to capture a
first image using the reflected waves of the first ultrasonic
waves, the reflected waves being received by the at least
some of the elements disposed in the first region, to capture
a second image using the reflected waves of the second
ultrasonic waves, the reflected waves being received by the
at least some of the elements disposed in the second region,
to calculate two matrices for the respective first and second
images in each of which vectors formed by rearranging the
image are rearranged in a time direction, to calculate a third
matrix in which the two matrices are arranged in a direction
perpendicular to the time direction, and to extract informa-
tion on blood flows in the diagnosis target from the third
matrix.

[0013] According to another aspect of the present inven-
tion, an ultrasonic diagnostic system includes a plurality of
elements, a controller, and an operator. The plurality of
elements is disposed around a subject. The plurality of
elements is configured to transmit and/or receive ultrasonic
waves. The controller is configured to control the plurality of
elements so that at least elements disposed in a first region,
among the plurality of elements, transmit first ultrasonic
waves toward a diagnosis target in the subject, and at least
elements disposed in a second region, among the plurality of
elements, transmit second ultrasonic waves toward the diag-
nosis target. The operator is configured to capture a first
image using reflected waves of the first ultrasonic waves
transmitted from the elements disposed in the first region, to
capture a second image using reflected waves of the second
ultrasonic waves transmitted from the elements disposed in
the second region, to calculate two matrices for the respec-
tive first and second images in each of which vectors formed
by rearranging the image are rearranged in a time direction,
to calculate a third matrix in which the two matrices are
arranged in a direction perpendicular to the time direction,
and to extract information on blood flows in the diagnosis
target from the third matrix.

[0014] According to another aspect of the present inven-
tion, an ultrasonic diagnostic method is performed by using
a diagnostic device that includes a plurality of elements
disposed around a subject. The plurality of elements is
configured to transmit and/or receive ultrasonic waves. The
ultrasonic diagnostic method includes controlling the plu-
rality of elements so that at least some of elements disposed
in a first region, among the plurality of elements, transmit
ultrasonic waves at a first angle to a diagnosis target in the
subject, at least some of elements disposed in a second
region, among the plurality of elements, receive reflected
waves of the ultrasonic waves, the reflected waves being
reflected from the diagnosis target at a second angle, and at
least some of elements disposed in a third region, among the
plurality of elements, receive reflected waves of the ultra-
sonic waves, the reflected waves being reflected from the
diagnosis target at a third angle distinct from the second
angle. A velocity vector of the diagnosis target is calculated
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using the reflected waves received by the at least some of the
elements disposed in the second region and the reflected
waves received by the at least some of the elements disposed
in the third region.

[0015] According to another aspect of the present inven-
tion, an ultrasonic diagnostic method is performed by using
a diagnostic device that includes a plurality of elements
disposed around a subject. The plurality of elements is
configured to transmit and/or receive ultrasonic waves. The
ultrasonic diagnostic method includes controlling the plu-
rality of elements so that at least some of elements disposed
in a first region, among the plurality of elements, transmit
first ultrasonic waves at a first angle toward a diagnosis
target in the subject, the at least some of the elements
disposed in the first region, among the plurality of elements,
receive reflected waves of the first ultrasonic waves, the
reflected waves being reflected from the diagnosis target at
the first angle, at least some of elements disposed in a second
region, among the plurality of elements, transmit second
ultrasonic waves at a second angle toward the diagnosis
target. and the at least some of the elements disposed in the
second region, among the plurality of elements, receive
reflected waves of the second ultrasonic waves, the reflected
waves being reflected from the diagnosis target at the second
angle. A velocity vector of the diagnosis target is calculated
using the reflected waves received by the at least some of the
elements disposed in the first region and the reflected waves
received by the at least some of the elements disposed in the
second region.

[0016] According to another aspect of the present inven-
tion, an ultrasonic diagnostic system includes a plurality of
elements, a controller, and an operator. The plurality of
elements is disposed around a subject. The plurality of
elements is configured to transmit and/or receive ultrasonic
waves. The controller is configured to control the plurality of
elements so that elements configuring a part of the plurality
of elements transmit ultrasonic waves toward a diagnosis
target in the subject, and reflected waves of the ultrasonic
waves from the diagnosis target are received by two or more
apertures disposed in regions where angles of reflection
from the diagnosis target differ from each other. The opera-
tor is configured to calculate a velocity vector of the diag-
nosis target using the reflected waves respectively received
by groups of elements configuring the two or more aper-
tures.

[0017] According to the other aspect of the present inven-
tion, an ultrasonic diagnostic system includes a plurality of
elements, a controller, and an operator. The plurality of
elements is disposed around a subject. The plurality of
elements is configured to transmit and/or receive ultrasonic
waves. The controller is configured to control the plurality of
elements so that elements disposed in a first region, among
the plurality of elements, transmit first ultrasonic waves
toward a diagnosis target in the subject, the elements dis-
posed in the first region receive reflected waves of the first
ultrasonic waves, the reflected waves being reflected from
the diagnosis target, elements disposed in a second region,
among the plurality of elements, transmit second ultrasonic
waves toward the diagnosis target, and the elements dis-
posed in the second region receive reflected waves of the
second ultrasonic waves, the reflected waves being reflected
from the diagnosis target. The operator is configured to
calculate a velocity vector of the diagnosis target using the
reflected waves of the first and second ultrasonic waves.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] A more complete appreciation of the present inven-
tion and many of the attendant advantages thereof will be
readily obtained as the same becomes better understood by
reference to the following detailed description when con-
sidered in connection with the accompanying drawings,
wherein:

[0019] FIG. 1 is a block diagram of an ultrasonic diag-
nostic system according to an embodiment of the present
invention, the block diagram schematically illustrating a
configuration;

[0020] FIG. 2 is a cross-sectional view of the ultrasonic
diagnostic system taken along the line A-A' of FIG. 1;
[0021] FIG. 3 is a schematic view of a sound pressure
distribution of an ultrasonic wave when a full aperture of a
ring array R according to the embodiment of the present
invention is used;

[0022] FIGS. 4A and 4B show schematic views of trans-
mission and reception of ultrasonic waves in a first configu-
ration according to the embodiment of the present invention;
[0023] FIG. 5 is a flowchart of a blood flow velocity
measurement process in the first configuration according to
the embodiment of the present invention;

[0024] FIGS. 6A and 6B show schematic views of trans-
mission and reception of ultrasonic waves in a second
configuration according to the embodiment of the present
invention;

[0025] FIG. 7 is a flowchart of a blood flow velocity
measurement process in the second configuration according
to the embodiment of the present invention;

[0026] FIGS. 8A and 8B show graphs indicative of rela-
tionships between Doppler signals received with packets and
blood flow velocities, according to the embodiment of the
present invention;

[0027] FIGS. 9A to 9D show photos indicative of spatial
distributions in sensitivity of transmission and reception
adjacent to focus points, according to the embodiment of the
present invention;

[0028] FIG. 10 shows schematic views of a process of
separating and retrieving slow blood flows in directions
different from a direction of a body motion, according to the
embodiment of the present invention;

[0029] FIG. 11 is a schematic view of a Doppler image
compounding process according to the embodiment of the
present invention;

[0030] FIGS. 12A and 12B show views of a somatic cell
removal filter according to the embodiment of the present
invention, the view schematically illustrating an application
example;

[0031] FIG. 13 is a photo of a result when spatial distri-
bution data corresponding to 128 frames in which simulated
body motions and simulated blood flows are given to a
scatterer distribution is projected in a time direction;
[0032] FIG. 14 shows photos of a result after blood flow
images are displayed with a method according to a com-
parative example;

[0033] FIG. 15 shows photos of a result after blood flow
images are displayed with a method according to a com-
parative example;

[0034] FIG. 16 shows the result of displaying blood flow
images through a body motion removal method according to
the embodiment of the present invention; and

Jul. 26,2018

[0035] FIGS. 17A and 17B show photos of two methods
for processing body motions, the photos illustrating a com-
parison.

DESCRIPTION OF THE EMBODIMENTS

[0036] An embodiment of the present invention will now
be described herein in detail. The below embodiment is
merely an example intended to describe the present inven-
tion. The present invention is thus not limited only to the
embodiment. The present invention can also be variously
modified within the scope and spirit of the present invention.
Those skilled in the art can apply an embodiment with
components that are equivalent to and replaced from the
components described below. Such an embodiment is also
included in the scope and spirit of the present invention.
Sizes and ratios are also not limited to the sizes and ratios
applied in the accompanied drawings.

Embodiment

[0037] An ultrasonic diagnostic system 10 according to an
embodiment of the present invention is configured, as a
system, to radiate ultrasonic waves toward a subject, such as
human body, to use reflected waves reflected from the
subject (a signal acquired by analyzing a plurality of
reflected waves acquired at different times from a single
location to extract a time-change component of a target will
be hereinafter also referred to as “Doppler signal”), and to
capture an image of a piece of tissue in the subject, in
particular a blood flow. A subject may be a human body or
its component, such as a hand, an arm, a leg, a buttock, and
breasts. The ultrasonic diagnostic system 10 according to the
embodiment can measure a flow amount and a flow velocity
of blood flowing in a subject T. In a location in which a
cancer cell is generated, a blood vessel is newly formed,
which is called a new blood vessel, increasing blood vessel
density. The ultrasonic diagnostic system 10 can measure a
blood flow amount and a blood flow velocity to image a
result of measurement. A medical doctor can diagnose a
lesion, such as a malignant tumor (A malignant tumor will
be hereinafter also referred to as “cancer”.), by checking an
image captured by the ultrasonic diagnostic system 10. A
configuration of the ultrasonic diagnostic system 10 will
now be described herein with reference to FIG. 1.

[0038] As illustrated in FIG. 1, the ultrasonic diagnostic
system 10 includes a ring array R, a switch 110, a transmis-
sion/reception circuit 120, an operational circuit (an
example operator) 130, and an image display device 140.
[0039] The ring array R is a ring-shaped oscillator in
which a plurality of oscillators are combined. The ring array
R may have a diameter falling in a range from 80 to 500 mm
inclusive, advantageously, or a diameter falling in a range
from 100 to 300 mm inclusive, more advantageously. The
ring array R may otherwise have a variable diameter. The
embodiment uses, as an example, a ring-shaped oscillator
having a diameter of 200 mm, in which four concave
transducers P01 to P04 are combined. In this example, the
recessed surface type oscillators P01 to P04 each includes
256 rectangular piezo-electric elements (hereinafter also
simply referred to as “elements”.). The number of elements
configuring each of the oscillators is not limited, but may
range from 1 to 1000, advantageously, or from 100 to 500,
more advantageously. In the embodiment, the elements each
have a function for converting an electric signal into an
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ultrasonic wave signal, or vice versa. The elements each
transmit ultrasonic waves to the subject T, receive reflected
waves (Doppler signals) reflected from the subject T, and
form electric signals as reception data. In the embodiment,
the elements are described to each function as both a
transmission element that transmits ultrasonic waves and a
reception element that receives ultrasonic waves. However,
the elements are not limited to each have the functions. For
example, each element may be either a transmission element
or a reception element, and a plurality of transmission
elements and a plurality of reception elements may respec-
tively be disposed in a ring shape. For another example, the
configuration may be a combination of elements each func-
tioning as both a transmission element and a reception,
elements with transmission function only, and elements with
reception function only.

[0040] Although FIG. 1 only illustrates a partial view, the
recessed surface type oscillator P01 includes 256 elements,
ie., elements el to €128 and elements €897 to 1024, the
recessed surface type oscillator P02 includes 256 elements,
i.e., elements €129 to e384, the recessed surface type oscil-
lator P03 includes 256 elements, i.e., elements €385 to €640,
and the recessed surface type oscillator P04 includes 256
elements, i.e., elements €641 to €896. The elements el to
e1024 are disposed in a clockwise direction along the ring in
an ascending order of number around an insertion portion SP
evenly at an interval of approximately 0.352 degrees. Here-
inafter, positions of the elements are described as follows: a
position at which the element el is disposed is defined to 0
degrees, a clockwise range from the elements el to e512 is
defined to an angle range from 0 degrees to 180 degrees, and
a counterclockwise range from the elements el to €512 is
defined to an angle range from 0 degrees to —180 degrees.

[0041] At a center of the ring array R, the insertion portion
SP into which the subject T is to be inserted is provided. A
diameter is not limited, but may range from 70 to 490 mm,
advantageously, or may range from 90 to 290 mm, more
advantageously. In the embodiment, as an example, a diam-
eter of approximately 100 mm is specified. On an inner
circumference side of the ring array R, a convex lens called
an acoustic lens is attached. Such a surface-finishing on the
inner circumference side of the ring array allows R to
converge ultrasonic waves transmitted from the elements to
a plane including the ring array R. The number of elements
configuring the ring array R and a diameter are not limited
to the number and the diameter illustrated in FIG. 1. In the
example, the elements are disposed in a ring shape at even
intervals. However, the shape of the ring array R is not
limited to a circular shape, but may be a desired polygonal
shape, such as hexagonal shape, square shape, and triangular
shape. a shape at least partially including a curve or an arc,
or another desired shape, or a part of one of the aforemen-
tioned shapes (e.g., semicircle or arc), for example. In other
words, the ring array R may be generalized to “array R”. The
elements configuring the array R may be advantageously
disposed so as to intermittently surround the subject T in an
angle range of at least 90 degrees or greater. However, this
is merely an example. In the present invention, as long as the
elements each transmit and receive ultrasonic waves at
various angles toward and from a subject, the plurality of
elements may be at least disposed around the subject, and
may not be disposed to form a single array.

[0042] The ring array R is coupled to the transmission/
reception circuit 120 via the switch 110.
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[0043] The transmission/reception circuit 120 is config-
ured to transmit control signals (which are electric signals)
to the elements of the ring array R to control how ultrasonic
waves are transmitted and received. For example, the trans-
mission/reception circuit 120 sends, to the elements, instruc-
tions on a frequency, a magnitude, and a wave type (e.g.,
continuous wave and pulse wave) of ultrasonic waves to be
transmitted, as well as the number of pieces of reception data
to be collected from the elements, which will be used by the
operational circuit 130 to measure a blood flow amount and
ablood flow velocity (the number of pieces of reception data
to be collected, i.e., the number of transmissions/receptions
in a plurality of transmissions/receptions to be performed to
acquire a time-change component in data from a single
portion in a subject T for use in computation will be
hereinafter also referred to as “packet count™), described
later. In the embodiment, as an example, a packet count is
specified to eight, and the transmission/reception circuit 120
transmits a control signal driving 256 elements at a time.

[0044] The switch 110 is coupled to each of the 1024
elements of the ring array R, and is configured to convey a
signal sent from the transmission/reception circuit 120 to
desired elements to drive the elements. (An element that has
received a control signal will be hereinafter also referred to
as a “driven element”.) The switch 110 delivers a control
signal given by the transmission/reception circuit 120 to 256
elements to be driven, among the 1024 elements. The
ultrasonic diagnostic system 10 according to the embodi-
ment uses the switch 110 to sequentially switch driven
elements to be coupled to the transmission/reception circuit
120 to achieve driving of the 1024 elements configuring the
ring array R. It is advantageous that the switch 110 perform
switching at a speed in a smaller order of magnitude than a
several millisecond. The ultrasonic diagnostic system 10 can
therefore collect data in a near real-time manner.

[0045] The operational circuit 130 is configured to analyze
Doppler signals received by the elements to measure a flow
amount and a flow velocity of blood flow in the subject T.
The operational circuit 130 may use the measured flow
amount or the measured flow velocity to generate a tomo-
graphic image of the subject T. The image display device
140 is a monitor that displays a captured image generated by
the operational circuit 130.

[0046] FIG. 2 is a cross-sectional view of the ring array R
taken along the line A-A". As an example, the ring array R
is placed under a bed having an opening, so that the opening
of the bed and the insertion portion SP are aligned to each
other. A research subject inserts a portion of a body, for
which an image will be captured, via the opening of the bed,
into the insertion portion SP.

[0047] Upon the elements receive reception data by an
amount corresponding to a packet count specified in the
transmission/reception circuit 120, the ring array R moves
up or down in the directions shown by arrows in FIG. 2 to
change a focus position for transmission/reception and then
again receives reception data at an amount corresponding to
the packet count. By shifting the focus position and repeat-
ing scanning until reception data for an imaging view field
is collected as described above (moving the focus position to
collect reception data will be hereinafter also referred to as
“scan”), two-dimensional round-sliced images can be cap-
tured and created.
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[0048] Next, how the ultrasonic diagnostic system 10
according to the embodiment configured as described above
operates will now be described herein.

Blood Flow Amount Measurement Process

[0049] A blood flow amount measurement process pet-
formed by the ultrasonic diagnostic system 10 will now first
be described herein.

[0050] In here, measuring a blood flow amount by trans-
mitting and receiving ultrasonic waves using a wave trans-
mission/reception surface formed by all or approximately all
of the elements configuring the ring array R (hereinafter
referred to as “full aperture”) will now be described. The
transmission/reception circuit 120 according to the embodi-
ment is configured so that the number of elements that can
be controlled simultaneously is 256. When the switch 110
repeats four times driving of each of four groups of the
elements one by one, the ultrasonic diagnostic system 10 can
therefore collect reception data for the full aperture.
[0051] FIG. 3 schematically illustrates a waveform of
ultrasonic waves when the full aperture of the ring array R
is used. Ultrasonic waves transmitted from the elements
disposed at even intervals cancel out each other and con-
verge at a central point. By using data corresponding to the
full aperture of the ring array R, movements of the subject
T in any directions can be therefore detected, as well as an
image with higher resolution can be captured and created
because of a narrower width of a point response function.
[0052] The operational circuit 130 captures and creates an
image using Doppler signals received by the elements.
Specifically, the operational circuit 130 cross-correlates sig-
nals between packets to calculate an amount of change in
blood to measure a flow amount. When a flow amount is to
be calculated, a slow component corresponding to a body
motion velocity is removed from a detection velocity in a
packet, which is acquired from the cross-correlated signals
between the packets. A magnitude of a cross-correlation
value acquired by cutting the slow component is regarded as
a flow amount in a subject location and its spatial distribu-
tion 1s imaged.

[0053] For a flow amount, sufficiently beneficial informa-
tion can be acquired even if no information on a flow
direction is included. The operational circuit 130 can there-
fore present an image by combining the measured flow
amount and an estimation result on a flow velocity,
described later. An example of image presentation method
may be filtering an output in proportion to a magnitude of a
flow amount so as not to display components with a less flow
amount. When a filter having an output proportional to a
magnitude of a flow amount is to be applied to a result of
measurement on a flow velocity, aperture conditions appro-
priate for respective flow velocity measurements and flow
amount measurements can be used to alternately perform
measurements. In a flow amount measurement, by expand-
ing an aperture as much as possible, in other words, by
setting expanding distribution of elements to be used for
transmission or reception as wide as possible, a higher
spatial resolution can be achieved. On the other hand, as will
be described later in detail, in a flow velocity measurement,
measurements will be performed per vector component.
Anisotropy is thus required in a spatial distribution in
transmission/reception sensitivity, i.e., in a point response
function. It is therefore advantageous that an aperture be
limited, in other words, the width of element distribution
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used for transmission or reception are distributed be limited.
As a result, a collection of elements used for a flow velocity
measurement is a part of a collection of elements used for a
flow amount measurement. The number of elements used in
a flow velocity measurement is otherwise lesser than the
number of elements used in a flow amount measurement.
This does not mean that this condition is always achieved in
both transmission and reception, but means that, in either
transmission or reception, the number of elements used in a
flow amount measurement and the number of elements used
in a flow velocity measurement satisfy a size relationship or
a relationship of set and subset.

[0054] By using the full aperture of the ring array R,
movements in any directions can be detected. However, a
fact that movements in any directions can be detected means
that a direction of a blood flow cannot be identified in an
observation portion of the subject T. In the ultrasonic diag-
nostic system 10 according to the embodiment, when a flow
velocity is to be measured, the aperture is therefore limited
for measurement.

Blood Flow Velocity Measurement Process

[0055] Next, a blood flow velocity measurement process
will now be described herein. A conventional device that
measures a velocity vector using a Doppler signal can only
detect a movement in a direction in which ultrasonic waves
propagate, among velocity components of blood flows. To
solve this problem, the ultrasonic diagnostic system 10
according to the embodiment is configured to be able to
analyze Doppler signals reflected in two different directions,
to measure and compound velocity vectors in respective
directions, and to calculate a blood flow velocity. The
embodiment describes that Doppler signals in two directions
perpendicular to each other are analyzed. However, as long
as Doppler signals having reflection angles different from
each other are used for analysis, Doppler signals having
reflection angles perpendicular to each other may not be
necessary.

[0056] Methods for controlling elements to transmit and
receive ultrasonic waves in a flow velocity measurement
process may include methods according to first and second
configurations respectively, for example.

1. First Configuration

[0057] FIGS. 4A and 4B schematically illustrate how
ultrasonic waves are transmitted and received in a first
configuration. In the first configuration, the ultrasonic diag-
nostic system 10 transmits ultrasonic waves in a direction
D1 inclined at an angle of 45 degrees (which is an example
first angle), and receives Doppler signals in two directions to
each other, i.e., the two directions respectively inclined at
angles of 0 degrees (which is an example second angle) and
90 degrees (which is an example third angle) from the
central axis. In here, an angle refers to an angle between a
vector formed by connecting a center of a transmission
aperture and a focal point for transmission and a predefined
reference line (e.g., a straight line formed by connecting a
position between the elements e and e1024 and a center of
a circle).

[0058] FIG. 4A is a view schematically illustrating how
ultrasonic waves are transmitted in the direction D1 inclined
at an angle of 45 degrees and how Doppler signals are
received in the direction at the central axis angle of 0
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degrees. FIG. 4B is a view schematically illustrating how
ultrasonic waves are transmitted in the direction D1 inclined
at an angle of 45 degrees and how Doppler signals are
received in the direction at the central axis angle of 90
degrees.

[0059] An example process flow performed by the ultra-
sonic diagnostic system 10 in the first configuration will now
be described herein with reference to FIG. 5.

[0060] The transmission/reception circuit 120 generates,
in number corresponding to a packet count, control signals
for transmitting and receiving ultrasonic waves at a prede-
termined frequency. The switch 110 sequentially conveys
control signals to drive the elements el to 256 respectively
disposed at angles ranging from 0 to 90 degrees so that
ultrasonic waves transmitted from the elements simultane-
ously reach a center of the insertion portion SP. For example,
to allow ultrasonic waves to focus at a geometrical center
position, delay times for the elements el to €256 are all set
to 0 to convey control signals. In an order with which the
control signals are provided, driven elements sequentially
transmit ultrasonic waves (S101).

[0061] Next, the switch 110 conveys the control signals to
the elements €896 to €1024 and the elements el to e384
respectively disposed at angles ranging from -45 degrees to
135 degrees to cause the elements to sequentially repeat
transmissions and receptions so as to receive Doppler sig-
nals (S102). The Doppler signals are separated into two
groups for signal processing: the Doppler signals received
by the elements €896 to ¢1024 and the elements el to €128
respectively disposed at angles ranging from -45 degrees to
45 degrees and the Doppler signals received by the elements
€129 to e384 respectively disposed at angles ranging from
45 degrees to 135 degrees (S103). The term “separation” in
here denotes that signal processing for a particular element
group and signal processing for another element group are
separated and calculated in parallel. In the embodiment,
signal processing for the elements ¢896 to €1024 and the
elements el to €128 and signal processing for the elements
el29 to e384 are fully separated and calculated in parallel.
[0062] The processing of S101 to S103 are repeated until
the switch 110 finishes conveying the control signals to the
number corresponding to the packet count generated by the
transmission/reception circuit 120 to the elements (S104:
YES). Upon the reception data of the predetermined packet
count (in the embodiment, eight packets) is collected, the
operational circuit 130 performs a flow velocity calculation
process, which will be described later, to extract a phase
change, and calculates velocity vectors at angles of 0 and 90
degrees. The operational circuit 130 compounds the calcu-
lated velocity vectors at the angles of 0 and 90 degrees to
estimate blood flow velocities (S105).

[0063] If the imaging view field is not fully scanned
(8106: NO), a distribution of delay times to be applied to the
elements is changed to move focus positions at which the
elements transmit and receive ultrasonic waves (S107). The
processing of S101 to S107 are repeated until the imaging
view field is fully scanned (S106: YES). To capture a
three-dimensional image. the ring array R is further moved
up and down to repeat the steps described above.

[0064] In the above described control method according to
the first configuration, transmission elements and reception
elements used in a packet are switched, which may lead to
a noise when the switch 110 performs switching. On the
other hand, in the control method according to the first
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configuration, the transmission elements are fixed, and
therefore scanning can be performed without sacrificing a
frame rate (resolution).

[0065] As another applicable example for the control
method of Configuration 1, ultrasonic waves are transmitted
from a certain aperture (a portion that performs transmission
and reception in the array), and the ultrasonic waves are
received with a different aperture, then another ultrasonic
waves are transmitted from an aperture different from the
initial transmission, and then it received by the same aper-
ture as the initial reception. For example, ultrasonic waves
are transmitted at an aperture from —45 degrees to 45
degrees, received at an aperture of 0 to 90 degrees, then
transmitted at an aperture of 45 degrees to 135 degrees, and
again received at the aperture of 0 to 90 degrees. The
exemplary method may alternately repeat this process. In
this case, a single reception aperture is always used, and
accordingly, before one transmission waveform is fully
acquired, the other ultrasonic wave can be transmitted under
other transmission condition. Therefore, an image can be
captured promptly. An image can be captured further
promptly by setting apertures for transmission elements and
reception elements so that the transmission elements and the
reception elements do not overlap. This method can be
realized, for example, by transmitting ultrasonic waves from
an aperture having an angle range from 30 to 60 degrees,
receiving the ultrasonic waves by an aperture from 60 to 120
degrees, then transmitting another ultrasonic wave from an
aperture from the angle range from 60 to 120 degrees again.
[0066] FIGS. 9A to 9D show photos illustrating difference
in results of calculations of spatial distributions in sensitivity
according to a difference between reception apertures on
transmission and reception of Doppler signals.

[0067] FIGS. 9A and 9B are photos each illustrating a
spatial distribution (point response function) in sensitivity
when ultrasonic waves are transmitted in the direction D1 of
45 degrees, and Doppler signals are respectively received in
atwo directions at the central axis angles of 0 degrees (FIG.
9A) and 90 degrees (FIG. 9B). In this case, an angle formed
by a difference in inclinations of the point response functions
illustrated in FIGS. 9A and 9B does not reach 90 degrees.
[0068] On the other hand, FIGS. 9C and 9D are photos
each illustrating a spatial distribution (point response func-
tion) in sensitivity when ultrasonic waves are transmitted in
the direction D1 inclined at an angle of 45 degrees, and
Doppler signals are received in two directions respectively
perpendicular to the direction D1, i.e., the two directions
respectively having central axis at an angle of 135 degrees
(FIG. 9C) and -45 degrees (FIG. 9D). In this case, an angle
formed by a difference in inclinations of the point response
functions illustrated in FIGS. 9C and 9D is expanded to 90
degrees. Velocity vectors of blood flows in all directions can
therefore be captured in an image. As exemplified above, it
is advantageous that a reception position be set so as to allow
a difference in inclinations of point response functions to
form an angle of 90 degrees.

[0069] In a conventional Doppler imaging method, a
direction toward which ultrasonic waves propagate and a
direction used in a time sampling method for an analog-
digital converter match each other. In the present invention,
echo signals transmitted or received in a plurality of different
propagation directions are compounded in a state where a
direction of time axis sampling and each of the propagation
directions differ, and thus its cross-correlation makes it
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difficult to define a velocity on a time axis. To solve this
problem, in the present invention, it is advantageous that a
unique direction of a time axis be set per observation point,
and acquired reception echo data be rearranged by taking
into account positions of transmission and reception ele-
ments so as to arrange the data on the time axis.

2. Second Configuration

[0070] FIGS. 6A and 6B schematically illustrate example
transmissions and receptions of ultrasonic waves in a second
configuration. In the second configuration, for example, the
ultrasonic diagnostic system 10 transmits and receives ultra-
sonic waves in the direction D1 inclined at an angle of 45
degrees, and then transmits and receives ultrasonic waves in
a direction D2 inclined at an angle of 135 degrees. FIG. 6A
is a view schematically illustrating how ultrasonic waves are
transmitted in the direction D1 inclined at an angle of 45
degrees, and how Doppler signals are received at a central
axis angle of 45 degrees. FIG. 6B is a view schematically
illustrating how ultrasonic waves are transmitted in the
direction D2 inclined at the angle of 135 degrees, and how
Doppler signals are received in a direction inclined at a
central axis angle of 135 degrees.

[0071] An example process flow performed by the ultra-
sonic diagnostic system 10 in the second configuration will
now be described herein with reference to FIG. 7.

[0072] The transmission/reception circuit 120 generates,
in number corresponding to a packet count, control signals
for transmitting and receiving ultrasonic waves at a prede-
termined frequency. The switch 110 sequentially conveys
the control signals to drive the elements el to 256 respec-
tively disposed at angles ranging from 0 to 90 degrees so that
ultrasonic waves transmitted from the elements simultane-
ously reach the center of the insertion portion SP. Specifi-
cally, a delay time set based on a value acquired by dividing
a distance from a transmission focus position to an element
position with an estimated sound velocity is used to convey
the control signals. In an order with which the control
signals are provided, driven elements sequentially transmit
ultrasonic waves (8201). The switch 110 further conveys a
control signal to the elements el to 256 respectively dis-
posed at the angles ranging from 0 to 90 degrees to cause the
elements to receive Doppler signals (S202).

[0073] Upon the reception of the Doppler signals com-
pletes, the switch 110 sequentially conveys the control
signals to drive the elements €257 to 512 respectively
disposed at angles ranging from 90 to 180 degrees so that
ultrasonic waves transmitted from the elements simultane-
ously reach the center of the insertion portion SP. Specifi-
cally, a delay time set based on a value acquired by dividing
a distance from a transmission focus position to an element
position with an estimated sound velocity is used to convey
the control signals. In an order with which the control
signals are provided, driven elements sequentially transmit
ultrasonic waves (S203). The switch 110 further convey the
control signals to the elements €257 to 512 respectively
disposed at the angles ranging from 90 to 180 degrees to
cause the elements to receive Doppler signals (S204).

[0074] The processing of S201 to S204 are repeated until
the switch 110 finishes conveying the control signals to the
number corresponding to the packet count generated by the
transmission/reception circuit 120 to the elements (S205:
YES).
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[0075] Upon the reception data of the predetermined
packet count (in the embodiment, eight packets) is collected,
the operational circuit 130 performs a flow velocity calcu-
lation process, described later, to extract a phase change to
calculate velocity vectors at angles of 45 degrees and 135
degrees. The operational circuit 130 compounds the calcu-
lated velocity vectors at the angles of 45 degrees and 135
degrees to estimate a blood flow velocity (S206). If the
imaging view field is not fully scanned (S208: NO), the ring
array R 1s moved up and down to move focus positions at
which the elements transmit and receive ultrasonic waves
(5207). S201 to S208 are repeated until the imaging view
field is fully scanned (S208: YES).

[0076] Inthe above described control method according to
the second configuration, transmission elements and recep-
tion elements used are not switched within a packet, which
may reduce the occurrence of noise due to a switch pro-
cessing. On the other hand, required switching of the trans-
mission elements and performing of transmissions twice
may lower a frame rate (resolution) in a captured image.

[0077] Inthe above described case, apertures are narrowed
for both transmission and reception by limiting both ele-
ments used to transmit and receive ultrasonic waves to
achieve an appropriate focus. However, another applicable
method is a high-speed imaging method in which no beam
(aperture) in transmitting ultrasonic waves is narrowed in
transmitting ultrasonic waves, but a plurality of different
locations are focused simultaneously in receiving ultrasonic
waves. For example, by increasing a width of a transmission
beam approximately ten times of a width of a reception
beam, and forming ten reception beams within the width, a
total imaging time can be reduced by ten times. More
specifically, since a width of a transmission beam and a
width of a reception beam respectively are in reverse pro-
portion to a width of an aperture, the number of elements
used for transmission may be reduced to one tenth of the
number of elements used for reception to increase a width of
a transmission beam ten times of a width of a reception
beam. In Doppler imaging, an increase in speed of imaging
allows designing of a body motion removal filter with
sharper cut-off capability, achieving rendering of a flow of
blood flowing at a slow velocity that is approximately
identical to a velocity of a body motion.

[0078] In 1. and 2. above, the specific configuration
examples are described. However, the present invention,
which is capable of calculating a velocity vector by per-
forming vector composition by using Doppler signals
respectively received by elements positioned at different
angles relative to a subject, may also be configured as
described below. That is, the present invention provides an
ultrasonic diagnostic system including a plurality of ele-
ments, a controller, and an operator. The plurality of ele-
ments is disposed around a subject, and is configured to
transmit and/or receive ultrasonic waves. The controller is
configured to control the plurality of elements so that
elements configuring a part of the plurality of elements
transmit ultrasonic waves toward a diagnosis target in the
subject, and reflected waves of the ultrasonic waves, which
are reflected from the diagnosis target, are received by two
or more elements disposed in regions where angles of
reflection from the diagnosis target differ from each other.
The operator is configured to calculate a velocity vector of
the diagnosis target using the reflected waves respectively
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received by the two or more elements. An example of a
specific system control method may be identical to the above
described 1. or 2.

[0079] The present invention, which is capable of radiat-
ing ultrasonic waves from elements disposed at two loca-
tions toward a subject, of receiving reflected waves of the
ultrasonic waves by the elements disposed at the two loca-
tions, of performing vector composition using Doppler
signals respectively received by the elements disposed at the
two locations, and of calculating a velocity vector, may be
configured as described below. That is, the present invention
provides an ultrasonic diagnostic system including a plural-
ity of elements, a controller, and an operator. The areplu-
rality of elements is disposed around a subject. and is
configured to transmit and/or receive ultrasonic waves. The
controller is configured to control the plurality of elements
so that elements disposed in a first region, among the
plurality of elements, transmit first ultrasonic waves toward
a diagnosis target in the subject, the elements disposed in the
first region receive reflected waves of the first ultrasonic
waves, which are reflected from the diagnosis target, ele-
ments disposed in a second region, among the plurality of
elements, transmit second ultrasonic waves toward the diag-
nosis target, and the elements disposed in the second region
receive reflected waves of the second ultrasonic waves,
which are reflected from the diagnosis target. The operator
is configured to calculate a velocity vector of the diagnosis
target using the reflected waves of the first and second
ultrasonic waves. An example of a specific system control
method may be identical to the above described 1. or 2.

3. Flow Velocity Calculation Process

[0080] Next, a flow velocity calculation process per-
formed by the operational circuit 130 will now be described
herein.

[0081] The operational circuit 130 uses received Doppler
signals to analyze a velocity vector of a blood flow. FIG. 8A
illustrates waveforms of Doppler signals corresponding to
eight packets received by reception elements. A horizontal
axis of the graph illustrated in FIG. 8A shows a relative
elapsed time after elements have transmitted ultrasonic
waves in each of the packets. In the graph illustrated in FIG.
8B, amplitudes of the Doppler signals corresponding to the
packets shown in FIG. 8A in a standard time are plotted.
Since a sound can be represented in a waveform of a sine
function, a change in phase in the standard time among the
packets (an inclination of the graph illustrated in FIG. 8B)
represents a velocity of a blood flow.

[0082] The operational circuit 130 uses a velocity calcu-
lated from the graph illustrated in FIG. 8B and directions
from which the elements have received the Doppler signals
to calculate a velocity vector per each of the directions from
which the elements have received the Doppler signals. By
compounding the calculated velocity vectors, velocity vec-
tors of blood flows can be estimated.

[0083] As described above, the ultrasonic diagnostic sys-
tem 10 according to the embodiment can measure a flow
velocity regardless of which direction blood flows.

[0084] One of major benefits of the present invention is,
when a blood flow can be measured with a vector, a novel
body motion removal filter, described later in detail, can be
constructed to achieve a visualized distribution of slow
blood flows. Visualizing of slow blood flows leads to a
higher possibility of rendering new tumor blood vessels
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around a tumor, improving tumor detection sensitivity and
increasing information used to judge the tumor.

[0085] In aconventional Doppler method with which only
a velocity component in a direction in which ultrasonic
waves propagate is detected, a velocity range filter is used to
separate blood flows and a movement of body tissue due to
breathing and beating, for example. In the conventional
method, a movement at a velocity below a threshold is
regarded as a body motion, and thus is removed from a blood
flow signal, while only a movement at a velocity above the
threshold is indicated as a blood flow signal. In the above
described conventional method, therefore, blood flow com-
ponents at a velocity below a set threshold are all removed.
On the other hand, the ultrasonic diagnostic system 10
according to the example keeps a vector component as a
signal, and therefore, even when a body motion and a slow
blood flow have identical velocities, as long as they move in
a direction different from each other, the body motion and
the slow blood flow can be separated.

[0086] FIG. 10 shows schematic views of a process of
separating slow blood flows and a body motion to retrieving
only the slow blood flows. In FIG. 10, solid line arrows
represent velocity vectors of a body motion, while dotted
line arrows represent velocity vectors of slow blood flows.
[0087] FIG. 10(a) illustrates a distribution of velocity
vectors of a body motion and blood flows. The operational
circuit 130 detects a direction of the body motion from the
velocity vectors of the body motion. Next, the operational
circuit 130 decompounds the velocity vectors of the blood
flows into components parallel to the direction of the
detected body motion and components perpendicular thereto
(FIGS. 10(?), (¢)-1, and (¢)-2). From the components par-
allel to the direction of the body motion among decom-
pounded components of velocity vectors of slow blood
flows, velocity vectors of the slow blood flow falling within
a velocity range in which the body motion component is
present are removed (FIGS. 10(d) and (¢)).

[0088] FIG. 10(f) illustrates a state in which the vectors
related to the blood flows are distributed again after remov-
ing the slow blood flows having velocities that are identical
to the velocity of the body motion. FIG. 10(f)-1 illustrates
the component parallel to the body motion, while FIG.
10(f)-2 illustrates components perpendicular to the body
motion. By compounding the components illustrated in (f)-1
and ()-2 in FIG. 10, velocity vectors of slow blood flows,
from which the body motion is removed, can be acquired
(FIG. 10(g)). As described above, the ultrasonic diagnostic
system 10 according to the embodiment can separate and
handle a body motion and slow blood flows when vectors of
the body motion and the slow blood flows face different
directions. In addition, the ultrasonic diagnostic system 10
according to the embodiment does not filter slow-blood
flow-directing components in a different direction from the
body movement, and thus it can store more slow blood flow
signals.

[0089] A method for setting a velocity cut-off value to
remove a body motion can be achieved as described below.
As illustrated in FIG. 10(a), a body motion has same vectors
acting across a wide range, while a blood flow has vectors
that differs per location. In particular, a slow blood flow,
which is discussed in here, is a flow of blood that flows into
a narrower blood vessel, and thus that has a velocity vector
that changes greatly per location as the blood vessel changes
its running direction per the location. By utilizing this
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feature, spatially-common velocity vector components are
regarded as a body motion, while a velocity vector compo-
nent that is less spatially related to other locations is
regarded as a blood flow, to set a cut-off value that can
effectively separate them.

[0090] FIG. 11 is a schematic view of a Doppler image
compounding process As illustrated in FIG. 11, compound-
ing Doppler images captured from multiple directions can
prevent such a phenomenon that a structure of a blood vessel
is intermittently visualized depending on the blood stream
direction, which happen in capturing an image relying on a
single direction.

[0091] The process illustrated in FIG. 11 is a method
developed from a method for performing composition (com-
pounding) of images (e.g., tomographic images) captured by
transmitting and receiving ultrasonic waves in a plurality of
different directions set so as to surround a target region to be
imaged in ordinary ultrasonic wave tomographic imaging.
Compounding images in tomographic imaging can reduce
effects of angular dependency in reflection ratios of bound-
ary faces and scatterers present in an object.

4. Another Body Motion Removal Method
(Singular Value Decomposition)

[0092] In the above 1. to 3., examples each including a
step of estimating velocities in two directions, and a step of
separating a body motion and blood flows per velocity
component to remove the body motion are described. A
method for removing a body motion by simultaneously
using pieces of information on two directions from move-
ments including a body motion and blood flows will now be
described hereunder.

[0093] How to change a control method for acquiring
signals to increase flexibility in signal processing will now
first be described herein. In the above 1. to 3., the examples
have used a method in which an imaging region is spatially
divided, ultrasonic waves are focused on each of the divided
regions and transmitted (S107 in FIG. 5 and S207 in FIG. 7),
and then transmitting and receiving ultrasonic waves are
repeated toward and from a predetermined transmission
focal point until a predetermined packet count (approxi-
mately eight to ten: S104 in FIG. 5 and S205 in FIG. 7) is
satisfied. As for dynamic imaging of a spatial distribution of
blood flows, an imaging velocity is approximately in reverse
proportion to a product of a spatial division count (the
number of focus positions for transmission) and a packet
count (The term “approximately” implies that there may be
a case where packets under different transmission conditions
can be inserted between one another. In this case, a mea-
surement can be performed at an imaging rate greater than
an inverse number of a product of a spatial division count
and a packet count).

[0094] Increasing a packet count usually improves flex-
ibility in designing a signal processing method. One method
for increasing a packet count without changing a total
imaging time is to reduce a spatial division count. A reduc-
tion in both the numbers of focus points for transmission and
reception leads to a reduced spatial resolution. However, as
for a reception focal point, signal processing on a plurality
of different focus positions for reception can be performed
in parallel. Thus, a packet count can be increased by
expanding a region into which a transmission beam focuses
to reduce a spatial division count with respect to a trans-
mission focus, while keeping a spatial division count with
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respect to a reception focus maintained. Specifically, for a
packet count, a value ranging approximately 64 to 512 is
used, for example. In this process, the control flows in FIGS.
5 and 7 without the processing of S107 and S207 respec-
tively removed are applied.

[0095] By increasing a packet count as described above
and combining two dimensions of space and one dimension
of time, acquired may be a total of three-dimensional data
including a component of body motion and components of
blood flows in a body tissue. The body motion removal
method according to the present invention performs a matrix
operation on the acquired three-dimensional data to separate
a feature of the body motion and features of the blood flows
to remove only the component of the body motion. There are
various matrix operation methods that are aimed to process
two-dimensional matrices. To utilize such conventional
knowledge, it is advantageous that total of three-dimen-
sional data be compressed to two-dimensional data.

[0096] A method for compressing the two kinds of three-
dimensional data described above to a single two-dimen-
sional data will now be described herein with reference to
FIG. 12. The above described three-dimensional data in total
in which two dimensions of space and one dimension of time
are combined consists of vector information on components
in two directions. In other words, it is required that two kinds
of three-dimensional data be compressed to a single two-
dimensional data. As an example first step for this purpose,
as illustrated in F1G. 12, a method called Casorati matrix (for
details, see IEEE Trans. Ultrason. Ferr. Freq. Contrl., vol. 34
No. 11 pp. 2271-2285, 2015.) is used. When a propagation
direction of ultrasonic waves is specified to a direction x, for
example, a pixel space xy is divided into columns in the
direction x and rearranged one by one to convert the data
into one-dimensional data of xy row x 1 column. Then, a
two-dimensional matrix is configured with the newly-
formed one dimension of space in which the space xy is
contracted and one dimension of time. Here, the space is
converted into one dimension in order to make tracking of
a time-change component of each pixel easier. Also, the
space is divided into columns one by one in the direction x
in order to detect a movement in the direction x with higher
sensitivity because a spatial gradient of a phase of a point
response function in the direction x is steep. (When a space
is divided into columns one by one in a direction y, a
discontinuous movement is found in a Casorati matrix,
which is disadvantageous when performing eigen value
decomposition.)

[0097] Next, another feature of the present invention, i.e.,
an operation of combining, into a single matrix, two kinds of
Casorati matrices in two arbitrary directions of a direction A
((1) in FIG. 12A) and a direction B ((1) in FIG. 12A) and
((2) in FIG. 12A) respectively, for example, will now be
described herein with reference to a plurality of examples.
[0098] 1. By reducing anisotropy in point response func-
tion (FIG. 3), an echo signal is allowed to include movement
components in two directions to configure a two-dimen-
sional Casorati matrix of single space versus time.

[0099] 2. By coupling two two-dimensional Casorati
matrices of direction A versus time and direction B versus
time in a space dimension direction (a longitudinal direction
shown in FIG. 12B), a single Casorati matrix is formed, as
illustrated in FIG. 12B. (For an alternative minor arrange-
ment to this method, a rearrangement method in which the
direction A and the direction B are alternately arranged may
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be used instead of arranging the direction A and the direction
B at an upper half part and a lower half part, respectively, as
illustrated in FIG. 12B, for example.)

[0100] For separation of a body motion and blood flows
included in a two-dimensional Casorati matrix formed with
one of the above described methods, various methods
widely used in the field of principal component analysis,
such as, for example, singular value decomposition on
covariance matrix in Casorati matrix and non-negative
matrix factorization, can be applied.

[0101] An example in which singular value decomposition
on covariance matrix in Casorati matrix is used will now be
described herein. The operational circuit 130 creates a
plurality of images as time elapses. The operational circuit
130 converts the plurality of created images (three-dimen-
sional data consisting of pixel x, pixel y, and time t) into a
two-dimensional matrix (hereinafter also referred to as “data
S”.) having a pixel component (xy: spatial distribution) in a
vertical direction and a time component (t: time distribution)
in a horizontal direction. In other words, after converted,
data of a single image is represented by a vector of single
row.

[0102] Next, the operational circuit 130 performs singular
value decomposition on the data S to calculate a singular
value matrix. The operational circuit 130 uses the calculated
singular value matrix to further calculate eigen values Ai of
covariance matrices SS* and S*S in the data S and then to
calculate an eigen vector ui with respect to the eigen value
A of the covariance matrix SS* and an eigen vector vi with
respect to the eigen value Al of the covariance matrix S*S.
The symbol “S*” represents a transposed matrix of S. At this
time, it can be regarded that the eigen vector ui represents a
component in a spatial distribution of the data 5, while the
eigen vector vi represents a time change in the spatial
distribution of the data S. In the eigen vectors ui and vi, a
respective component with Ai having a greater value (i.e.,
value i=around 1) has characteristics of greater signal
strength and higher coherence. The characteristics are simi-
lar to features of a signal from body tissue motion. It can
therefore be regarded that removing a component with Ai
having a greater value from the data S enables to remove a
signal from body tissue motion. As for a component with Al
having a greater value, which will be removed, the range of
possible value of i can be set from at least 1 to to a desired
value but no less than 1.

[0103] In the embodiment, by performing singular value
decomposition on a compounded image as illustrated in
FIG. 11, a body motion can further effectively be removed.
[0104] FIGS. 12A and 12B show schematic views of a
body motion removal method according to the embodiment.
[0105] FIG. 12A schematically illustrates a plurality of
images captured per predetermined time in the direction A,
and a plurality of images captured per predetermined time in
the direction B. When images are captured in two directions
as described above, a body motion component can be
removed by performing singular value decomposition on
each of the images captured in the two directions.

[0106] On the other hand, in the body motion removal
method illustrated in FI1G. 12, images captured by sequen-
tially transmitting and receiving Doppler signals in a plu-
rality of directions are used to create vector data correspond-
ing to a single column in the data S described above.
Specifically, in the example shown in FIG. 12B, an image
acquired from Doppler signals transmitted and received in
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the direction A at a time t (n X, n,y, t) and an image acquired
from Doppler signals transmitted and received in the direc-
tion B within a predetermined time At from the time t when
the Doppler signals are transmitted and received in the
direction A (ngx, ngy, t+At) are regarded as images acquired
from signals transmitted and received at an identical time to
generate vector data corresponding to a single column in the
data S (n xxn, y+nzxxngy). By generating a plurality of
pieces of such the vector data as time elapses, as described
above, the data S having a time component formed with a
plurality of columns arranged in the horizontal direction is
formed. The operational circuit 130 performs singular value
decomposition on the matrix data S. Information on a body
motion, which cannot be acquired using only an image
captured in a single direction, can therefore be acquired, and
a body motion component can further effectively be
removed.

[0107] An example of a bidirectional component has been
described. Taking into account features of a ring array,
utilizing information on components in three or more direc-
tions, as illustrated in FIG. 11, is also beneficial. In particu-
lar, when capturing an image of a slow blood flow, an
imaging velocity is less restricted, and thus a more number
of frames can be acquired. By receiving ultrasonic waves in
three or more directions, and rearranging Casorati matrices
in the three or more directions into a single Casorati matrix,
a process similar to the methods described above can be
applied.

[0108] How the method for extracting components of
blood flows by removing a body motion from echo compo-
nents in two directions perpendicular to each other, as
described above, is effective will now be described herein
with reference to FIGS. 13 to 15 showing specific calcula-
tion results. First, for a calculation model, simulated body
motions and simulated blood flows are given to a scatterer
distribution, and then a two-dimensional convolution opera-
tion for point response functions for acquiring ultrasonic
echo signals is applied thereto.

[0109] The point response functions consist of a point
response function corresponding to the direction A and a
point response function corresponding to the direction B (a
pair of shapes shown in FIGS. 4 and 6 can be acquired for
the both functions). FIG. 13 is a photo of a result when
spatial distribution data corresponding to 128 frames in
which simulated body motions and simulated blood flows
are given to a scatterer distribution is projected in a time
direction. In here, for description purpose, the number of
scatterers for simulating body motions is specified to a value
of two to the sixth power, as well as the number of scatterers
for simulating blood flows is specified to a value of two to
the sixth power, and respective brightness ratios are speci-
fied to 1 for visualization. However, in actual calculations
described below, the number of scatterers for simulating
body motions is specified to a value of two to the twelfth
power, as well as the number of scatterers for simulating
movements of blood flows is specified to a value of two to
the tenth power, so that brightness of blood corpuscles is
reduced to one tenth of brightness of body tissue. The
simulated blood is allowed to flow in an annular shape in an
imaging surface, while the simulated body motion is applied
so that the body motion changes in velocity in line with a
sine wave in a single direction (128 frames represent one
cycle. An amplitude is 40 times a pixel interval in a pixel
space.)
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[0110] FIGS. 14 and 15 illustrate the results of displaying
blood flow images through a method according to compara-
tive examples. FIG. 14 illustrates a result when a conven-
tional method wherein a Butterworth filter is applied in a
frequency space is used to remove a body motion in the
respective directions A and B to display blood flow images.
As illustrated in FIG. 14, it can be confirmed that no blood
flow information is displayed at all. Next, FIG. 15 illustrates
a result when singular value decomposition is performed per
direction (in here, the directions A and B), as a method that
can easily be conceived from the conventional method. In
this result, it can be understood that, although annular blood
flows are respectively rendered, the images are significantly
affected by the body motion, resulting in heavily blurred
circles.

[0111] FIG. 16 shows the result of displaying blood flow
images through a body motion removal method according to
the embodiment. From FIG. 16, it can be confirmed that,
with the body motion removal method according to the
embodiment, only blood flow signals can be extracted
without any blur due to a body motion. Even in the case
shown in FIG. 15, if a shape of a spatial distribution of blood
flows is known beforehand, the blood flows can be identified
from an image blurred by a body motion. In a clinical site,
however, it can not know a spatial distribution of blood
flows beforehand, and therefore separating true information
from a blurred image is difficult. The method illustrated in
FIG. 16 is therefore advantageous.

[0112] As described above, the body motion removal
method described in 3 is a method for calculating a velocity
vector by focusing on a point configuring a pixel or one
compartment of a separated space. On the other hand, the
body motion removal method described in 4 is a method for
performing a process which focuses on a spatial distribution
of components in two directions by combining two images
captured using point response functions of directions differ-
ent from each other to form a matrix to perform a body
motion removal process. The respective methods will now
be described herein in detail with reference to FIGS. 17A
and 17B.

[0113] FIG. 17A corresponds to the body motion removal
method described in the above 3. A line segment connecting
a central point of a transmission/reception aperture (which
may be an average value of coordinates xy of elements at
both ends of the aperture or a center of gravity, for example)
and a focus point is regarded as a vector component to be
measured. In either transmission or reception, or both trans-
mission and reception, the aperture is configured so that
ultrasonic waves focus on the focal point. Since an image
includes a plurality of focus points, a tomographic image is
captured by performing focus point scans so that the focus
points are distributed across a space.

[0114] On the other hand, FIG. 17B corresponds to the
body motion removal method described in 4. By narrowing
a transmission aperture, no focal point is formed in trans-
mission. In reception, by combining parallel processing
corresponding to a plurality of focus points for reception, an
image of a plurality of observation points can therefore be
captured at a time. By setting transmission apertures at two
different positions on the ring, two images of point response
functions in different directions can be captured. (In this
case, an inclination of a line segment connecting each of the
focus points and the central point of the aperture is not
constant in a precise sense. As a result, rotation angles of the
point response functions also differ from each other in the
figure in a precise sense. In here, however, a schematic view
in which the inclination and the rotation angles are approxi-

Jul. 26,2018

mately constant is used for description.) As described above,
a body motion is removed by capturing two (or more)
images, by compounding the images, by calculating cova-
riance matrices in Casorati matrices, and by performing
singular value decomposition.

[0115] The following describes the reasons of why it is
preferable that an operation of transmission and an operation
of reception are asymmetry, such that, in transmission, an
aperture is narrowed to blur a focus, while, in reception, the
aperture is expanded to focus on each reception focus point.
As for transmission of ultrasonic waves, once the ultrasonic
waves are transmitted, changing a transmission condition
becomes difficult after echo data is acquired. A narrowed
aperture therefore is required to deliver energy over an entire
imaging area in single transmission. As for reception, as
long as echo data is kept maintained with information on
reception element numbers, data on a plurality of different
focus points for reception can be processed simultaneously.
A difference in feature between transmission and reception,
as described above, leads to such asymmetric operations.
[0116] In the method illustrated in FIG. 17B, capturing an
image at higher spatial resolution or contrast resolution by
compounding echo signals or by imaging data acquired in a
plurality of times under different transmission aperture con-
ditions is also advantageous. In such a case, a sum of sets of
elements configuring at least one or a plurality of apertures
used to capture a single image is referred to as “region”. In
acquiring data in the directions A and B, as described above,
asum of sets of apertures is set so that regions do not overlap
each other.

Other Embodiments

[0117] The embodiment of the present invention has been
described above. The present invention is not, however,
limited to the embodiment, but variously modified and
altered based on the technical idea of the present invention.
[0118] In the above described embodiment, the elements
transmit pulse Doppler ultrasonic waves, and the elements
each function as both a transmission element and a reception
element. However, this is merely an example. For example,
the elements may transmit continuous wave Doppler ultra-
sonic waves. In this case, it is advantageous that transmis-
sion elements and reception elements be separate elements.
[0119] For example, the ultrasonic diagnostic system 10
may perform scanning in an imaging view field by alter-
nately performing a packet used to measure a blood flow
amount (in which ultrasonic waves are transmitted and
received in a full aperture) and a packet used to measure a
flow velocity (in which ultrasonic waves are transmitted and
received in a restricted aperture).

[0120] Obviously, numerous modifications and variations
of the present invention are possible in light of the above
teachings. It is therefore to be understood that within the
scope of the appended claims, the present invention may be
practiced otherwise than as specifically described herein.

What is claimed is:

1. An ultrasonic diagnostic system comprising:

a plurality of elements disposed around a subject, the
plurality of elements being configured to transmit and/
or receive ultrasonic waves;

a controller configured to control the plurality of elements
so that at least some of elements disposed in a first
region, among the plurality of elements, transmit ultra-
sonic waves at a first angle to a diagnosis target in the
subject, at least some of elements disposed in a second
region, among the plurality of elements, receive
reflected waves of the ultrasonic waves, the reflected
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waves being reflected from the diagnosis target at a
second angle, and at least some of elements disposed in
a third region, among the plurality of elements, receive
reflected waves of the ultrasonic waves, the reflected
waves being reflected from the diagnosis target at a
third angle distinct from the second angle; and

an operator configured to calculate a velocity vector of the
diagnosis target using the reflected waves received by
the at least some of the elements disposed in the second
region and the reflected waves received by the at least
some of the elements disposed in the third region.

2. An ultrasonic diagnostic system comprising:

a plurality of elements disposed around a subject, the
plurality of elements being configured to transmit and/
or receive ultrasonic waves;

a controller configured to control the plurality of elements
so that at least some of elements disposed in a first
region, among the plurality of elements, transmit first
ultrasonic waves at a first angle toward a diagnosis
target in the subject, the at least some of the elements
disposed in the first region, among the plurality of
elements, receive reflected waves of the first ultrasonic
waves, the reflected waves being reflected from the
diagnosis target at the first angle, at least some of
elements disposed in a second region, among the plu-
rality of elements, transmit second ultrasonic waves at
a second angle toward the diagnosis target, and the at
least some of the elements disposed in the second
region, among the plurality of elements, receive
reflected waves of the second ultrasonic waves, the
reflected waves being reflected from the diagnosis
target at the second angle; and

an operator configured to calculate a velocity vector of the
diagnosis target using the reflected waves received by
the at least some of the elements disposed in the first
region and the reflected waves received by the at least
some of the elements disposed in the second region.

3. The ultrasonic diagnostic system according to claim 1,

wherein the operator has a mode for measuring a velocity
vector and a mode for measuring a flow amount, in
measuring a velocity of a fluid flowing into the diag-
nosis target, and

wherein the plurality of elements includes a first range in
which elements that transmit the ultrasonic waves in
the mode for measuring a velocity vector are distrib-
uted, a second range in which elements that receive the
ultrasonic waves transmitted in the mode for measuring
a velocity vector are distributed, a third range in which
elements that transmit the ultrasonic waves in the mode
for measuring a flow amount are distributed, and a
fourth region in which elements that receive the ultra-
sonic waves transmitted in the mode for measuring a
flow amount are distributed, the first range being nar-
rower than the third range or the second range being
narrower than the fourth range.

4. The ultrasonic diagnostic system according to claim 3,
wherein the operator comprises a body motion removal filter
configured to set, in the mode for measuring a velocity
vector, a cut-off value that is different in each velocity
component in the velocity vector.

5. An ultrasonic diagnostic system comprising:

a plurality of elements disposed around a subject, the
plurality of elements being configured to transmit and/
or receive ultrasonic waves;

a controller configured to control the plurality of elements
so that at least some of elements disposed in a first
region, among the plurality of elements, receive
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reflected waves of first ultrasonic waves, the reflected
waves being reflected from a diagnosis target in the
subject, and at least some of elements disposed in a
second region, among the plurality of elements, receive
reflected waves of second ultrasonic waves, the
reflected waves being reflected from the diagnosis
target; and

an operator configured to capture a first image using the
reflected waves of the first ultrasonic waves, the
reflected waves being received by the at least some of
the elements disposed in the first region, to capture a
second image using the reflected waves of the second
ultrasonic waves, the reflected waves being received by
the at least some of the elements disposed in the second
region, to calculate two matrices for the respective first
and second images in each of which vectors formed by
rearranging the image are rearranged in a time direc-
tion, to calculate a third matrix in which the two
matrices are arranged in a direction perpendicular to the
time direction, and to extract information on blood
flows in the diagnosis target from the third matrix.

6. An ultrasonic diagnostic system comprising:

a plurality of elements disposed around a subject, the
plurality of elements being configured to transmit and/
or receive ultrasonic waves;

a controller configured to control the plurality of elements
so that at least elements disposed in a first region,
among the plurality of elements, transmit first ultra-
sonic waves toward a diagnosis target in the subject,
and at least elements disposed in a second region,
among the plurality of elements, transmit second ultra-
sonic waves toward the diagnosis target; and

an operator configured to capture a first image using
reflected waves of the first ultrasonic waves transmitted
from the elements disposed in the first region, to
capture a second image using reflected waves of the
second ultrasonic waves transmitted from the elements
disposed in the second region, to calculate two matrices
for the respective first and second images in each of
which vectors formed by rearranging the image are
rearranged in a time direction, to calculate a third
matrix in which the two matrices are arranged in a
direction petpendicular to the time direction, and to
extract information on blood flows in the diagnosis
target from the third matrix.

7. The ultrasonic diagnostic system according to claim 5,
wherein the operator comprises a filter configured to sepa-
rate, from the third matrix, a body motion and blood flows
to remove the body motion.

8. The ultrasonic diagnostic system according to claim 7,
wherein the filter configured to remove the body motion is
singular value decomposition or eigen value decomposition.

9. The ultrasonic diagnostic system according to claim 1,
wherein the operator sets, when receiving the reflected
waves, an independent time axis setting per a reception
focus, and uses, in calculating a cross-correlation between
signals acquired at different time phases, the independent
time axis as an axis for calculating the cross-correlation.

10. An ultrasonic diagnostic method performed by using
a diagnostic device that comprises a plurality of elements
disposed around a subject, the plurality of elements being
configured to transmit and/or receive ultrasonic waves, the
ultrasonic diagnostic method comprising:

controlling the plurality of elements so that at least some
of elements disposed in a first region, among the
plurality of elements, transmit ultrasonic waves at a
first angle to a diagnosis target in the subject, at least
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some of elements disposed in a second region, among
the plurality of elements, receive reflected waves of the
ultrasonic waves, the reflected waves being reflected
from the diagnosis target at a second angle, and at least
some of elements disposed in a third region, among the
plurality of elements, receive reflected waves of the
ultrasonic waves, the reflected waves being reflected
from the diagnosis target at a third angle distinct from
the second angle; and

calculating a velocity vector of the diagnosis target using
the reflected waves received by the at least some of the
elements disposed in the second region and the
reflected waves received by the at least some of the
elements disposed in the third region.

11. An ultrasonic diagnostic method performed by using
a diagnostic device that comprises a plurality of elements
disposed around a subject, the plurality of elements being
configured to transmit and/or receive ultrasonic waves, the
ultrasonic diagnostic method comprising:

controlling the plurality of elements so that at least some
of elements disposed in a first region, among the
plurality of elements, transmit first ultrasonic waves at
a first angle toward a diagnosis target in the subject, the
at least some of the elements disposed in the first
region, among the plurality of elements, receive
reflected waves of the first ultrasonic waves, the
reflected waves being reflected from the diagnosis
target at the first angle, at least some of elements
disposed in a second region, among the plurality of
elements, transmit second ultrasonic waves at a second
angle toward the diagnosis target, and the at least some
of the elements disposed in the second region, among
the plurality of elements, receive reflected waves of the
second ultrasonic waves, the reflected waves being
reflected from the diagnosis target at the second angle;
and

calculating a velocity vector of the diagnosis target using
the reflected waves received by the at least some of the
elements disposed in the first region and the reflected
waves received by the at least some of the elements
disposed in the second region.

12. An ultrasonic diagnostic system comprising:

a plurality of elements disposed around a subject, the
plurality of elements being configured to transmit and/
or receive ultrasonic waves;

a controller configured to control the plurality of elements
so that elements configuring a part of the plurality of
elements transmit ultrasonic waves toward a diagnosis
target in the subject, and reflected waves of the ultra-
sonic waves from the diagnosis target are received by
two or more apertures disposed in regions where angles
of reflection from the diagnosis target differ from each
other; and

an operator configured to calculate a velocity vector of the
diagnosis target using the reflected waves respectively
received by groups of elements configuring the two or
more apertures.
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13. An ultrasonic diagnostic system comprising:

a plurality of elements disposed around a subject, the
plurality of elements being configured to transmit and/
or receive ultrasonic waves;

a controller configured to control the plurality of elements
so that elements disposed in a first region, among the
plurality of elements, transmit first ultrasonic waves
toward a diagnosis target in the subject, the elements
disposed in the first region receive reflected waves of
the first ultrasonic waves, the reflected waves being
reflected from the diagnosis target, elements disposed
in a second region, among the plurality of elements,
transmit second ultrasonic waves toward the diagnosis
target, and the elements disposed in the second region
receive reflected waves of the second ultrasonic waves,
the reflected waves being reflected from the diagnosis
target, and

an operator configured to calculate a velocity vector of the
diagnosis target using the reflected waves of the first
and second ultrasonic waves.

14. The ultrasonic diagnostic system according to claim 2,

wherein the operator has a mode for measuring a velocity
vector and a mode for measuring a flow amount, in
measuring a velocity of a fluid flowing into the diag-
nosis target, and

wherein, among a first range in which elements that
transmit the ultrasonic waves in the mode for measur-
ing a velocity vector are distributed, a second range in
which elements that receive the ultrasonic waves trans-
mitted in the mode for measuring a velocity vector are
distributed, a third range in which elements that trans-
mit the ultrasonic waves in the mode for measuring a
flow amount are distributed, and a fourth region in
which elements that receive the ultrasonic waves trans-
mitted in the mode for measuring a flow amount are
distributed, the first range is narrower than the third
range or the second range is narrower than the fourth
range.

15. The ultrasonic diagnostic system according to claim
14, wherein the operator comprises a body motion removal
filter configured to set, in the mode for measuring a velocity
vector, a cut-off value that is different in each velocity
component in the velocity vector.

16. The ultrasonic diagnostic system according to claim 6,
wherein the operator comprises a filter configured to sepa-
rate, from the third matrix, a body motion and blood flows
to remove the body motion.

17. The ultrasonic diagnostic system according to claim
16, wherein the filter configured to remove the body motion
is singular value decomposition or eigen value decomposi-
tion.

18. The ultrasonic diagnostic system according to claim 2,
wherein the operator sets, when receiving the reflected
waves, an independent time axis setting per a reception
focus, and uses, in calculating a cross-correlation between
signals acquired at different time phases, the independent
time axis as an axis for calculating the cross-correlation.
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