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(57) ABSTRACT

An ultrasound imaging method and system. The method
comprises: for each of a plurality of steer angles, including
a reference steer angle, transmitting acoustic energy to a
target region at the particular steer angle, receiving acoustic
reflections, and converting the acoustic reflections to an
image, with the image being associated with the particular
steer angle; computing motion information based on the
image associated with the reference steer angle; and gener-
ating a compounded ultrasound image based on the image
associated with each of the plurality of steer angles and
based on the motion information.
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SYSTEMS, METHODS, AND COMPUTER
READABLE MEDIA FOR PROCESSING AND
COMPOUNDING ULTRASOUND IMAGES IN

THE PRESENCE OF MOTION

BACKGROUND

1. Technical Field

[0001] The present disclosure relates generally to ultra-
sound imaging, and more particularly to, systems, methods,
and computer readable media for the processing and com-
pounding of ultrasound images in the presence of motion.

2. Discussion of Related Art

[0002] An ultrasound system has become a popular diag-
nostic tool due to a wide range of applications. Specifically,
due to its non-invasive and non-destructive nature, the
ultrasound system has been extensively used in the medical
profession. Modern high-performance ultrasound systems
and techniques are commonly used to produce two or
three-dimensional images of internal features of an object
(e.g., human organs).

[0003] The ultrasound system generally uses a probe con-
taining a wide bandwidth transducer to transmit and receive
ultrasound signals. When used with the human body, the
ultrasound system forms images of human internal tissue by
electrically exciting an acoustic transducer element or an
array of acoustic transducer elements to generate ultrasound
signals that travel into or through the body. The ultrasound
signals produce ultrasound echo signals which are reflected
from body tissue, which appear as discontinuities to the
propagating ultrasound signals. Various ultrasound echo
signals return to the transducer element and are converted
into electrical signals, which are amplified and processed to
produce ultrasound data for an image of the tissue.

[0004] The ultrasound system employs an ultrasound
probe containing a transducer array for transmission and
reception of ultrasound signals. The ultrasound system
forms ultrasound images based on the received ultrasound
signals. The technique of transmitting the ultrasound signals
by steering the ultrasound beam at various angles has been
used to obtain ultrasound images having more perspectives
of a target region of interest.

[0005] Additionally, an ultrasound imaging system may
include an ultrasound imaging unit and an image processing
unit. The ultrasound imaging unit may control the transmis-
sion of ultrasound signals to a target region, such as tissue,
and form data based on echo signals resulting from the
transmitted ultrasound signals. The transmission of ultra-
sound signals at various steer angles may also be controlled
by the ultrasound imaging unit. Using the echo signals, the
ultrasound imaging unit and an image processing unit may
generate a composite image of the target region, by com-
bining the echoes at different steer angles using a technique
known as spatial compounding. In some instances, the target
region may move during the ultrasound procedure,
adversely affecting the echo signals of one or more steer
angles and causing deterioration in the compounded image
of a target region. Accordingly, there is a need for systems
and methods for determining motion of target regions during
an ultrasound procedure and applying systems and methods
for motion compensation for the compounded image of a
target region.
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SUMMARY

[0006] The present disclosure is directed to processing and
compounding of ultrasound images in the presence of
motion. In one aspect, an ultrasound imaging method oper-
ates, for each of a number of steer angles, including a
reference steer angle (RSA), to transmit acoustic energy to
a target region at a particular steer angle, receive acoustic
reflections, and convert the acoustic reflections to an image,
with the image being associated with the particular steer
angle. The ultrasound imaging method computes motion
information based on the image associated with the refer-
ence steer angle and generates a compounded ultrasound
image based on the image associated with each of the steer
angles and based on the motion information.

[0007] In one embodiment, generating the compounded
ultrasound image includes, for each of the steer angles,
applying a particular weighting to the image associated with
the particular steer angle to generate a weighted image
associated with the particular steer angle, where the particu-
lar weighting is based on the motion information, and
combining the weighted images associated with the steer
angles to generate the compounded ultrasound image.
[0008] In afurther embodiment, the image associated with
each steer angle has an H by W array of pixels, where H is
a height of the image in number of pixels and W is a width
of the image in number of pixels, and where each pixel has
a pixel value. In one embodiment, computing the motion
information includes computing a difference between a
preexisting image and the image associated with the refer-
ence steer angle (RSA) to generate a difference image, and
filtering the difference image using a low pass filter to
generate a filtered difference image having pixels Dis(i,)).
[0009] In one aspect, the disclosed ultrasound imaging
method operates, for each of the steer angles other than the
reference steer angle, to compute a weight for each pixel of
the image associated with the particular steer angle, where
the steer angles include a number N of steer angles desig-
nated as 1<k<N, and where the weight for each pixel (1,j) of
the image associated the particular steer angle k is computed
by:

Wi krsald)=Cigrsa S Dis@)), if Dis(ij)<TH

Wi porsal i) 0, if Distijy>TH

where:

[0010] f is a function that inverts pixel values such that
F(Dis(i,))) is smaller as Dis(i,) is larger,

[0011] C, are predetermined values where C, is smaller as
the steer angle is larger and where X, VC,=1, and

[0012] TH is a predetermined threshold value.

[0013] In yet another embodiment, generating the com-
pounded ultrasound image includes computing, for each

pixel (i j):

N
Compounded image (i, j) :Z Wi (i, ))-Image (i, )
k=1

where Image, is the image associated with steer angle k, and
where:

Wesmrsa(l)=1-2a= 1,k=rsaNWk(/':k) , if Dis(ij)sTH

Wi smsalif)=1, if Disi,f)>TH.
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[0014] In another embodiment, the reference steer angle is
zero degrees, which is the steer angle corresponding to
transmitting acoustic energy from all transducer elements at
the same time. In one embodiment, the motion information
is computed based further on a previously compounded
ultrasound image.

[0015] In accordance with at least one aspect of the
disclosure, the ultrasound system includes a transducer
configured to, for each of a number of steer angles, including
a reference steer angle, transmit acoustic energy to a target
region at a particular of steer angle, receive acoustic reflec-
tions, and convert the acoustic reflections to Radio Fre-
quency (RF) data. The ultrasound system further includes
front-end circuitry configured, for each of the steer angles,
to process the RF data associated with the particular steer
angle to generate an image associated with the particular
steer angle, and a computing device configured to generate
motion information based on the image associated with the
reference steer angle and generate a compounded ultrasound
image based on the motion information and the image
associated with each of the steer angles.

[0016] In still a further embodiment of the ultrasound
system, generating the compounded ultrasound image
includes applying, for each of the steer angles, a particular
weighting to the image associated with the particular steer
angle to generate a weighted image associated with the
particular steer angle, where the particular weighting is
based on the motion information, and combining the
weighted images associated with the steer angles to generate
the compounded ultrasound image.

[0017] In another embodiment of the ultrasound system,
the image associated with each particular steer angle has an
H by W array of pixels, where H is a height of the image in
number of pixels and W is a width of the image in number
of pixels, and where each pixel has a pixel value. In one
embodiment, generating the motion information includes
computing a difference between a preexisting image and the
image associated with the reference steer angle (RSA) to
generate a difference image, and filtering the difference
image using a low pass filter to generate a filtered difference
image having pixels Dis(i,).

[0018] In one aspect of the ultrasound system, the com-
puting device is further configured, for each of the steer
angles other than the RSA, to compute a weight for each
pixel of the image associated with the particular steer angle,
where the steer angles include a number N of steer angles
designated as 1<k=N, and where the weight for each pixel
(i,j) of the image associated the particular steer angle k is
computed by:

W torsalld =Copporsa SDIs @), if Dis(ijy<TH
WictersaliJ)=0, if Disti,j)>TH

where:

[0019] f is a function that inverts pixel values such that
F(Dis(i,j)) is smaller as Dis(i,j) is larger,

[0020] C, are predetermined values where C, is smaller as
the steer angle is larger and where 2,_,*C,=1, and

[0021]
[0022] In still a further embodiment of the ultrasound

system, generating the compounded ultrasound image
includes computing, for each pixel (i,j):

TH is a predetermined threshold value.
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N

Compounded image (i, j) = Z Wi (i, j)- Image, (i, j)
=1

where Image, is the image associated with steer angle k, and
where:

N
Wegmmalis D= 1= 3" Wili, j), if Disti, )= TH
k=1k#rsa

Wek=rsalls ) =1, it Dis(i, j)>TH

[0023] In one embodiment of the ultrasound system, the
reference steer angle is zero degrees, which is the steer angle
corresponding to transmitting acoustic energy from all trans-
ducer elements at the same time. In one embodiment, the
motion information is computed based further on a previ-
ously compounded ultrasound image.

[0024] The Summary is provided to introduce the present
disclosure in a condensed form. This Summary does not
relate to key or essential features and does not define or limit
the scope of the present disclosure in any way.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Various aspects of the present disclosure are
described herein below with reference to the drawings,
which are incorporated in and constitute a part of this
specification, wherein:

[0026] FIG. 1 illustrates a top level architecture of one
embodiment of an ultrasound imaging system, in accordance
with aspects of the present disclosure;

[0027] FIG. 2 illustrates one embodiment of an imaging
system of an ultrasound imaging system, in accordance with
aspects of the present disclosure;

[0028] FIG. 3 illustrates a block diagram of one embodi-
ment of the operations of a beamforming unit, in accordance
with aspects of the present disclosure;

[0029] FIG. 4 illustrates a flow diagram of one embodi-
ment of a spatial compounding method, in accordance with
aspects of the present disclosure; and

[0030] FIG. 5 illustrates the spatial compounding method
of FIG. 4, as applied to a plurality of ultrasound images, in
accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

[0031] The present disclosure relates to performing spatial
compounding using motion information to reduce blurring.
Spatial compounding is an ultrasound imaging technique
that obtains images of a target region by directing ultrasound
wave to a target region at different angles, and then com-
bining the images resulting from each angle. Spatial com-
pounding can produce an image with better quality than
imaging a target region at only one angle. Difficulties arise
in spatial compounding, however, when a target region is
susceptible to motion, such as when imaging a heart, lungs,
or a fetus. In such cases, spatial compound can result in
images with excessive blurring.

[0032] An ultrasound probe is an electronic, reusable
device having an array of transducer elements capable of
precise waveform timing and intricate waveform shaping
and capable of communicating analog or digitized data to an
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imaging system. By utilizing independent transducer ele-
ments aimed at a target region at various angles and pro-
cessing the information obtained by the independent trans-
ducer elements, the imaging system is capable of generating
plurality of ultrasound images which may be combined to
generate a single ultrasound image which can produce an
image of the target region with higher quality than a single
uncombined ultrasound image. As discussed in further detail
below, various embodiments of an ultrasound imaging sys-
tem are provided with respect to spatial compounding in the
presence of motion.

[0033] FIG. 1 illustrates a block diagram of an ultrasound
imaging system 100 in accordance with an embodiment of
the present disclosure. Ultrasound imaging system 100
includes a transducer unit 110 containing a transducer array
105 including transducer elements 105a-z, front-end cir-
cuitry 120, a communication interface 130, a computing
device 110, and a display 150. Transducer unit 110 is a
device that converts acoustic energy/acoustic waves into
electrical signals and converts electrical signals into acoustic
energy/acoustic waves. As used herein, the term “acoustic”
includes waves having audible frequencies (i.e., below 20
kHz) and waves having ultrasonic frequencies (i.e., above 20
kHz). The transducer 100 includes an array of transducer
elements 105q-z, which transmit the ultrasound waves
toward a target region at specific and/or predetermined
angles referred to as “steer angles.” Ultrasound waves
propagate omnidirectionally in the absence of waveguides.
When all of the transducer elements 105q¢-z activate at the
same time, the ultrasound waves created by all of the
transducer elements 105 propagate away from the transducer
elements at the same time. This is referred to as zero degree
steer angle. Fach transducer element 1054-z, however, can
be individually controlled, and by activating particular trans-
ducer elements at different times, the transducer unit can
adjust the steer angle of the ultrasound transmission without
physically moving the transducer unit. The waves from the
earlier activations will have travelled some distance when
the waves from the later activations are first propagated,
thereby forming a wave front that appears at an angle
relative to the transducer unit 110. Thus, the steer angle can
be electronically adjusted using transducer timing, without
physically moving the transducer unit 110.

[0034] The transducer array 105 receives ultrasound
waves that are reflected or echoed from the target region, and
transducer unit 110 converts the received ultrasound waves
to electrical signals. Flectrical signals converted by trans-
ducer unit 110 may be in the form of radio frequency (RF)
signals. As shown in FIG. 1, transducer unit 110 is interfaced
with or coupled to front-end circuitry 120 via communica-
tion line “T.” As used herein, communication lines “T”
denote lines that are capable of communicating RF data,
image data, or other electrical signals, and that provide an
interface between the components of ultrasound imaging
system 100.

[0035] Referring now to front-end circuitry 120, front-end
circuitry 120 includes a receiver (not shown) that receives
RF signals from transducer unit 110, a transmitter (not
shown) that transmits RF signals to transducer unit 110, and
a front end processor 125. Front-end circuitry 120 performs
specific processing of the RF signals as described below.
Front-end processor 125 can utilize specific ultrasound
waveforms, beam patterns, receiver filtering techniques,
amplification, and demodulation schemes, for imaging.
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Front-end circuitry 120 also converts digital signals to
analog signals and vice versa. Front-end circuitry 120 intet-
faces with and is coupled to transducer unit 110 via trans-
mission line “T” and also interfaces with computing device
140 via transmission lines “T” and a communication inter-
face 130. Communication interface 130 is an interfacing
device that allows front-end circuitry 120 to communicate
with the computing device 140 and may include a Universal
Serial Bus (USB), such as USB 3.0, or other bus interfaces
or protocols capable of interfacing with computers and
electronic devices.

[0036] In the illustrated embodiment, computing device
140 includes a central processing unit (CPU) 145 and a
graphics processing unit (GPU) 147. Central processing umt
145 and GPU 147 provide image processing and post-
processing of information received from the front-end cir-
cuitry 120, and can control or direct other operations. In
some embodiments, computing device 140 may be a per-
sonal computer or a laptop or other computing device.
[0037] In some embodiments, transducer unit 110 and
front-end circuitry 120 are contained within a single device,
which interfaces with computing device 140 via communi-
cation interface 130. In other embodiments, transducer unit
110 and front-end circuitry 120 are contained in separate
devices. In one embodiment, the communication interface
130, the computing device 140 and/or the display 150 can be
contained within one device. In another embodiment, the
computing device 140 and the display 150 can be separate
devices. Other configurations are contemplated to be within
the scope of the present disclosure.

[0038] Referring now to FIG. 2, a block diagram of an
imaging system 200 which includes computing device 140
and a display 150 is illustrated. System 200 is utilized to
generate compounded images. System 200 communicates
with the transducer unit and/or front end circuitry (FIG. 1,
110, 120) to receive RF/image data and performs processing
on the RF/image data to generate compounded images.
Computing device 140 includes CPU 145, First-In First-Out
(FIFO) buffer 134, GPU 147, and may include a display 150.
In other embodiments, display 150 may, for example, be a
separate monitor outside of computing device 140. CPU 145
is capable of functioning as, at least, a USB host controller
136. GPU 147 is capable of handling operations such as
beamforming, envelope detection, image compounding, and
image post-processing, which are performed by beamform-
ing unit 141, envelop detection unit 142, compounding unit
143, and image post-processing unit 144, respectively. As
used herein, the term “beamforming” shall refer to receive
beamforming, unless usage or context indicates that transmit
beamforming or another meaning is intended in any par-
ticular instance.

[0039] CPU 145 controls the USB host controller 136 to
receive the RF/image data from the transducer unit and/or
the front end circuitry. When the RF/image data is received,
CPU 145 transmits and writes the RF/image data to FIFO
buffer 134. The RF/image data in FIFO buffer 134 is next
processed by GPU 147 in the order which it was received,
such that the first RF/image data received is processed first.
FIFO buffer 134 is coupled with CPU 145 and GPU 147.
CPU 145 stores each RF/image data in FIFO buffer 134 as
long as the FIFO buffer 135 has available memory space.
[0040] Turning now to GPU 147, beamforming unit 141
performs processing of RF/image data by delaying certain
signals received by particular transducer elements 105a-z, to



US 2019/0369240 A1

compensate for certain transducer elements being farther
away from the target region than other transducer elements,
in order to temporally align the signals received by the
individual transducer elements 105a¢-z. After the signals of
the various transducer elements are aligned, beamforming
unit 141 combines the data from the various transducer
elements to generate RF/image data for a single image, as
illustrated in FIG. 3. Envelope detection unit 142 is config-
ured to detect the envelope of the signals generated by
beamforming unit 141, thus removing the carrier signal.
Envelope detection unit 142 is used to detect the peaks in the
received RF/image data, and log compression is used to
reduce the dynamic range of the received RF/image data.
Compounding unit 143 is utilized to analyze whether there
is motion present in the received RF/image data which may
affect the compounded images, to correct for the motion, and
to combine the images generated by beamforming unit 141.
Following the compounding process by compounding unit
143, a compounded ultrasound image is generated. Image
post-processing unit 144 is configured to automatically
enhance the generated ultrasound image for a medical
professional or technician. The medical professional or
technical may control the amount the generated com-
pounded image is post-processed. The resulting image may
then be displayed on a screen of the display 150.

[0041] FIG. 2 is merely exemplary and in various embodi-
ments, the operations described in connection with FIG. 2
can be handled by other configurations of processor(s),
software, programmable logic devices, integrated circuits,
ASICs, circuitry, and/or hardware. For example, in certain
embodiments, the CPU or a microprocessor or a digital
signal processor can handle some or all of the operations. In
certain embodiments, some or all of the operations can be
performed by hardware or circuitry, such as the beamform-
ing and envelope detection operations. Other configurations
not specifically disclosed herein are contemplated to be
within the scope of the disclosed technology.

[0042] Referring now to FIG. 3, FIG. 3 illustrates a block
diagram 300 of an example of beamforming, including
filtering, time delaying, and summing as RF/image data is
processed by beamforming unit 141 of GPU 147. As shown
in FIG. 3, RF/image data 305 represents data produced by
transducer elements 105q¢-z and is read from FIFO buffer
134. RF/image data 305 is filtered via filters 310 in order to
reduce noise, and filters 310 may be in the form of finite
impulse response filters, infinite impulse response filters or
median filters, as each is understood by those skilled in the
art. The filtered data 1s delayed by time delay units 315,
which generate output data 317 corresponding to RF/image
data 305. As described above, beamforming unit 141 uses
temporal delays to compensate for certain transducer ele-
ments 105q-z being farther away from the target region than
other transducer elements 105¢-z, in order to temporally
align the signals received by the individual transducer
elements 105a-z. For example, as ultrasound reflections are
received by transducer unit 110, transducer elements 105a-z
closer to the target region will receive the reflections before
transducer elements 105¢-z that are farther away from the
target region. Thus, transducer elements 105a-z will not all
receive the reflections at the same time. The temporal delays
operate to align RF/image data 305 from transducer ele-
ments 105q¢-z in time. After the signals of transducer ele-
ments 105a-z are aligned, summing unit 320 combines all
output data 317 and generates beamformed output data 325,
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for a particular steer angle. Bach beamformed output data
325 is a separate image having a matrix of pixels that is
H-pixels high and W-pixels wide, for a particular steer angle.
[0043] Referring again to beamforming unit 141 of FIG. 2
and block diagram 300 of FIG. 3, beamforming unit 141
may be implemented by a programmable logic device. The
programmable logic device filters, interpolates, demodu-
lates, phases, applies apodization, delays and/or sums the
received signals, which are operations of beamforming unit
141. The programmable logic device controls the delays and
characteristics of ultrasound waveforms, and generates
ultrasound waveforms from memory. The programmable
logic device may also implement relative delays between the
waveforms as well as filter, interpolate, modulate, phase, and
apply apodization. The programmable logic device can
control beamforming unit 141 to perform functions to pro-
cess the plurality of signals associated with multi-element
electrically scanned transducer arrays.

[0044] Referring now to FIG. 4, a flowchart of one
embodiment of a method 400 for spatial compounding is
illustrated. The flowchart begins at step 405, where a plu-
rality of ultrasound images at a plurality of steer angles are
formed. As described in the detail descriptions of FIGS. 2
and 3, beamforming unit 141 of FIG. 2 is utilized to generate
the beamformed output data 325 of FIG. 3. Each beam-
formed output data 325 is a different ultrasound image at a
different steer angle. There can be a number N of different
steer angles, and one of the steer angles is designated as a
reference steer angle (RSA). In one embodiment, the RSA
can be the zero degree steer angle. In another embodiment,
the RSA can be a non-zero degree steer angle. The ultra-
sound images at different steer angles include H-by-W
matrices of pixels, where H denotes image height in number
of pixels and W denotes image width in number of pixels. At
step 405, the N ultrasound images at the N different steer
angles are formed.

[0045] In one embodiment, the method 400 can proceed to
step 408 and generate a spatially compounded image with-
out using any motion information, as is known in the art, and
then at step 427, store and display the spatially compounded
image. In another embodiment, the method 400 can proceed
to steps 410-425 to compute motion information and gen-
erate a spatially compounded image based on the motion
information, as described below.

[0046] Step 410 requires a stored preexisting image to be
available for purposes of a difference calculation used to
generate information about motion at a target region. The
stored, preexisting image serves as a base image where
differences from the base image are viewed as being motion.
If, after step 405, a stored preexisting image is not available
for the difference calculation, method 400 can proceed to
step 408 instead. For example, for the first iteration of the
spatial compounding operation, the method 400 can proceed
to step 408. In the second iteration of the spatial compound-
ing operation where the compounded image from the first
iteration would be available to serve as a base image, the
method 400 can proceed to step 410. In the second iteration,
the compounded image from the first iteration would be used
for the difference calculation in the second iteration at step
410.

[0047] At step 410, a stored image is selected and the
ultrasound image with the RSA is selected, and a difference
calculation is performed between the two selected images. In
one embodiment, the stored image can be a preexisting,
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previously compounded image. In one embodiment, the
stored image can be a preexisting ultrasound image associ-
ated with a steer angle other than the RSA.

[0048] The difference calculation is performed between
each pixel coordinate (i,j) of the stored, preexisting image
and the corresponding pixel coordinate (i,j) of the ultrasound
image at the reference steer angle, based on equation (1)
below, where (i,j) denotes a pixel coordinate and where
1<i<H and 1<j<W.

Difference image(i,/)=|Preexisting image(i,/)-Refer-

ence steer angle image(z,7) 1
[0049] At step 415, preprocessing is performed on the
difference image. In one embodiment, the difference image
computed based on equation (1) above is filtered. The
resulting filtered difference image is denoted as Dis, and
each pixel therein is denoted as Dis(i,j). In one embodiment,
the filter can be a low pass filter that reduces noise in the
difference image, such as a a 5*5 median filter or a Gaussian
smoothing filter. Other filters are contemplated to be within
the scope of the present disclosure. This filtered difference
image provides an indication of motion of the target region
during imaging and serves as motion information. In one
embodiment, the difference image does not need to be
filtered and itself serves as the motion information. The
difference calculation of equation (1) is exemplary. Other
ways of determining motion information are contemplated
to be within the scope of the present disclosure.
[0050] Next, at step 420, a weight matrix is generated for
each ultrasound image at each non-rsa based on equations
(2)(7) below:

Wk,ksrxa(iz]l V=Cromrsa™ S (Dis (i) @

where k is the steer angle ID and 1<k<N, and where N is the
number of steer angles, and rsa is the reference steer angle.
The coeflicient C, is a predetermined coefficient associated
with steer angle k. The function f(Dis(i,j)) is a function
applied to each pixel coordinate (i,j) of the filtered difference
image. C, serves as a steer angle-specific coeflicient appli-
cable to every pixel of the image associated with steer angle
k, and f(Dis(i,j)) serves as a pixel-specific weight applicable
to pixel coordinate (i,j) in the ultrasound images of every
steer angle. Thus, equation (2) computes a weight W,
(ij) for steer angle k and pixel coordinate (i,j) using an
angle-specific coefficient and a pixel-specific weight. In one
embodiment, C, becomes larger as the steer angle
approaches the RSA:

- 3
Po=l- |k = rsal 3)
v 4
Ce =P /Z Py
f
&)

M=

Cy =1

.
I

Equation (3) generates an intermediate variable P,, which
decreases as the steer angle k diverges from the rsa and is
largest (equal to 1) when the steer angle is the rsa. Equation
(4) generates C, and is used to normalize the values of C, so
that the sum of C, across all steer angles k is 1, as shown in
equation (5). In other words, as the steer angle diverges from

Dec. 5, 2019

the RSA, the weight given to each pixel coordinate (i,j) at
that specific steer angle is decreased.

[0051] In one embodiment, f(Dis(i,j)) has an inverse rela-
tionship with Dis(i,j), such that f(Dis(i,})) decreases in value
as Dis(i,j) increases in value. In this manner, Wy, (i)
generally decreases in value as Dis(i,)) increases in value,
for a particular steer angle k. Thus, pixels that reflect greater
motion are more lightly weighted for spatial compounding,
and pixels that reflect lesser motion or no motion are more
heavily weighted for spatial compounding.

[0052] Next, at step 422, pixel coordinates (i,j) whose
motion information Dis(i,j) exceeds a predetermined thresh-
old for Dis(j, j) are excluded from the compounding process.
Where a pixel coordinate (i,j) has a Dis(i,j) value that
exceeds the predetermined threshold for Dis(i,j), it is deter-
mined that motion of the ultrasound image at or around pixel
coordinate (i,j) exceeds acceptable movement for com-
pounding, and therefore, compounding the ultrasound image
at those pixel coordinates (i,j) would not produce an image
of the target region with sufficient quality. An example of
such a threshold value (TH) is shown in equation (6):

TH=1,(f) ©®

where f, is the frame rate of the ultrasound imaging system,
and f, is a function that inverts f, such that £, (f,) is smaller
as f. is larger. For example, the threshold value can be
TH=a+b/f,, where a and b are constants.

[0053] In such a situation where a pixel coordinate is
excluded from the compounding process, the weights
Wi arsalls)) assigned to the pixel coordinate (i,j) of every
non-reference steer angle k is set to the rsa, and the weight
W,s.(1]) assigned to the pixel coordinate (i,j) of the
reference steer angle rsa is set to 1, as shown in equation (7):

N 0
Wikzrsali, ) =0 and Wi, ) =1- Z Wi, p=1
k

k=Lkzrsa

[0054] The weight metric W,(i,j) at pixel coordinate (i,j)
and steer angle k is included in a weight table W,, which is
utilized during spatial compounding of step 425. At step
425, spatial compounding is performed, as described in
further detail in the description of FIG. 5, and a spatially
compounded image is generated and stored in memory.
Next, at step 427, the spatially compounded image is stored
and displayed. The weighting technique of equations (2)-(7)
is exemplary. Other weighting approaches are contemplated
to be within the scope of the present disclosure.

[0055] Next, method 400 proceeds to step 430 and gen-
erates a new ultrasound image at another steer angle. Next,
method 400 returns to step 410 where the difference calcu-
lation is computed using the previously compounded image
from step 425, and the motion information is determined at
step 415. As described in more detail below in the descrip-
tion of FIG. 5, steps 420-425 then operate to generate a new
spatially compounded image using the motion information
determined at step 415 and the new ultrasound image
previously formed at step 430.

[0056] Thus, spatial compounding is performed using all
images at various steer angles, but those images which have
pixels with higher weights have a greater effect on the final
compounded image than those images which have pixels
with lower weights. Furthermore, in generating the spatially
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compounded image, static portions of images will be com-
pounded with a larger weight than portions of images with
motion, thereby decreasing motion blurring for the final
spatially compounded image. The flow of operations in FIG.
4 is exemplary and, unless indicated otherwise, the opera-
tions can be performed in a different order and/or can be
performed in parallel.

[0057] Referring now to FIG. 5, a diagram 500 illustrating
the spatial compounding of step 425 of FIG. 4 is provided.
As illustrated in FIG. 5, a plurality of images 505 (I;-I,)
associated with different steer angles 1 through N are shown
as a plurality of H-by-W pixel matrices. Motion information
and weighting for each of the steer angles are computed as
described above with respect to steps 410-422 of FIG. 4. In
step 425 of FIG. 4, images 505 (I,-I,) are weighted and
combined to form a spatially compounded image denoted as
Res, according to equation (8):

N 8
Res(i, j)= Z Wilds =1, )
k=1

where Res(i,j) corresponds to pixel coordinate (i,j) in the
compounded image 520, generated from the spatial com-
pounding of the plurality of images 505 (I,-I,), with each
weight table W,(i,j) being applied to the pixels of corre-
sponding image I,. The weight tables W,(i,j) are determined
at steps 420-422 in FIG. 4. The spatially compounded image
Resl is stored and displayed.

[0058] FIG. 5 also illustrates step 430 of FIG. 4, which
generates a new ultrasound image for another steer angle. As
shown in FIG. 5, compounded image 520 (Resl) corre-
sponds to a compounding of plurality of images 505 (I,-L,).
When a new ultrasound image I, becomes available (step
430 in FIG. 4), it replaces image I, and a new compounded
image 520 (Res2) is generated using the new image I, by
compounding the plurality of images 505 (I,-I,and [,.) (step
425 of FIG. 4).

[0059] The disclosed system sequentially generates ultra-
sound images at steer angles 1 through N. After the ultra-
sound image at steer angle N is generated, the system cycles
back to steer angle 1 and repeats. Each image I includes all
RF/image data 305 from all of transducer elements 105a-z of
transducer array 105, for a particular steer angle. Initially,
the first spatially compounded image is generated based on
the images I, through I,. When the system cycles back to
steer angle 1 again, a new image I,, replaces the first image
1,. When viewed in time, the “window” for spatial com-
pounding changes from using images I, through I, to using
images 1, through I, and I,.. Persons skilled in the art will
recognize this methodology to be what is known as a
“sliding window” technique. In the next iteration, the system
generates a new image I, at steer angle 2, and the new image
1, replaces the first image I,. Then, when viewed in time, the
window for spatial compounding changes from using
images I, through I,, to using images I through I,; and I,
and L, (I;, and 1, replace I, and I,, respectively, and
therefore for compounding purposes an N number of steer
angles is always utilized during compounding). Thus, as the
steer angle of transducer unit 110 is changed and swept
through angles 1-N, compounding and display operations of
imaging system 200 continually compounds and updates the
display of the compounded image by removing a previous
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image and including one new image of the same steer angle.
In this manner, the initial latency for generating and dis-
playing the first spatially compounded image Resl is N
beamforming time periods, but the latency thereafter for
generating and displaying another spatially compounded
image Res2 shortens to one beamforming time period,
thereby increasing the display frame rate of the ultrasound
imaging. Based on the aforementioned systems, methods,
and devices, spatial compounding of images for a target
region that is moving is completed with greater clarity
through the use of the imaging and ultrasound device and
methods disclosed and described herein. The spatial com-
pounding operation of FIG. 5 is exemplary and variations
are contemplated to be within the scope of the present
disclosure. For example, spatial compounding does not need
to be performed every time a new ultrasound image is
available. For example, spatial compounding can be per-
formed for every two new ultrasound images, or at another
frequency or interval. Similarly, motion information does
not need to be generated every time a new ultrasound image
is available and can be generated at another frequency or
interval.

[0060] A computer or computing device may be incorpo-
rated within one or more ultrasound imaging system or one
or more electronic devices or servers to operate one or more
processors to run the ultrasound imaging system. It is to be
understood, therefore, that this disclosure is not limited to
the particular forms illustrated and that it is intended in the
appended claims to embrace all alternatives, modifications,
and variations which do not depart from the spirit and scope
of the embodiments described herein. Detailed embodiments
of devices, systems incorporating such devices, and methods
using the same as described herein. However, these detailed
embodiments are merely examples of the disclosure, which
may be embodied in various forms. Therefore, specific
structural and functional details disclosed herein are not to
be interpreted as limiting, but merely as a basis for the
claims and as a representative basis for allowing one skilled
in the art to variously employ the present disclosure in
appropriately detailed structure.

[0061] The detailed description is provided with reference
to the accompanying drawings. One of ordinary skill in the
art will recognize that the description is illustrative only and
is not in any way limiting. Other embodiments of the present
disclosure will be understood by persons skilled in the art,
having the benefit of this disclosure, as being within the
scope of the disclosed technology. While several embodi-
ments of the disclosure have been shown in the drawings, it
is not intended that the disclosure be limited thereto, as it is
intended that the disclosure be as broad in scope as the art
will allow and that the specification be read likewise.
Therefore, the above description should not be construed as
limiting, but merely as exemplifications of particular
embodiments. Those skilled in the art will envision other
modifications within the scope and spirit of the claims
appended hereto.

1. An ultrasound imaging method comprising:

for each of a plurality of steer angles, including a refer-
ence steer angle:

transmitting acoustic energy to a target region at a
particular steer angle;

receiving acoustic reflections; and



US 2019/0369240 A1

converting the acoustic reflections to an image, the
image being associated with the particular steer
angle;
computing a motion information based on the image
associated with the reference steer angle; and

generating a compounded ultrasound image based on the
image associated with each of the plurality of steer
angles and based on the motion information.

2. The method according to claim 1, wherein generating
the compounded ultrasound image comprises:

for each of the plurality of steer angles, applying a

particular weighting to the image associated with the
particular steer angle to generate a weighted image
associated with the particular steer angle, wherein the
particular weighting is based on the motion informa-
tion; and

combining the weighted images associated with the plu-

rality of steer angles to generate the compounded
ultrasound image.

3. The method according to claim 1, wherein the image
associated with each particular steer angle comprises an H
by W array of pixels, wherein H is a height of the image in
number of pixels and W is a width of the image in number
of pixels, and wherein each pixel has a pixel value.

4. The method according to claim 3, wherein computing
the motion information comprises: computing a difference
between a preexisting image and the image associated with
the reference steer angle to generate a difference image,
wherein the difference image comprises, for each pixel
coordinate (i,j) where 1<i<H and 1<j<W:

Difference image(i,/)=IPreexisting image(7,/)-Refer-
ence steer angle image(7,/)l.

5. The method according to claim 4, wherein computing
the motion information further comprises filtering the dif-
ference image using a low pass filter to generate a filtered
difference image having pixels Dis(i,}).

6. The method according to claim 5, further comprising:

for each of the plurality of steer angles other than the

reference steer angle (rsa), computing a weight for each
pixel of the image associated with the particular steer
angle, wherein the plurality of steer angles include a
number N of steer angles designated as 1=k<N, and
wherein the weight for each pixel (i,j) of the image
associated the particular steer angle k is computed by:

W ersalid - Crpersa S Dis i), if Dis(ij)y<TH
WiitursaliJ)=0, if Disti,j)>TH

wherein:
F is a function that inverts pixel values such that f(Dis
(i) 1s smaller as Dis(i,j) is larger,
C, are predetermined values where C, is smaller as the
steer angle is larger and where C,_,VC,=1, and
TH is a predetermined threshold value.
7. The method according to claim 6, wherein generating
the compounded ultrasound image comprise computing, for
each pixel (i,j):

N
Cempounded image (i, j) = Z Wi (i, j)- Image, (i, J)
=
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wherein Image, is the image associated with steer angle k,
and wherein:

Wiermrsal)=1=Z5e l,ksrsaNW;s(ixj ), if Dis(i,j)<TH

Wi jrsalif)=1, i Dis(ij)>TH.

8. The method according to claim 1, wherein the reference
steer angle is zero degrees.

9. The method according to claim 1, wherein the motion
information is based on movement of the target region.

10. The method according to claim 1, wherein generating
the compounded ultrasound image includes performing
envelope detection, compounding, and post-processing by a
graphics processing unit.

11. The method according to claim 1, wherein the motion
information is computed based further on a previously
compounded ultrasound image.

12. An ultrasound system comprising :

a transducer configured to, for each of a plurality of steer

angles, including a reference steer angle:

transmit acoustic energy to a target region at a particu-
lar of steer angle,

receive acoustic reflections, and

convert the acoustic reflections to Radio Frequency
(RF) data;
a front-end circuitry configured, for each of the plurality
of steer angles, to process the radio frequency (RF) data
associated with the particular steer angle to generate an
image associated with the particular steer angle; and
a computing device configured to:
generate motion information based on the image asso-
ciated with the reference steer angle, and

generate a compounded ultrasound image based on the
motion information and the image associated with
each of the plurality of steer angles.

13. The system according to claim 12, wherein generate
the compounded ultrasound image comprises:

apply, for each of the plurality of steer angles, a particular
weighting to the image associated with the particular
steer angle to generate a weighted image associated
with the particular steer angle, wherein the particular
weighting is based on the motion information; and

combine the weighted images associated with the plural-
ity of steer angles to generate the compounded ultra-
sound image.

14. The system according to claim 12, wherein the image
associated with each particular steer angle comprises an H
by W array of pixels, wherein H is a height of the image in
number of pixels and W is a width of the image in number
of pixels, and wherein each pixel has a pixel value.

15. The system according to claim 14, wherein generate
the motion information comprises:

compute a difference between a preexisting image and the
image associated with the reference steer angle to
generate a difference image, wherein the difference
image comprises, for each pixel coordinate (i,j) where
1=i<H and 1<j<W:

Difference image(i,j)=|Preexisting image(7,/)-Refer-
ence steer angle image(7,/)!.
16. The system according to claim 15, wherein generate
the motion information further comprises:
filter the difference image using a low pass filter to
generate a filtered difference image having pixels Dis

(i).
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17. The system according to claim 16, wherein the com-
puting device is further configured to compute, for each of
the plurality of steer angles other than the reference steer
angle (rsa), a weight for each pixel of the image associated
with the particular steer angle, wherein the plurality of steer
angles include a number N of steer angles designated as
1=<k<N, and wherein the weight for each pixel (i,j) of the
image associated the particular steer angle k is computed by:

Witorsalid)=Crpursa S (Dis(if), if Dis(i))sTH
Wigorsali)=0, if Dis(i))>TH

wherein:

f is a function that inverts pixel values such that
F(Dis(i,j)) is smaller as Dis(ij) is larger,

C, are predetermined values where C, is smaller as the
steer angle is larger and where X,_,¥C,=1, and

TH is a predetermined threshold value.
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18. The system according to claim 17, wherein generating
the compounded ultrasound image comprise computing, for
each pixel (i,)):

N
Compounded image (i, j) :Z Wi (i, j)-Image, (i, j)
k=1

wherein Image, is the image associated with steer angle k,
and wherein:

Wiegmrea@)=1-20 l,ksrsaNW;s(ixj ), if Dis(ij)sTH

Wi smrsaif)=1, i Dis(i,j)>TH.

19. The system according to claim 12, wherein the ref-
erence steer angle is zero degrees.

20. The system according to claim 12, wherein the motion
information is based on movement of the target region.

* ok % % ¥
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