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(57) ABSTRACT

This disclosure provides a system and method for generating
an ultrasound image. The method includes receiving a raw
ultrasound signal output from an ultrasound device and
performing operations to transform the raw ultrasound sig-
nal into an enhanced ultrasound image. The enhanced ultra-
sound image may be further processed by radial symmetry
filtering to generate a radial symmetry image. Both the
enhanced image and the radial symmetry image can be by a
medical practitioner to make a liver or kidney cancer diag-
nosis exclusively based on ultrasound data.
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COMPUTATIONAL ULTRASOUND FOR
IMPROVED LIVER AND KIDNEY CANCER
DIAGNOSIS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority under 35 U.S.C. §
119(e) to U.S. Provisional Patent Application No. 62/464,
058, filed Feb. 27, 2017. The foregoing applications are
incorporated by reference herein.

FIELD

[0002] This document relates generally to image process-
ing. More particularly, this document relates to systems and
methods for ultrasound image processing facilitating
improved cancer diagnosis and treatment monitoring.

BACKGROUND

[0003] Hepatitis C Virus (“HCV”) and Non-Alcoholic
Fatty Liver Disease (“NAFLD”) are the two most common
causes of chronic liver disease in North America. It is
probably the most common type of liver disease in the
United States. In clinical practice, transabdominal ultra-
sound is most widely used as an initial imaging modality
because of its availability, low cost, and no radiation expo-
sure. NAFLD may lead to fibrosis, cirrhosis, liver cancer,
liver failure requiring a liver transplant, and mortality.
Abdominal ultrasound cannot detect mild hepatic steatosis
and cannot differentiate simple steatosis, nonalcoholic ste-
atohepatitis (NASH), and hepatic fibrosis. It is operator
dependent, interfered by intra-abdominal gas and technically
difficult with poor image quality in obese patients.

SUMMARY

[0004] The present disclosure provides systems and meth-
ods for generating enhanced ultrasound images. The ultra-
sound images processed by the present systems and methods
show a soft tissue pattern having a level of visual clarity that
enables a medical practitioner to make a liver or kidney
disease diagnosis based solely on ultrasound data, without
the need of biopsy samples.

[0005] In one aspect, the system may include a non-
transitory, computer-readable memory, one or more proces-
sors and a computer-readable medium containing program-
ming instructions. The programming instructions, when
executed by the one or more processors, cause the system to
acquire a raw ultrasound signal output from an ultrasound
device and generate filtered ultrasound image data by fil-
tering the raw ultrasound signal to transform information
from a signal domain to a frequency domain. The system
may also extract image phase and energy features from the
filtered ultrasound image data and generate a filtered ultra-
sound signal by transforming the image phase and energy
features from the frequency domain to the signal domain.
The system may further produce a transmission map esti-
mation based on a backscattered ultrasound signal from a
tissue interface and enhance the image phase and energy
features of the filtered ultrasound signal based on the trans-
mission map estimation so that portions of a soft tissue
associated therewith are made darker or lighter in an
enhanced ultrasound image.

[0006] In some embodiments, the system may perform
radial symmetry filtering on the enhanced ultrasound image
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by analyzing dark spherical shapes in the enhanced ultra-
sound image and generate a radial symmetry image to
identify regions of interest in the enhanced ultrasound
image. In some embodiments, the system may additionally
output a surface topography map based on the radial sym-
metry image. In some embodiments, the step of generating
the filtered ultrasound image data is performed by a Fourier
transform. In some embodiments, the step of generating the
filtered ultrasound signal is performed by the inverse Fourier
transform.

[0007] In some embodiments, the step of extracting the
image phase and energy features is performed by an alpha
scale filtering. In some embodiments, the alpha scale filter-
ing is performed in a frequency domain, and the alpha scale
filtering can be defined by expression

ASF(w) = {ncwaexp(—((fw)m w>0

0 otherwise

where o is constant derivative parameter, o is a filter
alpha-scale parameter, and n_ is a unit normalization con-
stant calculated from filter c. n_ is computed in accordance
with mathematical equation

2a+1
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where s is a scale parameter and a is a derivative parameter.
[0008] In some embodiments, the transmission map esti-
mation comprises combining scattering and attenuation
effects in soft tissue based on equation

US@xy)=US(xy) USg(xy)+(1-US,(xy))a

where US(x,y) is a local energy image, US ,(x,y) is a signal
transmission map, USz(x,y) is an enhanced ultrasound
image, and o is a constant value representative of echoge-
nicity in the soft tissue in a local region. US.(x,y) can be
extracted by estimating the signal transmission map US ,(x,
y) using a Beer-Lambert law which models an attenuation
function as a function of imaging depth. The Beer-Lambert
law 1s defined by equation

US7xp)=US o(x.p)exp(-nd(x,y))

where US_(x,y) is an initial intensity image, US, (X,y) is an
attenuated intensity image, 1| is an attenuation coefficient,
and d(x,;y) is a distance from an ultrasound transducer
surface. US ,(x,y) is obtained by minimizing an objective
function defined by equation

A 2
FNUSaG, ) = USp (e, )l + Zjew IW;o(D;  USy(x, I,

where w is an index set, o represents element wise multi-
plication, * is a convolution operation, D; is obtained using
a bank of high order differential filters consisting of eight
Kirsch filters and one Laplacian filter, and W, is a weighting
matrix calculated in accordance with mathematical equation

W=exp(-IDxy)*US(x.y))
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US; (x,y) is calculated in accordance with equation

US(x, y)-a

USrix. =| —m—obmnrnanmrt
£ = | T U ). o7

[0009] In some embodiments, the radial symmetry filter-
ing is specified by equation
S,=F,*4,

Gagers

where denotes the convolution operation; A, is an
isotropic Gaussian function and F,, is defined as:

M, (p)( 12, ((p)l
Fi(p) = k(p)( - ]w

- 0n(p): On(p) <k
=]

ky,, otherwise

and « is a radial strictness parameter, and k, is a scaling
factor across different radii. The radial symmetry image is
defined by equation

1
s:mn;/sn

where S is a sum of all symmetry contributions over all
ranges considered.

[0010] In another aspect, a method for generating an
ultrasound image is also provided. The method includes
acquiring, by a computing device, a raw ultrasound signal
output from an ultrasound device and generating filtered
ultrasound image data by filtering the raw ultrasound signal
to transform information from a signal domain to a fre-
quency domain. The method also includes extracting image
phase and energy features from the filtered ultrasound image
data and generating a filtered ultrasound signal by trans-
forming the image phase and energy features from the
frequency domain to the signal domain. The method further
includes producing a transmission map estimation based on
a backscattered ultrasound signal from a tissue interface and
enhancing the image phase and energy features of the
filtered ultrasound signal based on the transmission map
estimation so that portions of a soft tissue associated there-
with are made darker or lighter in an enhanced ultrasound
image.

[0011] In some embodiments, the method further includes
performing radial symmetry filtering on the enhanced ultra-
sound image by analyzing dark spherical shapes in the
enhanced ultrasound image and generating a radial symme-
try image to identify regions of interest in the enhanced
ultrasound image. In some embodiments, the method addi-
tionally includes outputting a surface topography map based
on the radial symmetry image.

DESCRIPTION OF THE DRAWINGS

[0012] The present solution will be described with refer-
ence to the following drawing figures, in which like numer-
als represent like items throughout the figures.
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[0013] FIG. 1 shows an example of a process for gener-
ating an enhanced ultrasound image.

[0014] FIG. 2 shows an example of a process for gener-
ating a radial symmetry image.

[0015] FIG. 3 shows a biopsy (histopathology) image of a
non-healthy liver indicating a fatty liver disease.

[0016] FIGS. 4A-D (collectively “FIG. 4”) show a
B-mode (original) ultrasound image of a normal/healthy
liver (FIG. 4A) and an enhanced ultrasound image (F1G. 4B)
of a normal/healthy liver, and a B-mode (original) ultra-
sound image (FIG. 4C) of a diseased liver and an enhanced
ultrasound image (FIG. 4D) of a diseased liver.

[0017] FIGS. 5A-E (collectively “FIG. 5”) show a com-
parison of different image types; FIG. 5A shows a B-mode
(original) ultrasound image of a normal/healthy liver; FIG.
5B shows surface topography visualization of a radial sym-
metry image corresponding to normal/healthy liver tissue;
FIG. 5C shows surface topography visualization of a radial
symmetry image corresponding to normal/healthy liver tis-
sue, with different radial symmetry filter parameters applied
as compared to FIG. 5B; and FIG. 5D shows surface
topography visualization of an enhanced ultrasound image
corresponding to normal/healthy tissue; FIG. 5E shows
surface topography visualization of an enhanced ultrasound
image corresponding to normal/healthy tissue, with different
filter parameters used as compared to FIG. 5D.

[0018] FIGS. 6A-E (collectively “FIG. 6”) show a com-
parison of different image types; FIG. 6A shows a B-mode
(original) ultrasound image of a diseased liver; FIG. 6B
shows surface topography visualization of a radial symmetry
image corresponding to diseased liver tissue; FIG. 6C shows
surface topography visualization of a radial symmetry image
corresponding to diseased liver tissue, with different radial
symmetry filter parameters applied as compared to FIG. 6B;
and FIG. 6D shows surface topography visualization of an
enhanced ultrasound image corresponding to diseased tis-
sue; FIG. 6F shows surface topography visualization of an
enhanced ultrasound image corresponding to diseased tis-
sue, with different filter parameters used as compared to
FIG. 6D.

[0019] FIG. 7 is a schematic illustration of an exemplary
ultrasound device in which the present solution can be
implemented.

[0020] FIG. 8 is a schematic illustration of an exemplary
architecture for a computing device.

DETAILED DESCRIPTION

[0021] It will be readily understood that the components of
the embodiments as generally described herein and illus-
trated in the appended figures could be arranged and
designed in a wide variety of different configurations. Thus,
the following more detailed description of various embodi-
ments, as represented in the figures, is not intended to limit
the scope of the present disclosure, but is merely represen-
tative of various embodiments. While the various aspects of
the embodiments are presented in drawings, the drawings
are not necessarily drawn to scale unless specifically indi-
cated.

[0022] The present solution concerns systems and meth-
ods for ultrasound image processing and design of a next-
generation ultrasound imaging platform in the context of
cancer diagnosis and treatment monitoring with a specific
focus on kidney and liver. The ultrasound image processing
of the present solution uses a raw ultrasound signal to extract
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image features from filtered ultrasound data. Previous plat-
forms use image data. These previous platforms suffer from
many drawbacks. For example, these previous platforms
experience issues due to poor sensitivity and specificity for
kidney and liver cancer detection which causes major prob-
lems in the management and treatment of cancer. In general,
imaging appearances of liver metastases are nonspecific, and
biopsy specimens are required for histologic diagnosis. The
present solution resolves these drawbacks by implementing
a new computational algorithm as described herein in an
ultrasound device.

[0023] A biopsy (histopathology) image of a non-healthy
liver indicating a fatty liver disease is shown in FIG. 3. The
circular pattern in the biopsy image, as highlighted by
arrows, indicates that the liver has a fatty liver disease.
However, the circular pattern is not visible or detectable by
investigating an ultrasound image. Accordingly, the diagno-
sis of a disease is complicated based on ultrasound images.
There is a need for an image processing device which can
enhance the ultrasound data and provide more information
useful for making a diagnosis. Such a method is imple-
mented by the present solution.

[0024] In some scenarios. the present solution is used for
early detection of fatty liver, liver cancer, and kidney cancer.
Biopsies are current the standard technique for such early
detection. The present solution does not require obtaining a
sample by performing a biopsy. Accordingly, the present
solution allows for earlier detection and for detection with-
out unduly stressing the patient.

[0025] The present invention combines different steps in
order to create the framework that results in the enhance-
ment of the liver and/or kidney ultrasound data. Optimiza-
tion of each of the steps is also one of the main contributions.
The main part of the algorithm is based on the extraction of
local phase image features from liver and kidney ultrasound
data. Phase-based image enhancement and processing has
been previously proposed to process various medical image
data. Image phase information is a key component in the
interpretation of a scene that has long been known to
contribute more to the visual appearance of an image than
magnitude information. Phase features are intensity invari-
ant and more robust to noise which are important charac-
teristics especially for processing ultrasound images. Extrac-
tion of phase information is performed in the frequency
domain where the B-mode ultrasound image (original
image) is transformed to the frequency domain by Fourier
transform operation and multiplied with a band-pass quadra-
ture filter.

[0026] Referring now to FIG. 1, there is provided an
illustration of an exemplary method 100 for image enhance-
ment that is useful for understanding the present solution.
The combination of the operations of steps 102-108 creates
a framework resulting in the enhancement of liver and/or
kidney ultrasound data.

[0027] The main part of the process is based on the
extraction of local phase image features from an ultrasound
signal. Image phase information is a key component in the
interpretation of a scene since it contributes more to the
visual appearance of an image than magnitude information.
Phase features are intensity invariant and more robust to
noise which are important characteristics especially for
processing ultrasound images.

[0028] Extraction of phase information is performed in the
frequency domain where a raw ultrasound signal or a
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B-mode ultrasound image is received from an ultrasound
device as shown by arrow 101. The raw ultrasound image
signal is then transformed from a signal domain to a fre-
quency domain, as shown by 102. A Fourier transform is
used to achieve this transformation. Thereafter, the filtered
ultrasound image data is multiplied with a band-pass quadra-
ture filter, as shown by 104. Fourier transforms, and band-
pass quadrature filters are well known in the art. Any known
or to be known Fourier transform and/or band-pass quadra-
ture filter can be used herein without limitation. For
example, an optimized band-pass quadrature filter is
employed in 104. Optimization is related to selection of filter
parameters. Usually, this is performed by trial and error.
Once a good set of parameters are found, these are kept
constant, and all the ultrasound images are filtered with this
optimized filter. However, automatic filter parameter opti-
mization may be employed herein. Techniques for automatic
filter parameter optimization is known in the art. Any known
or to be known technique for automatic filter parameter
optimization can be used herein without limitation.

[0029] In some scenarios, the band-pass quadrature filter
comprises an alpha-scale filter. As such, alpha-scale filtering
can be employed in 104. The alpha-scale filtering is pet-
formed to extract phase and energy features from a filtered
raw ultrasound signal. This feature extraction facilitates the
generation of an enhanced ultrasound image showing a soft
tissue pattern having a level of visual clarity at which a
medical practitioner is able to make a liver or kidney cancer
diagnosis exclusively based on ultrasound data. Notably,
other frequency domain quadrature filters (e.g., Log Gabor
filter) are not suitable for use alone in liver and kidney
diagnosis applications because such filtering does not result
in enhanced soft tissue features.

[0030] It should be understood that Log Gabor filters are
less conputationally and resource intensive as compared to
alpha-scale filters. Therefore, a person skilled in the art
would not be motivated to use alpha-scale filters when
processing ultrasound image data. However, the inventors
recognized that the combination of alpha-scale filters with
the other two Fourier transform process of 102 and trans-
mission map filtering process of 106-108 provides certain
non-obvious advantageous when interested in visualizing
certain soft tissue features. These advantages include the
enhancement of soft tissue features having a level of visual
clarity at which a medical practitioner is able to make a liver
or kidney cancer diagnosis exclusively based on ultrasound
data.

[0031] In some scenarios, an alpha-scale filter in the
frequency domain is constructed as defined by the following
Equation (1):

cexp(—(ow)* =0 M
SF(w):{nw exp(—(cw)®)  w

0 otherwise

where o is constant derivative parameter which is chosen to
be a=0.2 in order for the filters to satisfy the DC condition.
o is the filter alpha-scale parameter (for example, in some
embodiments, the filter alpha-scale parameter is 25), and n,.
is a unit normalization constant calculated from filter
value using the following Equation (2):
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mz—z%l 5603 @
=

0 2a+1
(=)

c

where s is a scale parameter and a is a derivative parameter.
In some embodiments, the scale parameter is 2, and the
derivative parameter is 1.83.

[0032] Filtering the Fourier transformed ultrasound image
with the constructed alpha scale filter and using an inverse
Fourier transform operation, image phase, and energy fea-
tures are extracted from the ultrasound image. The local
energy image encodes the underlying structural information
of the liver or kidney ultrasound image.

[0033] After completing the alpha scale filtering, method
100 continues with 105 where the ultrasound image data is
transformed from the frequency domain to the signal domain
via an inverse Fourier transform process. The results of 105
are then used in 106 to obtain a transmission map estimation.
The interaction of the ultrasound signal within the tissue can
be characterized into two main categories (namely, scatter-
ing and attenuation). Since the information of the backscat-
tered ultrasound signal (from the tissue interface to the
ultrasound transducer) is modulated by these two interac-
tions, they can be viewed as mechanisms of structural
information coding. Based on this a model was developed.
The model is referred to herein as an ultrasound signal
transmission map. The ultrasound signal transmission map
is useful for recovering a pertinent liver and/or kidney tissue
structure from the ultrasound images. In order to achieve
this, a linear interpolation model is employed which com-
bines scattering and attenuation effects in the tissue. The
linear interpolation model is defined by the following Equa-
tion (3):

UStx y)=US1(x.y) USg(x.y)+(1-US 4x.y))a &)

where US(x,y) is the local energy image calculated in 104,
US, (xy) is the signal transmission map, US.(x,y) is the
enhanced liver/kidney ultrasound image, and o is a constant
value representative of echogenicity in the tissue in the local
region. In the present solution, three different values for o
are used to obtain three different enhancement results.

[0034] The local energy image generated in 104 is used in
a subsequent filtering process as shown by 106 and 108. The
filtering process of 106 and 108 is generally performed to
enhance the extracted phase, and energy features so that
portions of the soft tissue associated therewith are made
darker or lighter in the enhanced ultrasound image (e.g., as
shown in FIG. 3).

[0035] In 106, US.(x,y) is extracted by estimating the
signal transmission map US ,(x,y) using a well-known Beer-
Lambert law which models the attenuation function as a
function of imaging depth. The Beer-Lambert law is defined
by the following Equation (4):

US(x,y)=US,(xy)exp(-nd(x,y)) @)

where US (x,y) is the initial intensity image (filtered image
obtained from the alpha-scale filtering step), US(x,y) is the
attenuated intensity image, m is the attenuation coeflicient
(for example, in some embodiments, the attenuation coef-
ficient used is 2), and d(x,y) is the distance from the
ultrasound transducer surface.
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[0036] Once US,{x,y)is obtained, US ,(x,y) is obtained by
minimizing an objective function defined by Equation (5):

2 2 ®)
FIUSate, 3) = USr (e, ) + Z,-ew IW;0(D; + USa(x, I,

where w is an index set, o represents element wise multi-
plication, and * is a convolution operation. D; is obtained
using a bank of high order differential filters consisting of
eight Kirsch filters and one Laplacian filter. W, is a weight-
ing matrix calculated using the following Equation (6):

Wexp(- Dy *US(E ) P) (©)

Once US (x,y) is estimated, US(x,y) is calculated using the
following Equation (7):

US(x. y) - Q]
p

B ) = | s Ua ), F

[0037] FIG. 3 shows a biopsy (histopathology) image of a
non-healthy liver indicating a fatty liver disease. The circu-
lar pattern in the biopsy image, as highlighted by arrows,
indicates that the liver has a fatty liver disease. However, the
circular pattern is not visible or detectable by investigating
an ultrasound image (FIGS. 4A and 4C). The circular pattern
is visible in the enhanced ultrasound images generated
through the present solution, as shown in FIG. 4D generated
from a B-mode ultrasound image FIG. 4C. As such, the
present solution provides a method for a medical practitioner
to make a liver or kidney disease diagnosis based solely on
ultrasound data and circumvent the need to obtain a biopsy
specimen.

[0038] Referring now to FIG. 2, a method for generating
radial symmetry image based on the enhanced ultrasound
images is provided. The process begins at 201 with by
performing radial symmetry filtering the enhanced ultra-
sound images. The enhanced ultrasound images are further
processed by utilizing local radial symmetry to identify the
regions of interest in the enhanced images. The analysis
relies on the fact that the diseased liver has a higher degree
of radial symmetry compared to the healthy liver. The
analysis is carried out by searching for dark spherical shapes
in the enhanced images using the fast radial feature detection
algorithm. At 203, the process includes generating radial
symmetry images, as shown in FIGS. 5-6. FIG. 5B shows
surface topography visualization of radial symmetry image
corresponding to normal/healthy liver tissue; FIG. 5C shows
surface topography visualization of radial symmetry image
corresponding to normal/healthy liver tissue, with different
radial symmetry filter parameters applied as compared to
FIG. 5B. FIG. 6B shows surface topography visualization of
radial symmetry image corresponding to diseased liver
tissue; FIG. 6C shows surface topography visualization of
radial symmetry image corresponding to diseased liver
tissue, with different radial symmetry filter parameters
applied as compared to FIG. 6B. At 205, the process
optionally includes outputting a surface topography map
based on the radial symmetry image. The fast radial sym-
metry algorithm is described in detail below.

[0039] Fast radial symmetry was used for processing
multimedia images. For each radius n, the algorithm uses
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image gradients to vote for both the positively and nega-
tively affected pixels. These pixels are calculated using
Equations (8) and (9):

g(p) n) ®
llgtp)l
p) ) (©)

§
P-ve(p) = p —round (m"

Prelp)=p+ round(

[0040] In the above equations “round” rounds each vector
element to the nearest integer, “g” is the gradient of the
image (e.g., the gradient of the enhanced images), “n”
represents the radius value for the spherical structures
searched in the image. p_,, and p,,, correspond to pixels
with gradient g(p) pointing towards and away from the
center respectively. Using these pixels and orientation and
magnitude projection images, denoted as O, and M,, respec-
tively, are calculated. For each of the affected pixel, the
corresponding point p,,, in O, and M,, is increased by 1 and
|lz(p)|| respectively. Similarly, for the negatively affected
pixel, the corresponding point is decreased by the same
quantity in each image, as defined by Equations (10)-(13):

0,0+ 0))=0,(p .. )41 (10)
Onlp—1e0))=0,(p-.eP))-1 ay
M0, )M, 0., )@ 12
M (b, p)=M, b, 0))-lg®), {13)
[0041] Using these images, a radial symmetry response

image is defined as: S, =F, *A, where “*” denotes the con-
volution operation. A, is an isotropic Gaussian function and
F, is defined in Equations (14) and (15):

_ M) (B (14
Fu(p)= %, ( % ]
[0, Oy <k s
wAT ky, otherwise
[0042] Here « is a radial strictness parameter, and k, is a

scaling factor across different radii. The final full radial
symmetry transform is defined by performing this operation
for various radii values and summing the resulting feature
maps as in Equation (16):

1 16
S:_Z s (16)
|N|n€N

[0043] The final topography images are obtained by dis-
playing a topography map based on the image intensity
values above the radial symmetry and phase images. The
diseased liver has a higher topography compared to healthy
liver. Examples of surface topography images are shown in
FIGS. 5D-E for a healthy liver and FIGS. 6D-E for a
diseased liver. Specifically, FIG. 5D shows surface topog-
raphy visualization of an enhanced ultrasound image corre-
sponding to normal/healthy tissue; FIG. SE shows surface
topography visualization of an enhanced ultrasound image
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corresponding to normal/healthy tissue, with different filter
parameters used as compared to FIG. 5D. FIG. 6D shows
surface topography visualization of an enhanced ultrasound
image corresponding to diseased tissue; FIG. 6E shows
surface topography visualization of an enhanced ultrasound
image corresponding to diseased tissue, with different filter
parameters used as compared to FIG. 6D.

[0044] Referring now to FIG. 7, there is provided a
schematic illustration of an exemplary ultrasound device
700 in which the present solution can be implemented. The
ultrasound device 700 comprises a device stand 702 in
which a computing device 704 is disposed. Computing
device 704 is generally configured to control the operations
of the ultrasound device 700. Such control can be in
response to user-software interactions via an input device
716 and/or in accordance with pre-defined rules. A robotic
arm 706 is movably attached to the device stand 702. The
robotic arm 706 includes, but is not limited to, an articulat-
ing arm with a plurality of joints 708. An ultrasound
transducer 710 is disposed at a distal end of the robotic arm
706. The ultrasound transducer 710 is moved over an
object’s surface 712 to be examined and generates a raw
ultrasound signal. The object is arranged on a patient posi-
tioning table 714. The raw ultrasound signal is provided to
the local computing device 704 or a remote computing
device for processing in accordance with the present solu-
tion. The results of this processing is a transformation of the
raw ultrasound data into an enhanced ultrasound image (e.g.,
such as that shown in FIG. 4).

[0045] Referring now to FIG. 8, there is provided an
illustration of an exemplary architecture for a computing
device 800. Computing device 800 may be local to an
ultrasound device (e.g., the ultrasound device 700 of FIG. 7).
In this case, computing device 704 is the same as or
substantially similar to computing device 800. In other
scenarios, the computing device 800 is located remote from
the ultrasound device. In this case, the computing device 704
of the ultrasound device includes a network interface that
facilitates communication between the two computing
devices over a network (e.g., the Intranet or Internet).
[0046] Computing device 800 may include more or fewer
components than those shown in FIG. 8. However, the
components shown are sufficient to disclose an illustrative
embodiment implementing the present solution. The hard-
ware architecture of FIG. 8 represents one embodiment of a
representative computing device configured to facilitate the
generation of an enhanced ultrasound image based on a raw
ultrasound signal. As such, the computing device 8§00 of
FIG. 8 implements at least a portion of a method for
providing such an enhanced ultrasound image in accordance
with the present solution.

[0047] Some or all the components of the computing
device 800 can be implemented as hardware, software
and/or a combination of hardware and software. The hard-
ware includes, but is not limited to, one or more electronic
circuits. The electronic circuits can include, but are not
limited to, passive components (e.g., resistors and capaci-
tors) and/or active components (e.g., amplifiers and/or
microprocessors). The passive and/or active components can
be adapted to, arranged to and/or programmed to perform
one or more of the methodologies, procedures, or functions
described herein.

[0048] As shown in FIG. 8, the computing device 800
comprises a user interface 802, a Central Processing Umt
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(“CPU”) 806, a system bus 810, a memory 812 connected to
and accessible by other portions of computing device 800
through the system bus 810, and hardware entities 814
connected to system bus 810. The user interface can include
input devices (e.g., a keypad 850, a cursor control device
858, and/or a camera 860) and output devices (e.g., speaker
852, a display 854, and/or light emitting diodes 856), which
facilitate user-software interactions for controlling opera-
tions of the computing device 800.

[0049] At least some of the hardware entities 814 perform
actions involving access to and use of memory 812, which
can be a Random Access Memory (“RAM”), a disk driver
and/or a Compact Disc Read Only Memory (“CD-ROM”).
Hardware entities 814 can include a disk drive unit 816
comprising a computer-readable storage medium 818 on
which is stored one or more sets of instructions 820 (e.g.,
software code) configured to implement one or more of the
methodologies, procedures, or functions described herein.
The instructions 820 can also reside, completely or at least
partially, within the memory 812 and/or within the CPU 806
during execution thereof by the computing device 8§00. The
memory 812 and the CPU 806 also can constitute machine-
readable media. The term “machine-readable media,” as
used here, refers to a single medium or multiple media (e.g.,
a centralized or distributed database, and/or associated
caches and RPUs) that store the one or more sets of
instructions 820. The term “machine-readable media,” as
used here, also refers to any medium that is capable of
storing, encoding or carrying a set of instructions 820 for
execution by the computing device 800 and that cause the
computing device 800 to perform any one or more of the
methodologies of the present disclosure.

[0050] In some scenarios, the hardware entities 814
include an electronic circuit (e.g., a processor) programmed
for facilitating the provision of an enhanced ultrasound
image. In this regard, it should be understood that the
electronic circuit can access and run a software application
864 installed on the computing device 800. The software
application 824 is generally operative to facilitate the gen-
eration of the enhanced ultrasound image. Other functions of
the software application 864 will become apparent as the
discussion progresses.

[0051] The software application 8§64 implementing the
present solution described herein is stored as a software
program in a computer-readable storage medium and is
configured for running on the CPU 806. Furthermore, soft-
ware implementations of the present solution can include,
but are not limited to, distributed processing, component/
object distributed processing, parallel processing, virtual
machine processing. In the various scenarios, a network
interface device 862 connected to a network environment
communicates over the network using the instructions §20.
[0052] The present solution may be embodied in other
specific forms without departing from its spirit or essential
characteristics. The described embodiments are to be con-
sidered in all respects only as illustrative and not restrictive.
The scope of the invention is, therefore, indicated by the
appended claims rather than by this detailed description. All
changes which come within the meaning and range of
equivalency of the claims are to be embraced within their
scope.

[0053] Reference throughout this specification to features,
advantages, or similar language does not imply that all of the
features and advantages that may be realized with the
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present invention should be or are in any single embodiment
of the invention. Rather, language referring to the features
and advantages is understood to mean that a specific feature,
advantage, or characteristic described in connection with an
embodiment is included in at least one embodiment of the
present invention. Thus, discussions of the features and
advantages, and similar language, throughout the specifica-
tion may, but do not necessarily, refer to the same embodi-
ment.

[0054] Furthermore, the described features, advantages
and characteristics of the invention may be combined in any
suitable manner in one or more embodiments. One skilled in
the relevant art will recognize, in light of the description
herein, that the invention can be practiced without one or
more of the specific features or advantages of a particular
embodiment. In other instances, additional features and
advantages may be recognized in certain embodiments that
may not be present in all embodiments of the invention.
[0055] Reference throughout this specification to “one
embodiment,” “an embodiment,” or similar language means
that a particular feature, structure, or characteristic described
in connection with the indicated embodiment is included in
at least one embodiment of the present invention. Thus, the
phrases “in one embodiment,” “in an embodiment,” and
similar language throughout this specification may, but do
not necessarily, all refer to the same embodiment.

[0056] As used in this document, the singular form “a,”
“an,” and “the” include plural references unless the context
clearly dictates otherwise. Unless defined otherwise, all
technical and scientific terms used herein have the same
meanings as commonly understood by one of ordinary skill
in the art. As used in this document, the term “comprising”
means “including, but not limited to.”

[0057] All of the apparatus, methods, and algorithms
disclosed and claimed herein can be made and executed
without undue experimentation in light of the present dis-
closure. While the invention has been described in terms of
preferred embodiments, it will be apparent to those having
ordinary skill in the art that variations may be applied to the
apparatus, methods, and sequence of steps of the method
without departing from the concept, spirit, and scope of the
invention. More specifically, it will be apparent that certain
components may be added to, combined with, or substituted
for the components described herein while the same or
similar results would be achieved. All such similar substi-
tutes and modifications apparent to those having ordinary
skill in the art are deemed to be within the spirit, scope, and
concept of the invention as defined.

[0058] The features and functions disclosed above, as well
as alternatives, may be combined into many other different
systems or applications. Various presently unforeseen or
unanticipated alternatives, modifications, variations or
improvements may be made by those skilled in the art, each
of which is also intended to be encompassed by the disclosed
embodiments.

What is claimed is:

1. A system for generating an ultrasound image, compris-
ing:

a non-transitory, computer readable memory;

one or more processors; and

a computer-readable medium containing programming
instructions that, when executed by the one or more
processors, cause the system to:
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acquire a raw ultrasound signal output from an ultrasound

device;

generate filtered ultrasound image data by filtering the

raw ultrasound signal to transform information from a
signal domain to a frequency domain;

extract image phase and energy features from the filtered

ultrasound image data;

generate a filtered ultrasound signal by transforming the

image phase and energy features from the frequency
domain to the signal domain;
produce a transmission map estimation based on a back-
scattered ultrasound signal from a tissue interface; and

enhance the image phase and energy features of the
filtered ultrasound signal based on the transmission
map estimation so that portions of a soft tissue asso-
ciated therewith are made darker or lighter in an
enhanced ultrasound image.

2. The system of claim 1, further comprising program-
ming instructions, when executed by the one or more
processors, causing the system to

perform radial symmetry filtering on the enhanced ultra-

sound image by analyzing dark spherical shapes in the
enhanced ultrasound image; and

generate a radial symmetry image to identify regions of

interest in the enhanced ultrasound image.

3. The system of claim 2, further comprising program-
ming instructions, when executed by the one or more
processors, causing the system to output a surface topogra-
phy map based on the radial symmetry image.

4. The system of claim 1, wherein the step of extracting
the image phase and energy features is performed by an
alpha scale filtering.

5. The system of claim 4, wherein the alpha scale filtering
is performed in a frequency domain.

6. The system of claim 5, wherein the alpha scale filtering
is defined by expression

noexp(—(0w)®)  w>0
ASF(w):{ w0 exp(—(0w)™)

0 otherwise

where « is constant derivative parameter, o is a filter
alpha-scale parameter, and n, is a unit normalization con-
stant calculated from filter .

7. The system of claim 6, wherein n_ is computed in
accordance with mathematical equation

. \/EZ'Z%L (@405
F( 2a+1 ]
2a

where s is a scale parameter and a is a derivative parameter.

8. The system of claim 1, wherein the transmission map
estimation comprises combining scattering and attenuation
effects in soft tissue based on equation

e

USxy)=US (xy) USg(xy)+{1-US4(x.y) )

where US(x,y) is a local energy image, US ,(x,y) is a signal
transmission map, USg(x,y) is an enhanced ultrasound
image, and o is a constant value representative of echoge-
nicity in the soft tissue in a local region.
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9. The system of claim 8, wherein US.(x,y) is extracted
by estimating the signal transmission map US ,(x,y) using a
Beer-Lambert law which models an attenuation function as
a function of imaging depth.

10. The system of claim 9, wherein the Beer-Lambert law
is defined by equation

UStxp)=US,(x.p)exp(-nd(x.y))

where US_(x,y) is an initial intensity image, US(x,y) is an
attenuated intensity image, 1| is an attenuation coefficient,
and d(x,;y) is a distance from an ultrasound transducer
surface.

11. The system of claim 10, wherein US ,(x,y) is obtained
by minimizing an objective function defined by equation

A 2
HNUSa e ) = USr(x, Wl + Zjew IWjolD;+USa(x, yll,

where w is an index set, o represents element wise multi-
plication, * is a convolution operation, D, is obtained using
a bank of high order differential filters consisting of eight
Kirsch filters and one Laplacian filter, and W, is a weighting
matrix calculated in accordance with mathematical equation

— 2
W=exp(~1Dy(x,y)*US(x,9)1%)

12. The system of claim 11, wherein US,(x,y) is calcu-
lated in accordance with equation

US(x.y) - a

VI ) = | U 0. oF

13. The system of claim 2, wherein the radial symmetry
filtering is specified by equation

S.=F.*4,

where “*” denotes the convolution operation; A, is an
isotropic Gaussian function and F,, is defined as:

M) (B )
Fop)= k(p ( - ]a

. { On(p), On(p) <ky
a.(p)=

ky, otherwise

and a is a radial strictness parameter, and k, is a scaling
factor across different radii.

14. The system of claim 2, wherein the radial symmetry
image is defined by equation

1
s:mZSn

neN

where S is a sum of all symmetry contributions over all
ranges considered.
15. A method for generating an ultrasound image, com-
prising:
acquiring, by a computing device, a raw ultrasound signal
output from an ultrasound device;
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generating filtered ultrasound image data by filtering the
raw ultrasound signal to transform information from a
signal domain to a frequency domain;

extracting image phase and energy features from the
filtered ultrasound image data;

generating a filtered ultrasound signal by transforming the
image phase and energy features from the frequency
domain to the signal domain;

producing a transmission map estimation based on a
backscattered ultrasound signal from a tissue interface;
and

enhancing the image phase and energy features of the
filtered ultrasound signal based on the transmission
map estimation so that portions of a soft tissue asso-
ciated therewith are made darker or lighter in an
enhanced ultrasound image.

16. The method of claim 15, further comprising:

performing, by a computing device, radial symmetry
filtering on the enhanced ultrasound image by analyz-
ing dark spherical shapes in the enhanced ultrasound
image; and
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generating, by a computing device, a radial symmetry
image to identify regions of interest in the enhanced
ultrasound image.

17. The method of claim 16, further comprising output-
ting a surface topography map based on the radial symmetry
image.

18. The method of claim 15, wherein the backscattered
ultrasound signal is modulated by interactions with a tissue,
the interactions comprising scattering and attenuation.

19. The method of claim 15, wherein the step of gener-
ating the filtered ultrasound image data is performed by a
Fourier transform.

20. The method of claim 15, wherein the step of gener-
ating the filtered ultrasound signal is performed by the
inverse Fourier transform.

21.-31. (canceled)
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