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(57) ABSTRACT

Methods and systems for producing a visually-perceived
representation of a sub-millimeter-sized blood vessel located
at a depth of many centimeters in the biological tissue, in
which the background clutter is suppressed (by at least 30
dB using SVT and additional 23 dB using a combination of
morphology filtering and vessel enhancement filtering) as
compared to an image obtained with the use of a B-mode
ultrasound imaging, while at the same time maintaining the
morphology of the blood vessel.
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SYSTEM AND METHOD FOR
VISUALIZATION OF TISSUE
MICROVASCULAR USING ULTRASOUND

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Serial No. 62/508,884, filed on
May 19, 2017, and entitled “SYSTEM AND METHOD
FOR VISUALIZATION OF TISSUE MICROVASCULAR
USING ULTRASOUND,” and of U.S. Provisional Patent
Application No. 62/541,942, filed on Aug. 7, 2017, and
entitled “SYSTEM AND METHOD FOR VISUALIZA-
TION OF TISSUE MICROVASCULATURE USING
ULTRASOUND,” both of which are herein incorporated by
reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under CA195527, CA148994, and EB017213 awarded by
the National Institutes of Health. The government has cer-
tain rights in the invention.

BACKGROUND

[0003] Imaging of the sub-millimeter size vasculature,
seated many centimeters deep inside the body, still remains
a challenging task in medical imaging. Conventionally,
desired images are acquire with the use of contrast-enhanced
magnetic resonance and microscopic computed tomography
(micro-CT). The usefulness of these methods in research and
clinical applications, however, are limited both operationally
and cost-wise: to implement any of these, an injection of a
contrast enhancement agent is required, and the costs are
high, imaging times are long, and portability of these
modalities is low. Doppler ultrasound approach has also
been traditionally used for real-time imaging of the tissue
blood vessels and large-scale hemodynamics. The use of this
method, however, continues to suffer from low cluttered
tissue areas (such as abdominal organs, for example) have to
be imaged. Overall, maps of blood vessel(s) of the tissue
obtained as a result of employing these imaging methods are
highly fragmented, which makes the interpretation of the
morphological features of vessel network extremely com-
plicated if not impractical.

[0004] The recently-introduced ultrasensitive Doppler
ultrasound-based modality for visualization of tissue vascu-
larity with sub-millimeter sizes is based on plane-wave
imaging with multiple-angle compounding, and enables
high quality imaging within a wide field-of-view (FOV) at
high frame rates, and analysis of the coherence in both
spatial and temporal domains. Based on this principle and
using singular value thresholding (SVT), high-quality visu-
alization of the vasculature at micron levels has been
recently reported, as described for instance in IEEE Trans-
actions on Medical Imaging, vol. 34, pp. 2271-2285, 2015.
[0005] The main underlying assumption of this recently-
introduced methodology is that motion of the bulk of the
tissue and blood flow leave different signatures in the
ultrasound backscattered echoes, which occupy two differ-
ent sub-spaces: while tissue clutter signal mostly lies in a
highly correlated sub-space that constitutes more than 99%
of the backscattered energy, blood flow presents in a weakly
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correlated sub-space with extremely week amplitudes (at
levels of more than 30 dB below the clutter signal, for
example). With this assumption, the SVT of a temporal
covariance matrix can facilitate the separation of the two
sub-spaces via a thresholding operation based on signal
coherence.

[0006] What the above assumption that underlies the SVT
method(s) does account for, however, is that—in addition to
blood signal—auxiliary noise is also present in the weakly
correlated sub-space. Such additive noise is caused by
electronic devices as well as random rearrangements of the
ultrasound diffuse scattering patterns, known as speckles.
Ultrasound images are known be strongly susceptible to
(and, as a result, the imaging process suffering from) inten-
sity variations caused by multiple physical phenomena such
as specular reflections, edge artifacts, shadowing due to
partial or global tissue absorption of ultrasonic energy, to
name just a few. These variations in signal amplitude cannot
be directly embedded in to equalize the subspace amplitudes
resulted from the SVT. Hence, vessel structures derived
from SVT are visualized and visible at different dynamic
ranges at different depths (that is, a dynamic range of the
appropriate signal is changed as the imaging depth
increases, for example) and locations.

[0007] With the above analysis, a person of skill in the art
will readily appreciate that the currently used SVT-based
method performs well only for superficial and mostly homo-
geneous tissue vasculature imaging (where uncorrelated
additive noise contribution is not significant, as compared to
the total ultrasound backscattered echo). In more realistic
situations, however, maintaining the dynamic range constant
may cause low visibility of the vessels in some part of the
image or a saturated image of the vessels in other parts.
Related art attempted to alleviate this problem by shrinking
the spatial domain for SVD decomposition such that a
constant signal power can be assumed throughout the
domain. However, in addition to excessive computational
cost, the main drawback of such method is the reduction of
number of basis vectors for decomposition of the tissue and
blood signal components. This reduced space, in turn, can
limit the spatial resolution of the final images as subtle blood
dynamics in small vessels may not be well represented in the
reduced signal space. Problems left to be resolved by the
SVT-based methodologies remain to be addressed.

SUMMARY OF THE DISCLOSURE

[0008] The present disclosure addresses the aforemen-
tioned drawbacks by providing a method for generating an
image depicting tissue microvasculature using an ultrasound
system. The method includes, with an ultrasound imaging
system, recording a sequence of first images of a blood
vessel of a tissue, said blood vessel having a first spatial
scale. The sequence of first images is transformed into a
second image by separating a weakly-correlated ultrasound
data of the sequence of first images from a highly-correlated
ultrasound data of the sequence of first images, wherein said
separating is carried out based on a pre-determined threshold
value, wherein said weakly-correlated ultrasound data rep-
resents blood activity, and wherein said highly-correlated
ultrasound data represents more than 99% of energy in
singular values. A third image is generated by reducing a
spatially-variant background signal corresponding to fea-
tures having a second spatial scale from the second image
using a circular morphology structure by at least 10 dB. The
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third image is transformed into a fourth image by equalizing
variations of intensity across the third image to compensate
for ultrasound fluctuations caused by relative orientation of
a probe of the ultrasound imaging system and the blood
vessel. The visibility of said blood vessel presented is
adjusted for viewing while forming a visually-perceived
output, from said ultrasound imaging system, in which the
third image has been modified based on representation of
said blood vessel as a tubular structure.

[0009] It is another aspect of the present disclosure to
provide a method for generating an image depicting tissue
microvasculature using an ultrasound system. The method
includes acquiring ultrasound echo data from a region-of-
interest in a subject with an ultrasound system, wherein the
region-of-interest contains tissue microvasculature. Clutter
removed data are generated by performing a clutter removal
algorithm on the ultrasound echo data, wherein the clutter
removal algorithm is implemented with a hardware proces-
sor and a memory. Spectrum data are generated by perform-
ing a temporal Fourier transform on the clutter removed
data. Negative frequency data in the spectrum data are stored
as negative frequency spectrum data, and positive frequency
data in the spectrum data are stored as positive frequency
spectrum data. A first image is reconstructed from the
negative frequency spectrum data, and a second image is
reconstructed from the positive frequency spectrum data. A
third image that depicts tissue microvasculature is generated
by combining the first image and the second image in order
to reduce artifacts and noise.

[0010] The foregoing and other aspects and advantages of
the present disclosure will appear from the following
description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in
which there is shown by way of illustration a preferred
embodiment. This embodiment does not necessarily repre-
sent the full scope of the invention, however, and reference
is therefore made to the claims and herein for interpreting
the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 provides an example of an ultrasound sys-
tem that can be used to implement an embodiment of the
invention.

[0012] FIG. 2A presents a generalize flow chart of the
process according to an embodiment of the invention.
[0013] FIG. 2B presents a block scheme illustrating gen-
eral flow of the process of tissue clutter removal according
to an embodiment of the invention.

[0014] FIG. 2C illustrates a block diagram of the process
of background clutter removal from an image of vasculature.
[0015] FIG. 3A: an SVT filtered image of kidney vascu-
lature in a healthy volunteer; FIGS. 3B, 3C: selected small
area images from small rectangular boxes shown in FIG. 3A
are presented at dynamic ranges tuned to each region signal
intensity.

[0016] FIG. 4: local and global signal intensity variations
overlaid on a line segment from the gross image.

[0017] FIG. 5A: an SVT filtered image of kidney vascu-
lature in a healthy volunteer; FIG. 5B: background estimated
using a circular structuring element; FIG. 5C: a top-hat filter
image.

[0018] FIGS. 5D, 5E, and 5F present, on an enlarged scale,
portions of images of FIGS. 5A, 5B, and 5C, respectively,
outlined in such images with a rectangular box.

Jun. 11, 2020

[0019] FIG. 6A: a B-mode image of the native kidney;
FIG. 6B: a vasculature image formed using S-scale VEF
method; and FIG. 6C: the vasculature image of FIG. 6B
overlaid on the registered B-mode image of FIG. 6A.

[0020] FIG. 7A: a gross vessel image after singular value
decomposition; FIG. 7B: a background-free image after
top-hat filtering; FIG. 7C: a final vessel image after vessel
enhancement filtering.

[0021] FIGS. 7D, 7E, and 7F present, on an enlarged scale,
portions of images of FIGS. 7A, 7B, and 7C, respectively,
outlined in such images with a rectangular box.

[0022] FIG. 8A: a representative line segment selected
from an area with mostly large vessels overlaid on the
vasculature image after singular value decomposition; FIG.
8B: an image after top-hat filtering; FIG. 8C: an image after
vessel enhancement filtering; FIG. 8D: intensity curves
along the line segment from each of images of FIGS. 8A,
8B, and 8C; and FIG. 8E: Table 1 with summary of itemized
parameters.

[0023] FIG. 9A: a representative line segment selected
from an area with mostly small vessels overlaid on the
vasculature image after singular value decomposition; FIG.
9B: an image after top-hat filtering; FIG. 9C: an image after
vessel enhancement filtering; FIG. 9D: intensity curves
along the line segment from each of images of FIGS. 9A,
9B, 9C; and FIG. 9E: Table 2 with summary of itemized
parameters.

[0024] FIG. 10A: a B-mode image of hepatic vasculature
network in the liver of a healthy volunteer; FIG. 10B: a gross
image of the vessels using SVT; FIG. 10C: a vasculature
image after background removal using THF; and F1G. 10D:
a final image of the hepatic vasculature network after VEF.

[0025] FIG. 11A: a B-mode image of a malignant thyroid
papilloma identified between two vertical black columns;
FIG. 11B: an image of the gross vasculature imaging inside
the nodule using SVT; FIG. 11C: a vasculature image after
background removal using THF; and FIG. 11D: final image
of the vasculature network inside the nodule after VEF.
[0026] FIG. 12A: a B-mode image of a benign breast
fibroadenoma identified as hypoechoic region with well-
defined boundaries; FIG. 12B: an image of the gross vas-
culature imaging inside the lesion using SVT; FIG. 12C: a
vasculature image after background removal using THF; and
FIG. 12D: final image of the vasculature network inside the
lesion after VEF.

[0027] FIG. 13A provides illustration to orientation of a
blood vessel with respect to the ultrasound beam.

[0028] FIG. 13B: (a) Sequence of high frame rate ultra-
sound data of a kidney in a healthy volunteer (b) tissue
clutter-free microvasculature network (c) color flow mask
(d) final color flow map with blood flow speed estimation.
[0029] FIG. 14 presents a generalized block diagram of a
multi-level vessel filtering process.

[0030] FIG. 15 is an example of spectral features of tissue
clutter (blue), tissue clutter residue artifact after SVD
(black), blood (red), and noise (green).

[0031] FIG. 16 is a flowchart setting forth the steps of an
example method for reducing artifacts and noise in a tissue
microvasculature image using a spectral subtraction tech-
nique.

[0032] FIG. 17 is a flowchart setting forth the steps of an
example method for reducing artifacts and noise in a tissue
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microvasculature image using a spectral subtraction tech-
nique with motion compensation to reduce motion-related
blurring and artifacts.

DETAILED DESCRIPTION

[0033] Described here are systems and methods for
enhancing ultrasonic visualization of tissue microvascula-
ture in a manner that improves image segmentation and
estimation of blood flow speed(s) in tissue small vessel
network,

[0034] Embodiments of the present disclosure are directed
to enhancement of visualization of the small vessels in both
power Doppler mode and color flow imaging (of the tissue),
which images have been obtained with the use of singular
value thresholding (SVT) “clutter removal” approach of
related art. Some other embodiments of the present disclo-
sure are directed to enhancing the visualization of small
vessels through artifact and noise suppression. Still other
embodiments of the present disclosure are directed to
enhancing the visualization of small vessels through motion
compensation.

[0035] Previously, the SVT was shown to be a powerful
tool in separating highly correlated tissue clutter backscatter
signals from the blood signal, allowing the small vessels to
be visualized at high resolutions that could not be achieved
using conventional Doppler imaging methods. However, a
number of undesired features in SVT-derived images con-
tinued to prevent further image-based assessment of the
tissue structure, such as analysis of the vessel morphology,
for example. Time-gain compensation (TGC) is sometimes
used to visualize different depths of tissue within the ultra-
sound field of view using at a given dynamic range when
using regular B-mode imaging. If TGC is employed. The
most dominant remaining after the SVT processing is a
depth-dependent background signal, which progressively
increases with depth. This persistent problem mainly stems
from the fact that conventional singular value decomposition
methods give or assign equal weights to all contributing
vectors regardless of the depth. It was determined that, as a
result of such assignment, even after the exclusion of the
clutter subspace the synthesized images contained a back-
ground signal with varying amplitude. An additional prob-
lem with SVT-images is related to severe local intensity
changes in ultrasound echo signal, which may result from
strongly-reflecting tissue elements and/or spatial orientation
(s) of the tissue inhomogeneity. Such local intensity changes
may, in turn, cause local variations in the background signal
present in the SVT derived vessel images.

[0036] The above-identified effects aggregately limit the
visibility of the vessels in images at different size scales and
depths, and effectively prevent the use of segmentation
algorithms (which require complete separation of the target
vessel areas from the background). The strength and advan-
tage of the proposed methodology is that it solves these
problems with the use of a two-step approach, utilizing a
morphology-based filtering (configured to remove back-
ground signals that appear at size scales larger than a
specified, predetermined scale or range) in the form of
top-hat filtering (THF) with a circular structuring element.
The diameter of this structuring element was judiciously
defined to be larger than the largest desired vessel size, and
is a parameter of choice to be adjusted. For example, when
the microvasculature in a thyroid nodule next to the main
carotid artery is to be imaged (and while both the micro-
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vasculature and the artery represent vessels), the structuring
element size is chosen to be small enough to remove the
artery but large enough to preserve larger vessels of interest
in the thyroid gland and inside potential thyroid nodule.
Additionally, THF is a general term for a group of back-
ground removal algorithms based on opening morphology
operations. Other methods can replace THF but will result in
loss of resolution or significantly increase computational
cost.

[0037] As a result of such combination, most of the
background blanket signals are removed from the imaging
data, and local intensity variations are compensated such
that better connectivity can be observed in vessel maps
throughout the entire imaging domain. The proposed algo-
rithm then progresses with a Hessian-based vessel enhance-
ment filtering to further improve the background suppres-
sion and vessel visibility. In addition to visible enhancement
provided by the VEF, significant quantitative gains were
achieved after each processing stage as summarized in Table
1 (FIG. 8E) and Table 2 (FIG. 9E). THF alone provides at
least 10 dB as compared to SVT and THF+VEF, provided a
minimum gain of about 23 dB in separation of vessels from
the background minimal impact on spatial resolution. The
combined gain of (SVT+THF+VEF) is at least 53 dB, as
compared to normal B-mode imaging.

[0038] The disclosed method is the first attempt, to the
best of the knowledge of the inventors, to apply vessel
filtering to ultrasonically detected microvasculature: there
appear to be no data available in the literature to compare
with the discussed-below results, at least in terms of
achieved gain. The 23 dB gain reported here is the minimum
achievable gain, while the gain figures can be extremely
high because the combination of (THF+VEF) processes can
potentially substantially completely remove the background
from an image, thereby resulting in substantially infinite
contrast to noise ratio.

[0039] The eflicient background suppression achieved by
the proposed method enables eflicient segmentation and
analysis of the morphological features of the vascular struc-
tures. Perfusion is considered as a hallmark for malignancy
as blood supply is provided by a process called angiogen-
esis. While related art (in particular, R. C. Gessner et al.,
“Mapping Microvasculature with Acoustic Angiography
Yields Quantifiable Differences between Healthy and
Tumor-bearing Tissue Volumes in a Rodent Model,” Radi-
ology, 2012; 264:733-740) had to utilize contrast-enhanced
acoustic angiography to demonstrate that the morphological
features can serve as potential biomarkers for identification
of cancerous tumors, the present methodology results in so
significant processing gains that obtaining continuous vessel
maps simply do not require injection of contrast agents in the
imaged tissue, allowing to achieve the sought-after imaging
of microvasculature of the tissue substantially without side-
effect and patient discomfort that are conventionally asso-
ciated with the administration of a contrast agent. Further,
the proposed methodology ensures that high-quality imag-
ing is successfully carried out at larger depths into the tissue
as compared to acoustic angiography, at least because the
vessel images are derived with the use of the fundamental
frequencies instead of higher harmonics as in related art.
[0040] FIG. 1 illustrates an example of an ultrasound
system 100 that can implement the methods described in the
present disclosure. The ultrasound system 100 includes a
transducer array 102 that includes a plurality of separately
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driven transducer elements 104. The transducer array 102
can include any suitable ultrasound transducer array, includ-
ing linear arrays, curved arrays, phased arrays, and so on.
Similarly, the transducer array 102 can include a 1D trans-
ducer, a 1.5D transducer, a 1.75D transducer, a 2D trans-
ducer, a 3D transducet, and so on.

[0041] When energized by a transmitter 106, a given
transducer element 104 produces a burst of ultrasonic
energy. The ultrasonic energy reflected back to the trans-
ducer array 102 (e.g., an echo) from the object or subject
under study is converted 1o an electrical signal (e.g., an echo
signal) by each transducer element 104 and can be applied
separately to a receiver 108 through a set of switches 110.
The transmitter 106, receiver 108, and switches 110 are
operated under the control of a controller 112, which may
include one or more processors. As one example, the con-
troller 112 can include a computer system.

[0042] The transmitter 106 can be programmed to transmit
unfocused or focused ultrasound waves. In some configu-
rations, the transmitter 106 can also be programmed to
transmit diverged waves, spherical waves, cylindrical
waves, plane waves, or combinations thereof. Furthermore,
the transmitter 106 can be programmed to transmit spatially
or temporally encoded pulses.

[0043] The receiver 108 can be programmed to implement
a suitable detection sequence for the imaging task at hand.
In some embodiments, the detection sequence can include
one or more of line-by-line scanning, compounding plane
wave imaging, synthetic aperture imaging, and compound-
ing diverging beam imaging.

[0044] In some configurations, the transmitter 106 and the
receiver 108 can be programmed to implement a high frame
rate. For instance, a frame rate associated with an acquisition
pulse repetition frequency (“PRF”) of at least 100 Hz can be
implemented. In some configurations, the ultrasound system
100 can sample and store at least one hundred ensembles of
echo signals in the temporal direction.

[0045] The controller 112 can be programmed to imple-
ment an imaging sequence using the techniques described in
the present disclosure, or as otherwise known in the art. In
some embodiments, the controller 112 receives user inputs
defining various factors used in the design of the imaging
sequence.

[0046] A scan can be performed by setting the switches
110 to their transmit position, thereby directing the trans-
mitter 106 to be turned on momentarily to energize trans-
ducer elements 104 during a single transmission event
according to the selected imaging sequence. The switches
110 can then be set to their receive position and the subse-
quent echo signals produced by the transducer elements 104
in response to one or more detected echoes are measured and
applied to the receiver 108. The separate echo signals from
the transducer elements 104 can be combined in the receiver
108 to produce a single echo signal.

[0047] The echo signals are communicated to a processing
unit 114, which may be implemented by a hardware pro-
cessor and memory, to process echo signals or images
generated from echo signals. As an example, the processing
unit 114 can produce images of small vessels using the
methods described in the present disclosure. Images pro-
duced from the echo signals by the processing unit 114 can
be displayed on a display system 116.

[0048] The memory may be random access memory
(RAM), read-only memory (ROM), flash memory or any
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other memory, or combination thereof, suitable for storing
control software or other instructions and data. Those skilled
in the art should would readily appreciate that instructions or
programs defining the operation in accordance with embodi-
ments described in the present disclosure may be delivered
to a processor in many forms, including, but not limited to,
information permanently stored on non-writable storage
media (e.g. read-only memory devices within a computer,
such as ROM, or devices readable by a computer I/O
attachment, such as CD-ROM or DVD disks), information
alterably stored on writable storage media (e.g. floppy disks,
removable flash memory and hard drives) or information
conveyed to a computer through communication media,
including wired or wireless computer networks. In addition,
while the methods described in the present disclosure may
be embodied in software, the functions to implement those
methods may optionally or alternatively be embodied in part
or in whole using firmware and/or hardware components,
such as combinatorial logic, Application Specific Integrated
Circuits (ASICs), Field-Programmable Gate Arrays (FP-
GAs) or other hardware or some combination of hardware,
software and/or firmware components.

[0049] The systems and methods described in the present
disclosure stem from the realization that purification, clean-
ing, or enhancement of a gross SVI-based image of the
tissue vasculature can be achieved by combining a multi-
scale vessel analysis with a morphology filtering method
that retains information about small vessel structures while
the local and global imaging background is removed. In
some embodiments, the SVT-based images should prefer-
ably exhibit vessel structures at dynamic ranges that are not
constant, but differ with depth at which such structures are
located, and should also possess variations caused at least by
changing orientation of vessel(s) and direction of blood flow.
In particular, the modification of the morphology filtering
method includes tuning its critical parameters to account for
size(s) of the vessel structures in question.

Image Acquisition and Clutter Removal with the
use of Global SVT

[0050] The generalized flow-chart of an embodiment of
the process of the invention—which is discussed in detail
below—is presented in FIG. 2A. Each of the constituent
processing steps 210, 214, 216, 220, 224, 228, 234, 238, 242
is addressed in more detail below.

[0051] Generally, and in reference to a schematic diagram
of FIG. 2B, at the first stage of the image-transformation
process and after the raw ultrasound data have been acquired
with the use of, for example, fast plane wave ultrasound
imaging with coherent compounding at hundreds to thou-
sands frames per second (or, alternatively, with beam-
formed line-by-line scanning in a limited field; or a set-up
illustrated in FIG. 1), the entire spatial-temporal data for
building the orthogonal basis (see 282) is incorporated and
SVT is used at 284 to remove the clutter signal from the
entire domain of data. Alternatively or additionally, tissue
clutter removal may involve blood sub-space projection,
286. The thresholding procedure provides a subspace that
represents the blood activity and uncorrelated background
noise. The original multi-dimensional data may be projected
into this sub-space to form a single frame (in case of planar
imaging) or a single volume (in case of volume imaging).
[0052] Generally, the present visualization approach pref-
erably utilizes fast ultrasound imaging. (For example, fast
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plane wave ultrasound imaging with coherent compounding
may be used to acquire raw ultrasound data at hundreds to
thousands frames per second. Alternatively, beam-formed
line-by-line scanning in a limited field may be used.) Tissue
clutter may then be removed from the raw ultrasound data.
This can involve a multi-dimensional signal decomposition.
Methods for separating tissue ultrasound echo from blood
ultrasound echo may include, for example, singular value
thresholding, multi-resolution processing algorithms (such
as wavelet and wave packet), and blind source separation
algorithms such as independent component analysis. Tissue
displacement and blood activity present distinct spatiotem-
poral features in the ultrasound backscattered data. Tradi-
tionally, high pass or band pass filtering has been used to
reduce tissue clutter from blood activity data. With the
emergence of fast ultrasound using plane wave imaging with
multiple angle compounding, large data ensembles can be
acquired from a large spatial field of view at very high frame
rates. This enables statistical analysis of the tissue and blood
activity in a multidimensional domain. The tissue clutter
removal may be based on eigenanalysis of a covariance
matrix. Tissue clutter may be removed based on threshold-
ing of highly correlated data with significant singular values
while blood activity is separated as a weakly correlated
subspace. Alternatively or additionally, tissue clutter
removal may involve blood sub-space projection. The
thresholding procedure provides a subspace that represents
the blood activity and uncorrelated background noise. The
original multi-dimensional data may be projected into this
sub-space to form a single frame (in case of planar imaging)
or a single volume (in case of volume imaging). Background
removal may utilize methods of removing a spatially-variant
background signal from a clutter-free gross vessel image.
Examples of such methods include morphology filtering
such as top-hat filtering, moving average filtering, Savitzky-
Golay filtering, and non-local mean background removal.
Background estimation may be based on an “opening mor-
phology” technique. For example, after removing the tissue
clutter, the resulting data represents a weakly correlated
subspace that contains mostly blood activity. However, this
data also includes additive white noise (statistically uncor-
related) that progressively increases with depth due to
ultrasound signal attenuation. In this step, a morphological
structuring kernel may be used to extract the randomly
distributed background from the vessel map.

[0053] Below, the details of the clutter-removal procedure
are discussed. See FIG. 2B.

[0054] For a data point at depth z, the ultrasound raw data
can be represented as,

r(z,0)=e" s, (z, 10+ Cs,(z,0)+n (1) (1

[0055] where s, and s, are the clutter and tissue compo-
nents respectively, nis the additive white Gaussian noise due
to electrical components and o is the tissue attenuation rate
with depth which is assumed to be constant. Let’s assume
we arrange a stack of this data in a matrix in the form of,

@
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[0056] where 1, represents the ultrasound raw data
sampled at depth z, and time t,. The right hand side of Eqn.
(2) represents the SVD decomposition of matrix R, where
eigenvalues are sorted as A, >h,> ... >h,,..00ry and v, and
v, are the i eigenvector along the column and row spaces
respectively. Matrix R is assumed to have full rank. An SVT
algorithm can then be used to exclude the tissue clutter
components which correspond to the largest singular values.
Hence, the data matrix R spans two orthogonal sub-spaces:
S.=span{i;,h,, . . . A} that constitutes mostly the clutter
signal and S, =span{A,, Ao, . . . A, (arny ) that contains
mostly blood signal and additive white noise. Hence the
ultrasound data in Eqn. (1) can be presented as,

(a0 = & selz, 1) + e (g, 1) + ). &)
Es¢ € Spin
[0057] Since the thresholding is applied globally (with

assigning equal weights to all signals through the depth of
the tissue), the clutter contribution decreases with depth.
Hence, in the clutter-free reconstructed image, as depth
increases, blood and noise contributions become larger as
compared to the clutter part. This can be clearly seen in FIG.
3A, presenting an SVT-based vessel image in a native
kidney. In the presented dynamic range, the small cortical
vessels can be easily recognized, while deeper parts of the
image show saturation of image intensity and are, therefore,
of insufficient quality. FIGS. 3B and 3C present two different
regions of the image of FIG. 3A located at different depths
and possessing two different dynamic ranges that are cho-
sen/tuned for best visualization of each of these “sub”
images. FIG. 4 shows the intensity variations along an axial
line segment (dashed line 310 in FIG. 3A). As it can be seen,
as depth increases, the vessel signature appears to be shifted
(increased) by an additive background signal. This gradually
increasing background signal is represented by a dashed line
430 in FIG. 4.

[0058] In addition to this global effect, local intensity
changes can create small scale local variations or perturba-
tions in the SVT reconstructed vessel image. An example is
shown in FIG. 4, where a dashed line 420 is used to
approximate these variations in the vicimty of vascular
structure.

[0059] Therefore, a person of skill in the art will readily
appreciate that this stage of the process produces a gross
image of the tissue vasculature containing information about
vessel structures at dynamic ranges that differ with depth of
the vessel, preventing the clear display of all portions of the
image and, therefore, reliable analysis of the image.

[0060] In order to remove these local and global varia-
tions, an embodiment of the invention utilizes a morphology
filtering method (specifically, what’s known as top-hat fil-
tering) but—in contradistinction with related art—with
parameters that are specifically tuned to the desired size of
vessel structures that are being imaged.

Background Removal with the Use of Specifically-Modified
Morphology Filtering

[0061] According to the idea of the invention, morphology
filtering is applied for feature extraction from digital images
where a structuring element is used in combination of a
series of morphology operations. A top-hat filtering (THF)
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approach includes a background estimation, followed by a
subtraction operation. For an image, x, the white top-hat
filtering is defined as,

X, =x-x0SE (4);

[0062] where SE is a morphology structuring element, and
“o” is an opening operation. The opening of set A by a
structuring element B is defined, according to the “opening

morphology” technique, as,
40B=(45B)®B #

[0063] where © and @ are the erosion and dilation opera-
tions, respectively. Dilation and erosion are two of the basic
mathematical morphology operations, and can be defined as,

A®B= Ubeg Ap Dllatlon.

ASB= Ub*B Ay Erosion1

[0064] where A, and A , is the translation of A by b and
-b, respectively, and -b represents the binary negation.
[0065] Therefore, the white top-hat filtering of image x by
structuring element SE results in,

%,,=%—(xOSE)YDSE (6).

[0066] FIGS.5A, 5B, 5C, 5D, SE, and SF depict the results
of operation of the top-hat filtering algorithm on the kidney
vessel image of FIG. 3A. Here, all images are shown using
the same dynamic range. The structuring element used in
this image transformation was a circle with a radius of 578
um. FIG. 5B shows the estimated background, while FIG.
5C presents the vessel image after background removal. A
person of skill will readily appreciate that the use of the
top-hat filtering significantly removed most of the global and
local background signal (compare with FIG. 1A) such that
the entire vessel network being imaged can now be visual-
ized using a single, constant for the same portion of the
tissue regardless of the depth of the particular vessel,
dynamic range. The subtracted image in FIG. 5B mainly
contains a background signal that increases with depth.
Additionally, it represents local variations due to local
fluctuations of the background signal. Each of FIGS. 5D, 5E,
and 5F depicts a smaller area or portion of the corresponding
image of FIGS. 5A, 5B, 5C (see rectangular box in the
corresponding images) for the gross image, background
signal and top-hat filtered images, respectively. As can be
easily visualized, the use of THF that has been modified
according to the idea of the invention resulted in effective
removal of the background signal with minimal impact on
the quality of image(s) of small vessel structures.

Additional Image Enhancement Filtering

[0067] Despite the fact that modification of the morphol-
ogy filtering according to the idea of the invention success-
fully produces greatly enhanced visibility of the vessel
structures, the resulting images still may fall short of
enabling quantitative analysis of the structural features of
blood vessel network images. Even though the modified-
THF-based images are free of background, slight intensity
fluctuations may still affect the continuity of the images of
vessels if a global thresholding is directly applied. Hence a
vessel enhancement filtering is additionally used, as dis-
cussed below, to further improve the visibility and connec-
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tivity of the vascular structures and complete removal of the
background via a thresholding mechanism.

[0068] The field of vessel filtering is not particularly new,
due to a diverse range of angiography techniques developed
over the past few years in different imaging modalities. One
used technique is based on the analysis of tubular structures
in a scale space domain with the use of eigenvalue value
decomposition of the intensity Hessian matrix. The aim of
these algorithms is to identify and enhance vessel-like
structures while penalizing other unwanted components in
the image.

Hessian-Based Multi-Vessel Enhancement Filtering
(VEF)

[0069] In order to derive the formulation of a Hessian-
based vessel filter, the notion of scale space derivative is
introduced. The signal intensity, I, at a distance Sr from a
pixel located at r can be written as,

I(r+0n.8)=(r.s)+0r"V +8r H dr 7;

[0070] where V_ and H_ are the Gaussian gradient vector
and Hessian matrix at scale s, respectively. In scale space
theory, true derivatives are replaced by bandlimited differ-
entiation using a Gaussian kernel as,

P P ®)
—1 . S
arl(',S) s (r, s) arr(r, );

[0071] where y is a normalization parameter and I'(r, s) is
a Gaussian kernel defined as,

112 ©

[0072] Based on this definition of differentiation, the Hes-
sian matrix is calculated and eigenvectors and eigenvalues
are derived. In 2-D domain, two eigenvalues, A, and X, are
derived such that IA,|>IA;|. Based on this decomposition, the
following scenarios may occur which are indicative of
different patterns:
[0073] A) Both are large positive numbers—=blob-like
pattern (dark intensity)
[0074] B) Both are small negative numbers—blob-like
pattern (bright intensity)
[0075] C) IA,l is a very small number, but A, is a large
positive number—tubular structure (dark intensity)
[0076] D) Il is a very small number but A, is a small
negative number—tubular structure (bright intensity)
[0077] Related art proposed a vessel enhancement and
thresholding function as follows,

0 A >0 10

M2 2
s - AT .
e 28 [1 —e 22 ] elsewhere
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[0078] 1In Eqn. (10),

A (n

M=—
Az’

[0079]

A=A (12);

defines the eccentricity of second order ellipse and,

[0080] is used to penalize any unstructured patterns, such
as background noise, for example. Additionally, o defines
the roll-off rate for soft-thresholding of the unstructured
patterns and { is used to control the dynamic range of the
output intensity. 100771 An important aspect of using the
scale space analysis stems from the fact the structures can be
analyzed at different size scales simultaneously. In other
words, the output of the vessel function, AS, is only sensitive
to the shape similarities and not image intensities. Hence the
final vessel image, A, can be formed by finding the maxi-
mum value of A, over all estimated range of s, as,

A = max A,. (13)

Multi-Scale VEF: Analysis of an In Vivo Example

[0081] Image data obtained from the kidney vasculature,
discussed above, were further processed with the multi-scale
VEF method. For this purpose, a 5-scale VEF with vessel
sizes of 116 um, 231 pm, 347 pm, 462 um and 578 um was
used. The vessel scale was chosen based on the smallest
visible vessel size in the raw SVT-processed image. The
largest scale was set equal to size of the structuring element
used for top-hat filtering. The log-compressed top-hat fil-
tered image was analyzed at different scales and the final
image was formed based on Eqn. (13). Parameters c. and {3
were empirically set to 0.6 and 50, respectively. FIG. 6A
illustrates the B-mode image of the domain for vascular
image reconstruction. FIG. 6B shows the final vasculature
image after VEF, while overlap of the image of FIG. 6B on
the corresponding B-mode image is shown in FIG. 6C. A
skilled artisan will readily appreciate that the final image
(FIG. 6C) provides a clear visualization of the nephritic
vasculature for different sizes and dimensions of such vas-
culature. The image of FIG. 6C shows superior clarity
almost independently from the depth and size of the vessels.

[0082] FIGS. 7A, 7B, and 7C provide images of the
vasculature obtained after singular value thresholding (SVT)
operation, the top-hat filtering (THF) operation, and the final
image after vessel enhancement filtering (VEF), respec-
tively. Again, it can be seen, that each processing stage
results in an incremental improvement of the image quality,
at least in terms of visibility of vasculature network. Each of
FIGS. 7D, 7E, and 7E shows, on an expanded scale, a
limited area that in the respectively-corresponding FIGS.
7A, 7B, and 7C is outlined with a rectangular box, to
illustrated minute observable details of the small vessel
structures. It can be noted that the application of VEF has
considerably smoothened the walls in both small and large
vessels without sacrificing the spatial resolution in identi-
fying adjacent vessels.
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[0083] FIG. 14 presents a generalized block diagram of a
multi-level vessel filtering process.

Quantitative Evaluation of Image Quality
Improvements

[0084] In order to obtain a quantitative, tangible measure
of the gain or improvement in visualization achieved after
each processing stage, a line segment from the intensity
images acquired after each processing stage can be analyzed.
To this end, FIGS. 8A, 8B, and 8C are presented with such
line segment shown as LS in FIG. 8A and overlaid on the
images obtained as a result of the SVT, THF and VEF
processing, respectively. FIG. 8D is a plot of the normalized
intensity variations along the line segment LS of each image.
All plots are normalized to their corresponding maximum
value. The line segment LS is seen to cross 4 vessels as seen
in the VEF image (FIG. 8C), as well as in the line plot of
FIG. 8D. (The latter illustrates intensity values along the line
segment LS, from each of images of FIGS. 8A, 8B, 8C). It
can be seen in FIG. 8B, that THF processing has consider-
ably removed the background signal from the SVT image of
FIG. 8A, so that vessels throughout the entire field of view
are now observed with the use of a single dynamic range.
Furthermore, the VEF processing has significantly amplified
the intensity signals in the vessel regions. In order to better
quantify these enhancements, the peak-to-side level (PSL)
intensity for each vessel was assessed as,

(14)

Apeak
PSL.= log| 7 4B

side

[0085] where A, is the image intensity of the brightest
part of the visible vessel and A, is the intensity at the
darkest part of the image in the vicinity of the peak. The
peak-to-side level was measured on the left (IL-PSL) and
right (R-PSL) sides of a vessel peak. For each vessel, the
average peak-to-side level, (PSL)~, was obtained as the
average of L-PSL and R-PSL. These values are summarized
in Table 1 of FIG. 8E. As it seen from this Table 1, both the
THF and VEF filters are effective in removal of the side
levels, which have resulted in a (PSL)~ value of infinity for
all vessels. The SVT method, on the other hand, shows
bounded (PSL)™ values, which translate into a background
signal around the vessels.

[0086] Similarly, and in reference to FIGS. 9A, 9B, 9C,
and 9D, a line segment LS was drawn across an area that
contained mostly small vessels. The vessel maps for SVT-,
THF- and VEFfiltered images with the overlaid segmented
line are shown in FIG. 9A, 9B, 9C, respectively. The
normalized intensity values from these segments are shown
in FIG. 9D, where 7 vessels, which lay in the path of the line
segment, can be identified. THF has effectively removed
most of the background signal with minimal impact on the
shape of the small vessels, FIG. 9B. Additionally, VEF,
while preserving the vessel structures, has effectively sup-
pressed the non-vessel regions, FIG. 9C. The average peak-
to-side (PSLJ values are summarized in Table 2 of FIG. 9E.
It can be observed that THF and VEF have consistently
improved the (PSL)” values as compared to SVT. Addition-
ally, the (PSL)™ values corresponding to the post-VEF image
processing are mostly larger than those of the image result-
ing from the THF-filtering. The minimum (PSL)™ among all



US 2020/0178938 A1

vessels was 4.01 dB, 14.17 dB and 37.19 dB (in SVT, THF
and VEF images, respectively), evidencing the progressing
improvement and sequential gain achieved after each pro-
cessing step, thereby explaining the enhanced vessel visibil-
ity of the image of FIG. 9C.

[0087] Experimentally, all imaging steps were performed
using an Alpinion Ecubel 2-R ultrasound machine (ALPIN-
ION Medical Systems, Seoul, Korea). In each study, raw
in-phase and quadrature (IQ) data from 5 angle compound-
ing plane wave imaging were acquired at 608 frames per
second for a total duration of 3 seconds. The study of kidney
and liver were performed on a healthy volunteer using a
curved array, SC1-4H (ALPINION Medical Systems, Seoul,
Korea) at 3 MHz. A linear array, L3-12H (ALPINION
Medical Systems, Seoul, Korea) was used for studying one
thyroid nodule and one breast lesion in two patients. Prior to
our study, each patient signed an informed institutional
review board (IRB) consent form. The SVT processing was
performed based on the method described by C. Demené et
al., in “Spatiotemporal Clutter Filtering of Ultrafast Ultra-
sound Data Highly Increases Doppler and fUltrasound Sen-
sitivity,” IEEE Transactions on Medical Imaging, vol. 34,
pp- 2271-2285, 2015, the disclosure of which is incorporated
by reference herein. The smallest singular value index for
clutter removal, K, was set equal to 360, 200, 1200, 100 for
kidney, liver, thyroid nodule and breast lesion respectively.

Additional Examples (In Vivo)

[0088] To provide evidence of the suitability of the pro-
posed method for in vivo studies in different types of
biological tissue organs, the following examples are pre-
sented based on the study of different organs (specifically, a
thyroid nodule and a breast mass).

Hepatic Vasculature in Healthy Biological Tissue

[0089] The first example is that of the vasculature network
in the healthy liver tissue. The B-mode image in FIG. 10A
shows the reconstruction domain for the vasculature image.
Given that liver is a highly perfused organ and that its
vascularity is susceptible to change due to several condi-
tions, the conventional Doppler imaging (which is usually
used to monitor hemodynamic in hepatic vessels) is only
capable of visualizing large arteries and veins in liver. These
large vessels can be partially identified as tubular
hypoechoic regions in FIG. 10A.

[0090] FIGS. 10B, 10C, and 10D show the SVT, THF and
VEF images, respectively. It can be seen that intensity
variations in the SVT image have limited the visibility of the
entire vasculature network. The THF is effective in removal
of most of the local and global background; hence vessels at
different scales can be identified throughout the image of
FIG. 10C. The VEF processing has further improved this
vessel visibility through regularization of the vessels as
tubular structures and suppression of the unstructured ran-
dom background.

Malignant Thyroid Nodule

[0091] The next example is the vasculature network in a
human thyroid nodule. FIG. 11A presents the B-mode image
of the nodule revealed by histology as a malignant papillary
carcinoma. The nodule can be identified as the uniform
scattering area with two shadowing columns on either side.
FIGS. 11B, 11C, 11D show the vasculature image after SVT,
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THF and VEF, respectively. As can be observed in the SVT
image, global and local intensity variations and a back-
ground signal have limited visibility of vessels throughout
the image. FIG. 11C offers proof that the depth-dependent
background signal was mostly removed by the THF filtering,
with minimal impact on the vessel structures and morphol-
ogy. The VEF processing significantly enhanced the vessel
visibility and has effectively removed the residual back-
ground signal throughout the entire image (FIG. 11D). The
connectivity of the vessels at different scales resembles a
network with radial extension toward a small area which
may indicate a high blood perfusion site in the nodule.

Benign Breast Lesion

[0092] To verify the suitability of the proposed method for
imaging small vessels in breast lesions, an in vivo study in
a patient with a benign fibroadenoma was additionally
performed. The lesion can be identified in FIG. 12A as a
well-circumscribed hypoechoic region. The gross image of
the vascularity after SVT is shown in FIG. 12B. The THF
and VEF images are shown in FIGS. 12C and 12D, respec-
tively. The incremental enhancement after THF and VEF
processes can be appreciated in terms of suppression of
background signal and enhanced vessel visibility.

[0093] Overall it is appreciated, therefore, that the above-
described approach effectuates the methodology of enhance-
ment of visualization of the small vessels in power Doppler
images obtained by singular value thresholding tissue clutter
removal.

[0094] Using an ensemble of ultrasound raw data, blood
flow activity may be further extracted from the raw ultra-
sound data using multi-dimensional processing. A gross
network of microvasculature is obtained, but the image may
not present clear visualization of the network due to back-
ground noise. The background noise, which may result from
speckle redistribution and thermal noise from electrical
devices, progressively increases with depth due to ultra-
sound signal attenuation, is estimated and removed from the
image based on a mathematical morphology technique that
can distinguish between fine blood structures and randomly
distributed background noise. An equalization and logarith-
mic compression may then applied to bring the intensity
level of different vessel sizes within the dynamic range of
the image, regardless of morphological sizes of the image
features. A multi-scale vessel filter may then be applied on
the image to further extract blood vessels as tubular struc-
tures. The resulting image may be further enhanced using a
multi-dimensional interpolation (such as, for example, cubic
or spline interpolation).

[0095] The final images are able to present detailed maps
of tissue vasculature network in micron-levels which can be
many centimeters deep into tissue. This approach provides
unprecedented visualization and high resolution of tissue
microvasculature well beyond the capabilities of existing
Doppler methods. The proposed approach is noninvasive
and does not require any contrast enhancing agent.

[0096] If desired, the final microvasculature image can be
superimposed as a color overlay on the initial B-mode
image, and/or displayed alongside the B-mode image to
facilitate fine anatomy comparison for diagnostic purposes.
Specifically, in one embodiment the clutter-free spatial/
temporal data can be further used to estimate Doppler shift
due to blood flow at each pixel within the imaging plane.
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Temporal data are transformed into Fourier domain and
effective Doppler shift is assessed using the center-of-mass
approach based on,

f ISP =

ISCHIP

fDoppler(ma n =

[0097] where S (f) is a double-sided Fourier spectrum of
the time data at each pixel. The Doppler shift creates a 2D
(or 3D, depending on the embodiment) color flow speed
mask,

CFM(m, ﬂ): fDoppler(ma ﬂ) ) (16)
feos(@)
[0098] where ¢ is the speed of sound, f is the center

frequency of the transmitted ultrasound pulse, and « is the
angle describing the orientation of the blood vessel, 1310,
with respect to the axis, 1320 of propagation of the ultra-
sound beam. See FIG. 13A, in which e, and e, are the
eigenvectors corresponding to the eigenvalues A, and A,
such that IA,/>I\,| (see Eqn. (11)).

[0099] Once the CFM map is calculated for each pixel, the
final CFI map is calculated as,

CFI=CFMA (17).

[0100] The resulting CFI map can be displayed as a
separate map or be overlaid over a corresponding B-mode
image. See FIG. 13B.

[0101] Furthermore, the spatial-temporal data can be fur-
ther binned in overlapping windows along the time axis. A
spectrogram of the data is then calculated along the time axis
and the processing of Eqns. (15)-(16) is repeated for data in
each time bin. The resulting sequence of CFI frames is then
created and recorded to form continuous color flow imaging
(CCFI).

[0102] Furthermore, the Doppler data from each time bin
in the above-discussed CCFI can be modulated on a single
carrier tone to produce an audible continuous signal (“audio
Doppler capability”). In one implementation, an audibly-
perceived Doppler signal representing microvasculature tar-
gets at depths of many centimeters was recorded, evidencing
the depth-penetration capability of the described methodol-

ogy.

Artifact and Noise Suppression Via Spectral
Subtraction

[0103] Tissue motion relative to the ultrasound beam is a
limiting factor in performance of ultrasound clutter removal
methods. Singular value thresholding can handle motions
that are coaxial with the ultrasound beam as they result in
low rank processes. Lateral motions, especially from highly
echogenic tissue areas, are hard to remove using SVD. As a
result, tissue clutter residue can remain after singular value
thresholding.

[0104] The methods described in the present disclosure
can be implemented to mitigate these effects based on
spectral features of tissue clutter residue and noise after
SVD. FIG. 15 shows an example of the spectral represen-
tation of the artifact, blood, and noise from an in vivo study.
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[0105] The method utilizes the spectral symmetry of the
tissue clutter artifact to suppress any signals with symmetric
spectrum. Beside blood signal, which presents mostly uni-
lateral spectrum, the artifact and noise signals present sym-
metric Fourier spectra. These features can be verified in the
example shown in FIG. 15.

[0106] Assume Xg,,(rt) is the signal after SVD clutter
removal. In the old method, the power Doppler-like vascu-
lature image, I, would be formed as,

1 18
I= ?fmvn(h ol d. s

[0107] Based on the methods described in the present
disclosure and using Parseval’s theorem, Eqn. (18) can be
modified as,

I=abs(h —I,); (19)

i - 0
= g7 [ oot PR+ sent

| - an
1= g7 [ ol 0P =signt

[0108] Where X, (r,f) is the Fourier spectra computed as
the Fourier transform of xg;,(r,t).

[0109] Referring now to FIG. 16, a flowchart is illustrated
as setting forth the steps of an example method for produc-
ing an image with reduced artifacts and noise. The method
includes providing ultrasound echo data to a computer
system, as indicated at step 1602. The ultrasound echo data
may be provided to the computer system by retrieving
previously acquired data from a memory or other data
storage. The ultrasound echo data may also be provided to
the computer system by acquiring the data with an ultra-
sound system and communicating the data to the computer
system, which may form a part of the ultrasound system
itself.

[0110] The ultrasound echo data are then processed using
a clutter removal technique, such as an SVD-based clutter
removal technique, as indicated at step 1604. As one
example, the methods described in the present disclosure
can be used to implement the clutter removal. In some
implementations, a regular SVD can be used. In other
implementations, a generalized SVD can be implemented.
[0111] A Fourier spectrum is generated by performing a
temporal Fourier transform, as indicated at step 1606. The
negative frequency components of the Fourier spectrum are
selected and stored as negative frequency spectrum data at
step 1608, and the positive frequency components of the
Fourier spectrum are selected and stored as positive fre-
quency spectrum data at step 1610. From the negative
frequency spectrum data, a first image is reconstructed, as
indicated at step 1612. From the positive frequency spec-
trum data, a second image is reconstructed, as indicated at
step 1614. As one example, the first image can be recon-
structed using Eqn. (20) and the second image can be
reconstructed using Eqn. (21). The steps of selecting the
positive and negative spectrum data and reconstructing first
and second images can be performed in parallel processing,
as shown in FIG. 16, or can be performed sequentially. In the
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latter case, it will be appreciated that the first image can be
reconstructed before the second image, or vice versa.
[0112] Using the first image and the second image, a final
image in which artifacts and noise are reduced is generated,
as indicated at step 1616. In some instances, the final image
is produced by computing a difference between the first
image and the second image. In other implementations, the
final image can be produced based on an estimation method
using the first and second images, which can avoid enhanc-
ing noise variance.

Post-SVD Motion Compensation for Coherent
Ultrasound Power Doppler Integration in
Microvasculature Imaging

[0113] Singular value thresholding has emerged as a pow-
erful tool in removing strong clutter signals from weak red
blood cell echoes; even in the presence of strong bandwidth
overlap due to tissue motion. In spite of this powerful signal
separation, the recovered blood echoes can still inherit the
global misregistration imposed by tissue motion. Hence,
under severe motions power Doppler images can present a
ghost artifact that might lead to blurred appearance of the
detected vessels and inaccurate morphological features, such
as diameter. It is an aspect of the present disclosure to
provide for using rank analysis over classic frequency
filtering in separating weak blood echoes embedded in
moving tissue. It is another aspect of the present disclosure
to implement a motion compensation algorithm that is
directly implemented in the blood echoes recovered via
singular value thresholding. These methods provide signifi-
cant image stabilization in the final power Doppler images
compared to singular value thresholding alone.

[0114] Ultrafast ultrasound plane wave imaging with mul-
tiple angle compounding has enabled acquiring data from
large fields of view at high frame rates. The high degree of
spatial and temporal coherence provided by this imaging
method has been advantageous for extending clutter removal
capabilities and enabling imaging small vessels.

[0115] The phase of ultrasound radiofrequency (or I-Q)
data is highly sensitive to subtle motions, such that slight
rearrangement of scatterers caused by motions can create a
Doppler shift. In mostly stationary tissue, the observed shift
can generally be attributed to red blood cells, which are the
main scatterers in blood. Hence, a high-pass filter can
effectively seprate the blood signals from tissue compo-
nents. In the presence of tissue motion, however, Doppler
shifts can be present in both tissue signals and blood signals.
Hence, the success of frequency domain clutter removal is
dependent on the amount of Fourier spectral overlap
between tissue and blood signals, such that small vessels are
usually masked. In order to enable small vessel imaging, it
is natural to search for other transformation (or decompo-
sition) domains that can be used to better search for other
characteristics.

[0116] In contrast to blood motion, which is governed by
equations of fluid, tissue motions and deformations are
mostly governed by the equations of incompressible deform-
able solid. Hence, instead of sporadic scatter motions pres-
ent in blood vessels, tissue scatterers move coherently, such
that their echo signature creates a low rank process if imaged
in time. As a result, a rank analysis, tissue-blood signal
separation might be possible even in the case of strong
bandwidth overlap. Even though SVD can significantly
extend the domain for separation of blood and tissue com-
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ponents, the recovered blood data still inherit the same
transformational motion imposed by tissue which will
undermine the quality of power Doppler images due to
incoherent integration.

[0117] Thus, it is an aspect of the present disclosure that
signal separation via low rank approximation can be imple-
mented for its utility in clutter removal for imaging small
vessels. A motion compensation algorithm that provides
coherent integration of post-SVD ensembles for formation
of power Doppler-like images is also implemented.

Clutter Removal Via Frequency Selective Filtering

[0118] For 2-D ultrasound imaging, the beam-formed data
can be represented as,

s(rT)=s, (mT)+s,(rT)+W(rT) (22);

[0119] where s (r,7), s,(r,T) and w(r;T) are the tissue, blood
and noise signals at location r and slow time T respectively.
Assuming linearity, Eqn. (22) can be written as,

Ne Ny, (23)
S =Y PR e a(n T+ Y plr) e bilr, T + Wi, T;

i=1 =1

[0120] where p(r) is the spatially-invariant imaging point
spread function, *, is the spatial convolution operation, and
c,(rT) and b,(r,;T) are tissue and blood complex reflectivity
coeflicients respectively. Using a narrowband approxima-
tion, in presence of tissue motion and blood activity,

s(r,7) = 24

2 vb )

Ny
plr= r‘)c;(T)ej(q’fc’%vcr) + Z plr= robre T
i1 i1

+

N,

- ,25 cr 5 i€
w(r, Tie 1" Zc,-(f)p(r -r)el +
i=1

Np

(b b
> biteiptr— r)e XN Ly,
i=1

[0121] where A is the imaging wavelength and ¢,° and ¢,
are the arbitrary phases for i tissue and blood scatterer
respectively and c(t) and b,(t) are slowly varying processes
representing local tissue and blood scattering variations over
time. Hence, in the Fourier spectral domain,

W P (25)
S(r, f) ch(r,f— I]+Pb r f—x T +Wir, )

[0122] where P, and P, are the power spectral densities of
the tissue and blood components respectively. Hence the
Doppler shift associated with the tissue motion is

|
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and the average Doppler shift due to blood activity and
tissue motion is

AT AT

a high-pass clutter filter can effectively remove the tissue
signal, leaving mostly blood signature and noise at the
output. However, when significant bandwidth overlap exits
(e.g. slow blood flow or rapid tissue motions), frequency
selective filtering is no longer effective.

Clutter Removal Via Low Rank Approximation

[0123] The coherent motion resulting from tissue motion
generates a spatial-temporal process which is low rank. This
mainly stems from the fact that tissue behaves like a
deformable solid, such that arbitrary motions are not
allowed. On the other hand, blood activity and noise gen-
erate processes that cannot be modeled low rank. This
provides a sub-space framework for which, even in highly
moving tissues, clutter signal can be removed as the low
rank sub-space of a spatial-temporal matrix. To elaborate,
consider the signal representation in Eqn. (24). The dis-
cretized spatial-temporal equivalent of this equation can be
formed as,

S=P.+P,+W = pet + P, + W; where, (26)

cip((n-r )Ar)emf 27

erpl(n - ry)Ar)el#

e1plln = ragJAr)ed %

1 (28)

27 o
oI Ts
2T o

oI TN

[0124] and P, and W are blood and noise signals sampled
in space and time.

[0125] The matrix representation in Eqn. (26) is composed
of a rank-one part due to tissue signal and two additional
terms P, and W, which represent blood and noise signals
respectively. Using this formulation, and ignoring the noise,
the blood signal can be well approximated as an intermedi-
ate subspace of the vector space spanned by S as,

kg 29
Py~ Z Nupts
2

[0126] where S=UAV¥ is the singular value decomposi-
tion (SVD) of S and U=u,, u,, . . ., uy] and V=[v,, v,, ..
., v.] are unitary matrices, and A=diag(A,; A, ..., A )isa
diagonal matrix of singular values and k,,, . is the maximum
rank of the blood-related signals. In this derivation, no
assumption was made about tissue velocity v° and hence its
induced Doppler shift. Hence, in an ideal situation where all
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tissue components move perfectly coherently, the perfor-
mance of SVD clutter removal is independent of motion
speed as tissue contribution can be always approximated as
a rank-one process. While this approach highlights the
additional capability that low rank approximation provide
for clutter removal, it is far from reality. In practice, tissue
motion presents some degree of variations due to natural
heterogeneity of tissue structural properties. Hence, in
decomposition of the spatial-temporal matrix S, tissue occu-
pies the lowest rank sub-space as P =% “\u,v,” and blood

thir AN

signal can be approximated as an intermediate sub-space as,

ma (30)

Py~ Z /l‘u‘-vlﬁ.

kp+l

Coherent Image Formation Using Non-Rigid
Registration

[0127] Even though SVD provides robust signal separa-
tion, even in presence of bandwidth overlap, the recovered
blood signals based on Equs. (29), (30) still present the same
global spatial variations imposed by tissue motion. Hence if
not corrected, the final image may present a blurring effect.

[0128] Hence, in order to recover the true spatial distri-
bution of blood dynamics, tissue-induced motions should be
corrected. In the case of forming power Doppler images, this
motion compensation provides coherent power integration,
which in turn improves vessel visibility and removed the
blurring artifact.

[0129] As one example, global time-delay estimation in
ultrasound elastography (“GLUE”) can be used estimation
of two-dimensional non-rigid displacements. The displace-
ment between is calculated for all imaging frames compared
to the first frame, such that a Lagrangian estimate of tissue
(and hence blood vessels) is obtained. This displacement
field is then used to remove motion from SVD filtered data
P, in Eqn. (30).

[0130] Referring now to FIG. 17, a flowchart is illustrated
as setting forth the steps of an example method for produc-
ing a motion-compensated image with reduced artifacts and
noise. The method includes providing ultrasound echo data
to a computer system, as indicated at step 1702. The
ultrasound echo data may be provided to the computer
system by retrieving previously acquired data from a
memory or other data storage. The ultrasound echo data may
also be provided to the computer system by acquiring the
data with an ultrasound system and communicating the data
to the computer system, which may form a part of the
ultrasound system itself.

[0131] Motion data are then estimated using a non-rigid
motion estimation, as indicated at step 1704. As mentioned
above, in some implementations the motion data can be
estimated using global time-delay estimation in ultrasound
elastography. The motion data are used to provide motion
compensation.

[0132] The ultrasound echo data are then processed using
a clutter removal technique, such as an SVD-based clutter
removal technique, as indicated at step 1706. As one
example, the methods described in the present disclosure
can be used to implement the clutter removal. In some
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implementations, a regular SVD can be used. In other
implementations, a generalized SVD can be implemented.
[0133] Motion compensation can then be performed on the
clutter removed data, as indicated at step 1708. In some
other implementations, the motion compensation can be
performed on the ultrasound echo data, and then clutter
removal can be performed on the motion-compensated ultra-
sound echo data. In these instances, interpolation etror may
change the singular value decay behavior and consequently
affect the performance of SVD clutter removal.

[0134] In any instance, spectrum data are next generated
by performing a temporal Fourier transform on the clutter
removed data, as indicated at step 1710. The negative
frequency components of the Fourier spectrum are selected
and stored as negative frequency spectrum data at step 1712,
and the positive frequency components of the Fourier spec-
trum are selected and stored as positive frequency spectrum
data at step 1714. From the negative frequency spectrum
data, a first image is reconstructed, as indicated at step 1716.
From the positive frequency spectrum data, a second image
is reconstructed, as indicated at step 1718. As one example,
the first image can be reconstructed using Eqn. (20) and the
second image can be reconstructed using Eqn. (21). The
steps of selecting the positive and negative spectrum data
and reconstructing first and second images can be performed
in parallel processing, as shown in FIG. 17, or can be
performed sequentially. In the latter case, it will be appre-
ciated that the first image can be reconstructed before the
second image, or vice versa.

[0135] Using the first image and the second image, a final
image in which artifacts and noise are reduced is generated,
as indicated at step 1720. In some instances, the final image
is produced by computing a difference between the first
image and the second image. In other implementations, the
final image can be produced based on an estimation method
using the first and second images, which can avoid enhanc-
ing noise variance.

[0136] All these advantages of the proposed methodology
clearly facilitate the adaptation of the proposed imaging
method into routine clinical work-ups to provide clinically-
relevant information concerning different disease and con-
ditions that cause alterations in the tissue vascularity. The
proposed method benefits from all the advantages of ultra-
sound including: safety, low cost and ease of operation.
[0137] The present disclosure has described one or more
preferred embodiments, and it should be appreciated that
many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

1. A method for generating an image depicting tissue
microvasculature using an ultrasound system, the steps of
the method comprising:

(a) with an ultrasound imaging system, recording a
sequence of first images of a blood vessel of a tissue,
said blood vessel having a first spatial scale;

(b) transforming the sequence of first images into a
second image by separating a weakly-correlated ultra-
sound data of the sequence of first images from a
highly-correlated ultrasound data of the sequence of
first images,
wherein said separating is carried out based on a

pre-determined threshold value,
wherein said weakly-correlated ultrasound data repre-
sents blood activity,
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wherein said highly-correlated ultrasound data repre-
sents more than 99% of energy in singular values;

(c) generating a third image by reducing a spatially-
variant background signal corresponding to features
having a second spatial scale from the second image
using a circular morphology structure, wherein the
spatially-variant background signal is reduced by at
least 10 dB;

(d) transforming the third image into a fourth image by
equalizing variations of intensity across the third image
to compensate for ultrasound fluctuations caused by
relative orientation of a probe of the ultrasound imag-
ing system and the blood vessel; and

(e) adjusting visibility of said blood vessel presented for
viewing while forming a visually-perceived output,
from said ultrasound imaging system, in which the
third image has been modified based on representation
of said blood vessel as a tubular structure.

2. The method according to claim 1, wherein said record-
ing includes recording the sequence of first multiple image
frames at a rate of at least 100 frames per second, said
multiple image frames containing data in a form of at least
one of (i) in-phase and quadrature (1Q) data and (ii) radiof-
requency (RF) data.

3. The method according to claim 1, wherein said sepa-
rating is carried out based on the threshold value determined
using an energy-decay rate in an eigenspace spectral
domain.

4. The method according to claim 1, wherein said trans-
forming the third image includes at least one of (i) equal-
izing variation of the intensity across the third image to
compensate for depth-dependent attenuation in said tissue,
and (ii) equalizing variation of the intensity across the third
image to compensate for partial visibility of the blood vessel
caused by limited elevational thickness thereof.

5. The method according to claim 1, wherein said adjust-
ing includes using Hessian-based filtering of an image
feature.

6. The method according to claim 5, further comprising
removing background information from the third image
using morphology filtering prior to said using the Hessian-
based filtering.

7. The method according to claim 1, wherein said trans-
forming the third image includes forming said fourth image
in which, as a result of said equalizing variations, contrast of
the blood vessel is increased within a constant dynamic
range.

8. The method according to claim 1, wherein the first
spatial scale represents sub-millimeter dimensions, and
dimensions represented by the second spatial scale are larger
than those of the first spatial scale.

9. The method according to claim 1, wherein said trans-
forming the sequence of first images includes using one of:

singular value thresholding;

a multi-resolution processing algorithm; and

a blind source separation algorithm.

10. The method according to claim 1, further comprising
comparing the first image with said visually-perceived out-
put by displaying the first image while forming said visu-
ally-perceived output as a color overlay on the first image,
to characterize anatomy of said tissue and to generate a
visually-perceived identification, in said color overlay, of
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different regions of tissue possessing vascularity features
that are absent in a conventionally-acquired ultrasound
B-mode image of said tissue.

11. The method according to claim 10, further comprising
displaying indicia of a visually-enhanced boundary of a
highly-perfused lesion based on density of blood-vessels in
said tissue.

12. The method according to claim 1, further comprising
comparing at least one of a first image and the second image
with said visually-perceived output by displaying said at
least one of the first and second images and the visually-
perceived output side-by-side to spatially correlate pattern of
microvasculature in the tissue with relevant anatomy
thereof.

13. The method according to claim 1, wherein said
transforming the third image includes comprising applying
logarithmic compression to imaging data to equalize inten-
sity values of pixels across the third image regardless of
morphological sizes of image features and to increase a
dynamic range of the third image.

14. The method according to claim 1, wherein said
recording, said transforming the sequence of first images,
said generating, and said transforming the third image
includes processing a three-dimensional (3D) ultrasound
image to extract and display a 3D structure of a vessel tree
of said tissue.

15. The method according to claim 1, devoid of admin-
istering a contrast-enhancing agent to the tissue.

16. A method for generating an image depicting tissue
microvasculature using an ultrasound system, the steps of
the method comprising:

(a) acquiring ultrasound echo data from a region-of-
interest in a subject with an ultrasound system, wherein
the region-of-interest contains tissue microvasculature;

(b) generating clutter removed data by performing a
clutter removal algorithm on the ultrasound echo data,
wherein the clutter removal algorithm is implemented
with a hardware processor and a memory;

(¢) generating spectrum data by performing a temporal
Fourier transform on the clutter removed data;

(d) storing negative frequency data in the spectrum data as
negative frequency spectrum data;

(e) storing positive frequency data in the spectrum data as
positive frequency spectrum data;

(D reconstructing a first image from the negative fre-
quency spectrum data;
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¢) reconstructing a second image from the positive
frequency spectrum data; and

(h) generating a third image that depicts tissue microvas-

culature by combining the first image and the second
image in order to reduce artifacts and noise.

17. The method of claim 16, wherein the third image is
generated by computing a difference between the first image
and the second image.

18. The method of claim 16, wherein the clutter removal
algorithm implements clutter removal using a frequency
selective filtering algorithm.

19. The method of claim 16, wherein the clutter removal
algorithm implements clutter removal using a low rank
approximation.

20. The method of claim 16, wherein the clutter removal
algorithm implements clutter removal using a singular value
thresholding.

21. The method of claim 20, wherein the singular value
thresholding comprises global singular value thresholding.

22. The method of claim 16, wherein motion data are
estimated from the ultrasound echo data using a non-rigid
motion estimation.

23. The method of claim 22, wherein the ultrasound echo
data are processed to compensate for motion using the
motion data before performing clutter removal.

24. The method of claim 22, wherein the clutter removed
data are processed to compensate for motion using the
motion data before performing the temporal Fourier trans-
form on the clutter removed data.

25. The method of claim 22, wherein the motion data are
estimation based on a global time-delay estimation.

26. The method of claim 22, wherein the motion data
comprise a displacement field.

27. The method of claim 16, further comprising process-
ing the third image using a morphology-based filter to
remove spatially variant background signals having a spatial
scale that is different from a spatial scale of the tissue
microvasculature, wherein the morphology based filter com-
prises a circular morphology structure.

28. The method of claim 16, further comprising process-
ing the third image using a vessel enhancement filter that
equalizes variations of intensity across the third image to
compensate for fluctuations caused by relative orientation of
a probe of the ultrasound imaging system and a blood vessel
in the tissue microvasculature.
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