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METHODS FOR MOTION TRACKING AND
CORRECTION OF ULTRASOUND ENSEMBLE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application
Serial No. 63/108,106 filed on October 30, 2020 and entitled “Methods for Motion

Tracking and Correction of Ultrasound Ensemble,” which is incorporated herein by

reference as if set forth in its entirety for all purposes.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under CA239548
awarded by the National Institutes of Health. The government has certain rights in the

invention.
BACKGROUND
[0003] Blood flow imaging is an important component of disease detection and

diagnosis. Quantitative assessment of vascular distribution and its morphology can be
useful in understanding disease pathology and its treatment response. Contrast-free
ultrasound (US) microvascular imaging may quantify vascular morphological features,
noninvasively. However, its imaging sensitivity depends on two key independent
components: tissue clutter suppression, and coherent integration of the clutter-filtered
Doppler ensemble. Tissue motion presents a significant challenge to both these
fundamental steps in US blood flow imaging.

[0004] Recent developments in high framerate ultrafast imaging combined with
spatio-temporal clutter filtering has considerably improved the sensitivity of detecting
microvascular blood flow. However, despite effective clutter filtering in the presence of
motion, the issue of ensemble incoherency in ultrafast power Doppler imaging still
impacts the performance of the imaging technique. Imaging of blood flow, especially in
the small vessels, is characterized by low intensity back-scatter signals. Therefore,
coherent temporal-integration of the clutter-filtered Doppler frames is critical for robust
visualization of blood flow signal, especially in the small vessels.

[0005] Consequences of motion on coherent integration of blood flow signal, and
therefore on the diagnostic capabilities of contrast-free US microvascular blood flow

(MBF) imaging, includes where motion leads to frame miss-registration. Such miss-
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registration may invalidate any gains expected from temporal integration of the Doppler
frames. This considerably reduces sensitivity of detecting low intensity, small vessel
signals, especially at increased depths. This can lead to under-estimation of vessel
density, limiting visualization to larger vessels. Under certain circumstances, it can also
lead to over-estimation of vascular density due to appearance of spatially replicated
shadow vessels arising from motion induced frame miss-registration. Motion blurring
will lead to poor spatial resolution, thereby adversely impacting reliable quantification of
the vascular morphology - an important information bearer of disease characteristics.
Further, due to lack of real-time feedback on data quality, adverse consequences of
motion can lead to poor reproducibility and even misdiagnosis without any forewarning
or indication.

[0006] Motion correction of Doppler ensemble can improve the coherency of the
Doppler ensemble and consequently improve the visualization of the blood flow signal.
Accurate tracking of tissue motion may provide for successful motion correction of the
Doppler ensemble. However, there are challenges associated with tissue motion tracking
in MBF imaging. High framerate of imaging leads to small inter-frame displacements that
can be difficult to track reliably due to limited ultrasound resolution, especially in the
lateral direction. Frames incurring out-of-plane motion (OPM) can impact reliable
visualization of MBF signal, and it cannot be addressed with motion correction. Lack of a
systematic approach for selecting the ensemble reference frame limits the effectiveness
of motion correction. Conventionally, the ensemble frames are motion corrected to the
first frame by default, regardless of its similarity (or dissimilarity) to the rest of the
ensemble. Lack of a quantitative data quality metric that can assess ensemble coherency,
or a performance descriptor to evaluate the efficacy of motion correction limits validation
of in vivo outcomes.

[0007] To assess and improve the diagnostic performance of non-contrast agent-
based ultrasound power Doppler imaging, it is essential to have a quantitative measure
of image quality. A figure of merit can be useful for quantitative feedback while scanning
and as a training tool for operator performance assessment. Further, such a tool is
important for power Doppler imaging because despite effective clutter-filtering, even
small amount of motion can lead to incoherent integration of the power Doppler
ensemble, and produce misleading visualization of microvascular blood flow.

[0008] Accordingly, a motion corrupted power Doppler ensemble can either result
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in over-estimation or under-estimation of blood vessels, without any indication or
forewarning - especially in the case of small vessel blood flow imaging.

[0009] Thus, there remains a need for a method to ensure coherent integration of
the Doppler ensemble. The high frame-rate of ultrafast imaging may reduce the impact of
tissue motion on ensemble coherence. However, ultra-fast imaging has poor imaging
characteristics and there remains a need for angular compounding to improve imaging
SNR, which reciprocally reduces the imaging frame rate. Further, size and depth of lesion

can further impact the imaging framerate.

SUMMARY OF THE DISCLOSURE

[0010] The present disclosure addresses the aforementioned drawbacks by
providing systems and methods for motion tracking and correction of ultrasound
ensemble. In some configurations, motion tracking and correction may be performed
using a motion matrix for addressing issues with ensemble incoherency for robust
estimation of contrast-free microvascular blood flow (MBF) images. A spatiotemporal
correlation matrix (STCM), also referred to as motion matrix (MM), may be used to
address the aforementioned issues.

[0011] In some aspects of methods in accordance with the present disclosure,
normalized cross-correlation (NCC) based speckle tracking technique may be used for
motion tracking and correction, which may provide for high quality motion estimation in
ultrasound imaging, and may be used for blood flow imaging, elastographic imaging,
temperature imaging, phase-aberration correction, and the like. 2D NCC based speckle
tracking technique may be used to estimate tissue displacements, which may then be
used for motion correction of the clutter-filtered Doppler ensemble. Frame-pairing, an
aspect of high frame-rate imaging of motion, may be determined by MMs. Non-limiting
examples of in vivo imaging of thyroid and breast tumors using a clinical ultrasound
scanner implemented with compounded plane wave imaging are provided.

[0012] In one aspect, a method is provided for generating an image that depicts
microvessels in a subject using an ultrasound system. The method includes providing to
a computer system, image data acquired from a subject with the ultrasound system. The
image data includes image frames obtained at a plurality of different time points. The
method also includes generating reformatted data with the computer system by

reformatting the image data as a Casorati matrix and generating motion matrix data with
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the computer system by computing a similarity metric of each column of the reformatted
data with every other column of the reformatted data. The method also includes
analyzing the motion matrix data with the computer system and based on this analysis
generating updated image data by directing the computer system to process the image
data to reduce motion corruption when analysis of the motion matrix data indicates
motion occurred when the image data were acquired and generating an image that
depicts microvessels in the subject by reconstructing the image from the updated image
data using the computer system.

[0013] In one aspect, a method is provided for generating motion corrected
Doppler ensemble data. The method includes accessing with a computer system,
ultrasound data acquired from a subject with an ultrasound system. The ultrasound data
includes image frames obtained at a plurality of different time points. The method also
includes generating reformatted data with the computer system by reformatting the
ultrasound data as a Casorati matrix and generating motion matrix data with the
computer system by computing a similarity metric of each column of the reformatted data
with every other column of the reformatted data. The method also includes processing
the motion matrix to identify a reference frame with the computer system; analyzing the
motion matrix data with the identified reference frame and based on this analysis
generating updated ultrasound data by directing the computer system to process the
ultrasound data to reduce motion corruption when analysis of the motion matrix data
indicates motion occurred when the ultrasound data were acquired. The method also
includes generating motion corrected Doppler ensemble data based upon the updated
ultrasound data using the computer system.

[0014] In one aspect, a method is provided for generating motion corrected
Doppler ensemble data. The method includes accessing, with a computer system,
ultrasound data acquired from a subject with an ultrasound system. The ultrasound data
include image frames obtained at a plurality of different time points. The method also
includes generating reformatted data with the computer system by reformatting the
ultrasound data as a Casorati matrix and generating motion matrix data with the
computer system by computing a similarity metric of each column of the reformatted data
with every other column of the reformatted data. The method also includes processing
the motion matrix to identify a reference frame with the computer system. The method

also includes analyzing the motion matrix data with the identified reference frame, and
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based on this analysis generating updated ultrasound data by directing the computer
system to process the ultrasound data to reduce motion corruption when analysis of the
motion matrix data indicates motion occurred when the ultrasound data were acquired.
Motion corrected Doppler ensemble data may be generated based upon the updated
ultrasound data using the computer system.

[0015] In another aspect, a method is provided to generate a reduced ensemble of
high frame-rate data with enhanced motion tracking accuracy and speed. The method
includes accessing, with a computer system, ultrasound data acquired from a subject with
an ultrasound system. The ultrasound data include image frames obtained at a plurality
of different time points. The method also includes generating reformatted data with the
computer system by reformatting the ultrasound data as a Casorati matrix and generating
motion matrix data with the computer system by computing a similarity metric of each
column of the reformatted data with every other column of the reformatted data. The
method also includes processing the motion matrix to identify a reference frame with the
computer system. The method also includes analyzing the motion matrix data with the
identified reference frame and based on this analysis generating updated ultrasound data
by directing the computer system to process the ultrasound data to reduce motion
corruption when analysis of the motion matrix data indicates motion occurred when the
ultrasound data were acquired. A reduced ensemble of high frame-rate data may be
generated with enhanced motion tracking accuracy and speed based upon the updated
ultrasound data using the computer system.

[0016] In one aspect, a method is provided to generate a reduced ensemble of high
frame-rate data with enhanced similarity. The method includes accessing, with a
computer system, ultrasound data acquired from a subject with an ultrasound system,
wherein the ultrasound data comprise image frames obtained at a plurality of different
time points. The method also includes generating reformatted data with the computer
system by reformatting the ultrasound data as a Casorati matrix and generating motion
matrix data with the computer system by computing a similarity metric of each column
of the reformatted data with every other column of the reformatted data. The method
also includes processing the motion matrix to identify a reference frame with the
computer system. The method also includes analyzing the motion matrix data with the
identified reference frame and based on this analysis generating updated ultrasound data

by directing the computer system to process the ultrasound data to reduce motion

5.
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corruption when analysis of the motion matrix data indicates motion occurred when the
ultrasound data were acquired by removing image frames with a similarity metric below
a threshold value. A reduced ensemble of high frame-rate data may be generated with
enhanced similarity based upon the updated ultrasound data using the computer system.
[0017] 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 represent
the full scope of the invention, however, and reference is therefore made to the claims
and herein for interpreting the scope of the invention. Like reference numerals will be

used to refer to like parts from Figure to Figure in the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a flowchart setting forth the steps of an example method for
generating a motion matrix for use as a performance description for non-contrast
microvasculature ultrasound imaging.

[0019] FIG. 2 is a flowchart setting forth the steps of an example method for
generating a motion matrix for use as a performance description for motion correction of
ultrasound ensemble data.

[0020] FIG. 3A is a non-limiting example of motion tracking and correction of high
frame-rate ensembles using a motion matrix with an estimation of the MM using Casorati
correlation, followed by ensemble reduction.

[0021] FIG. 3B is a non-limiting example of 2D motion tracking of the reduced
ensemble from FIG. 3A to estimate the axial and lateral displacement matrix, and the
corresponding maximum correlation matrix obtained from 2D NCC speckle tracking.
[0022] FIG. 3C is a non-limiting example estimation of the most similar frame from
the DMM (peak value), and the corresponding selection of the axial and lateral

displacement estimates

[0023] FIG. 3D is a non-limiting example of the MV image before and after motion
correction.
[0024] FIG. 4 is a flowchart setting forth the steps of an example method for

performing non-rigid motion correction.

[0025] FIG. 5A is a non-limiting display of in vivo MBF images of thyroid nodules,
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without motion correction.

[0026] FIG. 5B is a non-limiting example graph of the respective motion matrices
of FIG. 5A.

[0027] FIG. 5C is a non-limiting display of in vivo MBF images of the thyroid
nodules of FIG. 5A with motion correction.

[0028] FIG. 5D is a non-limiting example graph of the respective motion matrices
of FIG. 5C.

[0029] FIG. 5E is a non-limiting example graph of the motion matrices of the

reduced ensemble of FIG. 5A.

[0030] FIG. 5F is a non-limiting example graph of the motion matrices of the
reduced ensemble of FIG. 5C.

[0031] FIG. 5G is a non-limiting example graph of the corresponding dynamic
motion matrix estimated using 2D NCC based speckle tracking on FIGS. 5E and F.

[0032] FIG. 5H is a non-limiting example of a motion matrix formed by using
down-sampled data without motion correction.

[0033] FIG. 51 is the non-limiting example of FIG. 5H with motion correction.
[0034] FIG. 5] is another non-limiting example of a motion matrix formed by using
down-sampled data without motion correction.

[0035] FIG. 5K is the non-limiting example of FIG. 5] with motion correction.
[0036] FIG. 6 is an example of an ultrasound system that can be implemented with
the systems and methods described in the present disclosure.

[0037] FIG. 7 is a block diagram of an example of a image generation system.
[0038] FIG. 8 is a block diagram of components that can implement the image

generation system of FIG. 7.

DETAILED DESCRIPTION

[0039] Described here are systems and methods for generating microvessel
images from image data acquired with an ultrasound system. In some aspects of the
present disclosure, motion tracking and correction of ultrasound ensemble are provided.
Motion tracking and correction may be performed using a motion matrix for addressing
issues with ensemble incoherency for robust estimation of contrast-free microvascular
blood flow (MBF) images. A spatiotemporal correlation matrix (STCM), also referred to

as motion matrix (MM), may be used to address the aforementioned issues.
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[0040] A motion matrix may be used to address incoherency of Doppler
ensembles, for robust contrast-free microvascular imaging. The motion matrix enables
effective tracking of high frame-rate ensemble by optimizing frame-pairing. In some
configurations, the dynamic motion helps in selection of a reference frame for ensemble
motion correction, and in identifying ensemble frames incurring out-of-plane motion
relative to the reference frame. The motion matrix may serve as a data quality metric
allowing quantification of ensemble coherence, and as a performance descriptor for
evaluating the efficacy of motion correction in the absence of a ground truth.

[0041] A motion matrix, as noted above, can be computed based on
spatiotemporal similarity between ultrasound data frames that have been reformatted
into a Casorati matrix, or the like. This motion matrix indicates coherency of the power
Doppler ensemble, and can be estimated in a computationally inexpensive manner. For
example, the motion matrix can, in some instances, be computed immediately after data
acquisition.

[0042] In some instances, the motion matrix can be used to analyze the acquired
data in order to determine if the acquired Doppler ensemble is corrupted by motion. The
data frames (e.g., time points) that need motion correction or that should be rejected can
similarly be identified.

[0043] In some other instances, the motion matrix can be used to analyze the
acquired data to quantify the quality of different spatial regions in the power Doppler
image (e.g., spatial points) to assess the diagnostic confidence of the data.

[0044] In still other instances, the motion matrix can be used for displacement
tracking and motion correction. For instance, the motion matrix can be used to decide
frame-pairs and an optimal search window size, which are important parameters for
motion tracking. The motion matrix can also be used to identify a reference frame for
motion correction. Moreover, the motion matrix can be used to quantitatively evaluate
the efficacy of motion correction for in vivo patient data.

[0045] In some aspects, normalized cross-correlation (NCC) based speckle
tracking techniques may be used for motion tracking and correction, which may provide
for high quality motion estimation in ultrasound imaging, and may be used for blood flow
imaging, elastographic imaging, temperature imaging, phase-aberration correction, and
the like. 2D NCC based speckle tracking technique may be used to estimate tissue

displacements, which may then be used for motion correction of the clutter-filtered
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Doppler ensemble. Frame-pairing, an aspect of high frame-rate imaging of motion, may
be determined by MMs.

[0046] Referring now to FIG. 1, a flowchart is illustrated as setting forth the steps
of an example method for generating a motion matrix for use as a motion tracking and
correction of ultrasound ensemble for non-contrast microvasculature ultrasound
imaging. The method includes providing image data to a computer system, as indicated
at step 102. The image data may be provided to the computer system by retrieving or
otherwise accessing image data from a memory or other data storage device or medium.
Additionally or alternatively, the image data may be provided to the computer system by
acquiring image data with an ultrasound imaging system and communicating the
acquired image data to the computer system, which may form a part of the ultrasound
imaging system. In any such instance, the image data may be acquired without the use of
an ultrasound contrast agent (e.g.,, a microbubbles-based contrast agent). The image data
may be two-dimensional image data or three-dimensional image data. In general, the
image data are spatiotemporal data. For instance, the image data may represent a time
series of two-dimensional image frames or three-dimensional image volumes.

[0047] The image data are then processed to generate a motion matrix, as
generally indicated at step 104. The image data are reformatted as a Casorati matrix, or
other similar matrix or data structure, as indicated at step 106. For instance, the image
data are reformatted as a Casorati matrix by vectorizing each image frame and arranging
the vectorized image frames as the columns in the Casorati matrix. In this way, each
column of the Casorati matrix corresponds to an image frame obtained from a different
time point. The motion matrix is estimated from the Casorati matrix by computing a
similarity (or dissimilarity) metric of each column of the Casorati matrix with every other
column in the Casorati matrix, as indicated at step 108.

[0048] A spatio-temporal correlation matrix or motion matrix displays the
similarity of the ultrasound frames in an ensemble, based on the speckle correlation. The
motion matix may be computed using pixels from an area of interest, such as alesion area.
In a non-limiting example, the lesion data-points are transformed from 3-dimensional
Cartesian coordinates to 2-dimensional Casorati co-ordinates, where each row and
column represents the spatial and temporal data-points, respectively. Subsequently, the

motion matrix may be estimated by computing the Pearson correlation co-effficient of the

Casorati matrix. For example, each entry (i, ]) of the motion matrix, M , can be

9-
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computed as a correlation coefficient as follows:

>, (n)*C, (1)

M, = (1);
: N L& 5
>, 30 ()
[0049] where C, and C ; are the (i, ]) columns of the Casorati matrix,

respectively, and N denotes the number of rows in the Casorati matrix. The entries in
the motion matrix will range in values between 0 and 1, where a value of 1 indicates
perfect registration between the two images (i.e,, the two Casorati columns). In other
examples, the similarity metric may be a covariance metric, the angle or magnitude of
column vectors in the Casorati matrix, or a distance metric (e.g, Euclidian distance,
Manhattan distance, Mahalanobis distance, Minkowski distance). In some instances, the
motion matrix is computed from all of the pixels in the image. In some other instances,
the motion matrix can be computed from only a subset of the pixels in an image. For
example, a local region can be selected and the motion matrix can be computed based on
the pixels associated with that local region. The motion matrix can be quantitatively
summarized by statistics (e.g, mean, median) to measure performance. Such
performance metrics can be provided on a range of 0-1, 0%-100%, or another suitable
range.

[0050] Because every column of the Casorati matrix represents a vectorized image
(e.g., a vectorized 2D image) at a time, ¢, the normalized correlation of any two columns
can quantify the similarity between the two respective images. In the absence of motion,
all of the images of the power Doppler ensemble should ideally be the same over the
acquisition duration; that is, all columns of the Casorati matrix should be same. In this
ideal scenario, the motion matrix would have unitary rank. Consequently, this would lead
to very high correlation values in the motion matrix (e.g.,, values close to 1). However,
motion is unavoidable in a clinical setup, whether the motion is caused by physiological
sources (e.g., cardiac pulsation), the sonographer’s hand motion, the patient’s body
motion, or so on.

[0051] Although some clutter filtering techniques (e.g., SVD-based spatiotemporal
clutter filtering) can effectively suppress tissue clutter even in the presence of motion,

the lack of image registration will lead to incoherent integration of the power Doppler

-10-
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ensemble. With the help of motion correction, significant gain (e.g, up to 12 dB) in
visualization of small vessel signals could be obtained.

[0052] Referring again to FIG. 1, after the motion matrix has been generated it can
be analyzed for motion tracking and correction of ultrasound ensemble, as indicated at
step 110. For instance, the motion matrix can be used as an indicator of ensemble
coherence. For instance, the mean or median of the motion matrix can be computed and
used as a quantitative measure of the coherency of the acquired Doppler ensemble. This
can be performed as part of the analysis in step 110 or as a separate step in the process
workflow.

[0053] As one non-limiting example, the motion matrix can be analyzed to identify
image data frames that are associated with translation motion and image data frames that
are associated with periodic motion. Knowing whether the underlying motion is
translational or periodic is important information that can guide post-processing of the
acquired image data. For example, periodic motion is typically physiological motion,
which cannot be ignored and should instead be motion-corrected in post-processing. On
the other hand, translational motion is typically due to the sonographer’s hand motion or
due to the patient’s body motion. These types of motion indicate that the image data
should be reacquired.

[0054] Thus, based on the analysis of the motion matrix, a determination can be
made at decision block 112 whether some or all of the acquired image data should be
reacquired. If so, then the image data are reacquired at step 114 and the reacquired image
data are processed at process block 104 to generate a new motion matrix, which is
analyzed at step 110.

[0055] As another example, based on the analysis of the motion matrix, a
determination can be made at decision block 116 whether some or all of the acquired
image data should be further processed before reconstructing one or more microvessel
images at step 118. If so, this further processing is carried out at step 120 and the one or
more microvessel images are reconstructed from the processed image data at step 118.
The one or more microvessel images can then be stored for later use or otherwise
displayed to as user.

[0056] Referring to FIG. 2, a flowchart is illustrated as setting forth the steps of an
example method for motion correction of ultrasound ensemble. High frame-rate

ultrasound data is acquired or accessed, such as from an image archive, at step 202. The

-11-
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ultrasound data are then processed to generate a motion matrix, as generally indicated
at step 204. The ultrasound data are reformatted as a Casorati matrix, or other similar
matrix or data structure, as indicated at step 206. For instance, the ultrasound data are
reformatted as a Casorati matrix by vectorizing each image frame and arranging the
vectorized image frames as the columns in the Casorati matrix, as indicated above. In this
way, each column of the Casorati matrix corresponds to an image frame obtained from a
different time point. Each row and column of the Casorati matrix represents the spatial
and temporal data-points, respectively. The motion matrix is estimated from the Casorati
matrix by computing a similarity (or dissimilarity) metric of each column of the Casorati
matrix with every other column in the Casorati matrix, as indicated at step 208.

[0057] Frame pairing may be determined by reducing ensemble redundancy
based on the motion matrix at step 210. Reducing the ensemble redundancy based on
the motion matrix may be used to achieve optimal frame pairing. The motion matrix may
be used to identify groups of similar frames that can be represented by a single
representative frame. All frames that have a similarity index higher than a certain
threshold may thus be replaced by a single frame. Motion may be tracked between all
possible frame-pairs of the reduced ensemble at step 212. Displacements and peak
correlation values may be determined at step 214. The estimated displacements (axial
and lateral) and peak correlation values may be recorded in a matrix format as for the
motion matrix. The normalized correlation values are referred to as Dynamic Motion
Matrix (DMM). Whether a frame should be rejected from the ensemble may be
determined at step 216. Lack of correlation between frame-pairs in the DMM can be
attributed to OPM or speckle decorrelation due to intense motion, which are conditions
that my necessitate rejection of the candidate frames from the ensemble. Ensemble
frames with the highest similarity (correlation) with rest of the ensemble, identified in
the DMM, may be selected as the reference frame at step 218. This may be performed to
obtain the highest possible ensemble coherence upon motion correction. In some
configurations, the reference frame can be adaptively estimated by performing a row-
projection, followed by identifying the index corresponding to the peak value.
Displacements estimates corresponding to the reference frame may be selected from the
axial and lateral displacement matrices, and may be used for motion correction of the
associate frames in the full ensemble at step 220.

[0058] Non-limiting example applications of motion matrix in speckle tracking

-12-
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and motion correction of the Doppler ensemble frames include reduction of ensemble
redundancy. Imaging at a high frame-rate is an important component of ultrasound MBF
imaging, but it can lead to very small inter-frame displacements between consecutive
frames that can be very challenging to track accurately. In a non-limiting example, an
ensemble motion of 1 mm, or 5 pixels, in the lateral direction across 2064 frames, resulted
in an inter frame displacement of 0.48 microns (or 0.0024 pixels). Estimating motion
between frame-pairs using 2D speckle tracking can be sub-optimal due to limitations
imposed by the main-lobe width of the ultrasound point spread function (PSF). To
address this issue, optimally determining frame-pairing for motion tracking may be
performed.

[0059] Motion in in vivo circumstances can be complex, and an adaptive frame-
pairing approach may be used. Ensembles incurring small inter-frame displacements
may display motion matrices with high neighborhood similarity. To derive a non-
redundant ensemble, the motion matrix may be used to identify groups of similar frames
that can be represented by a single representative frame. To achieve this, all frames that
have a similarity index higher than a certain threshold may be replaced by a single frame.
In the absence of motion, the acquired ensemble may be reduced to a single
representative frame. The collection of representative frames obtained from sub-
ensembles may comprise the reduced ensemble. A reduced ensemble is incoherent, with
increased inter-frame displacements.

[0060] Motion tracking of a lesion region of interest (ROI) may be performed using
2D NCC, across all frame-pair combinations of the reduced ensemble. A search window
of a determined number of pixels, such as 30 pixels, in axial and/or lateral direction may
be designated for template-matching. A pixel corresponding to the peak correlation in the
search window may be recognized as the displaced location of the ROI. In a non-limiting
example, a spline-based interpolator may be used for accurate sub-pixel displacement
estimation. The estimated displacements and peak correlation values may be recorded in
a matrix format, similar to motion matrix. The normalized correlation matrix obtained
from 2D speckle tracking is referred to as the dynamic motion matrix (DMM). The DMM
estimates the maximum correlation between any frame-pairs of the reduced ensemble.
Assuming an exhaustive 2D displacement search, lack of correlation between frame-pairs
in the DMM can be attributed to OPM or speckle decorrelation due to intense motion -

conditions that may necessitate rejection of the candidate frames from the ensemble.
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[0061] Estimation of the DMM facilitates the selection of reference frame, which
may be a unique frame in the ensemble to which all other frames are registered. Ensemble
frames with the highest similarity (e.g. correlation) with the rest of the ensemble may be
selected as the reference frame to obtain the highest possible ensemble coherence upon
motion correction. With the help of the DMM, the reference frame can be adaptively
estimated by performing a row-projection, followed by identifying the index
corresponding to the peak value. Subsequently, the displacement estimates
corresponding to the reference frame are selected from the axial and lateral displacement
matrices, which are subsequently used for motion correction. Displacement estimates
corresponding to the representative frames in the reduced ensemble may be utilized for
motion correction of the respective associate frames in the full ensemble. Further, motion
correction may be performed by globally translating the rows and columns by the
estimated displacements using a spline-based interpolation technique to correct the first-
order rigid-body motion. In a non-limiting example, motion may be tracked using US IQ
frames, and motion correction may be performed on the clutter-filtered frames prior to
its power Doppler integration.

[0062] Tissue clutter may be suppressed by inputting the spatiotemporal matrix
to a singular value decomposition (“SVD”), generating output as clutter-filtered Doppler

ensemble (“CFDE”) data. For instance, the following SVD can be implemented:

r=th
Spiood =S(x.2,0) =D UV, (2);
r=1
[0063] where the matrices S and S, , represent pre-CFDE and post-CFDE data.

The matrices U and }J are left and right singular orthonormal vectors, respectively. The
corresponding singular values and their orders are denoted by A and 7, respectively,

and wgn

represents the conjugate transpose. A global SV threshold (th) for separation of
tissue clutter from blood signal can be selected, for example, based on the decay of the
double derivative of the singular value orders (i.e., when the double derivative
approached zero).

[0064] A contrast-free ultrasound MBF image may be estimated through coherent
integration of the clutter-filtered Doppler ensemble. A power Doppler (“PD”) image may

be generated from the clutter-filtered Doppler ensemble data. For instance, the PD image

can be estimated through coherent integration of the clutter-filtered data as follows:
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N,

PD(x,Z) = ZleloodfMC (x, Z’l)|2 (3);

t=1

[0065] where PD denotes the estimated power Doppler image, Sviood-Mc denotes
the motion corrected Doppler ensemble Sbiood, and Nt denotes the ensemble length. To
improve the performance of the adaptive noise bias suppression in the presence of large
motion, the motion matrix may be used to identify coherent frames that were
subsequently processed to suppress the noise bias.

[0066] Quantitative assessment of the imaging performance may be performed by
estimating the signal to noise ratio (SNR) and contrast to noise ratio (CNR) of the power

Doppler images, such with the non-limiting examples of:

SNR =20 +*1log,, S (4)

bg

H,—H

CNR =20 *log,, —bg| +10 )
Joi +o,,

[0067] where 1L and o denotes the mean and the standard deviation of the signal,

respectively. Further, the subscripts “v” and “bg” correspond to signals obtained from the
vessel and background regions, respectively. A constant offset may be added, such as an
offset of 10 dB in one example, to all estimated CNR values to display a positive estimate,
in the absence of motion correction. The selection of vessel and background regions for
estimation of SNR and CNR may be performed using any appropriate methods. The mean
and standard deviation of motion matrix may be reported as a data quality metric,
computed from non-diagonal entries.

[0068] Tissue motion impacts coherent integration of the clutter-filtered Doppler
ensemble, affecting the quality and reproducibility of contrast-free MBF imaging.
Ensemble incoherency can be an issue in visualizing small vessel blood flow in
applications such as thyroid imaging due to its proximity to the carotid artery, which can
incur large pulsating motion. Motion matrices may be used in addressing ensemble
incoherency towards robust estimation of contrast-free ultrasound microvascular
images.

[0069] Referring to FIGS. 3A-D, a non-limiting example illustration is shown for
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motion tracking and correction of high frame-rate ensembles using a motion matrix. FIG.
3A depicts an estimation of the MM using Casorati correlation, followed by ensemble
reduction. FIG. 3B depicts 2D motion tracking of the reduced ensemble to estimate the
axial and lateral displacement matrix, and the corresponding maximum correlation
matrix obtained from 2D NCC speckle tracking. FIG. 3C illustrates estimation of the most
similar frame from the DMM (peak value), and the corresponding selection of the axial
and lateral displacement estimates. FIG. 3D Displays the MV image before and after
motion correction. The ensemble correlation of the motion corrected motion matrix in
FIG. 3D was substantially higher than prior to motion correction (FIG. 3A).

Non-Rigid Motion Correction

[0070] In the presence of large motion (e.g., physiological motion, motion due to
the sonographer’s hand motion), tissue frequencies can be similar or even higher than
that of slow blood flow. In these instances, the visualization of small vessel blood flow,
which can be of low frequency (or velocity) because of small vessel diameter, can be
limited. Thus, the presence of tissue motion, physiological motion, or other large motions
can impact coherent integration of the power Doppler signal, which can lead to poor
visualization of blood flow. Further, the importance of motion correction is not limited to
coherent integration of the Doppler ensemble, but can also be used to improve the
performance of clutter filtering. Additionally or alternatively, motion correction can be
advantageous for low imaging frame-rate applications, such as those due to deep-seated
tumors, compounding of plane waves, or when using a 64-channel or other comparable
channel system.

[0071] [t is thus another aspect of the present disclosure to provide methods for
mitigating or otherwise reducing the effects of motion (e.g., tissue motion, physiological
motion, body motion, other sources of motion) on non-contrast microvasculature
ultrasound imaging. Previous motion correction techniques have made use of a rigid body
motion assumption, which has limitations and disadvantages. For instance, the average
displacements used for global motion correction is typically estimated from the lesion
area. Accordingly, depending on the outline of the lesion, which is generally subjective,
the performance of motion correction can be sub-optimal. Further, in such approaches
motion correction is primarily targeted to the vessels in the lesion area, and thus
visualization of peri-lesion vascularity may not be optimal.

[0072] Another drawback of assuming rigid body motion is that the efficacy of
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motion correction will be dependent on the variance of the displacement estimates. If the
variance (or gradient) is high (e.g, strain is high), then the notion of using average
displacement may not be suitable for motion correction. Specifically, applicability of rigid
body based motion correction can often be limited to translational motion. For example,
for a large lesion under high strain, it is possible that none of the region may be
successfully motion corrected due to high deviations of local displacement estimates
from the local mean.

[0073] Another drawback of assuming rigid body motion is that the presence of
out-of-plane motion at local regions between the consecutive frames may necessitate
rejection of the entire frame, which can further penalize the quality of the microvascular
imaging.

[0074] [t is an aspect of the present disclosure to provide non-rigid body motion
correction techniques. The systems and methods described in the present disclosure
implement a non-rigid body motion estimation and correction that doesn’t require a
regularization factor and that operates without constrains on smoothness or continuity
in tissue behavior upon being subjected to motion. In a non-limiting example, the non-
rigid motion correction implements a localized, block-wise motion tracking and
correction to achieve non-rigid correction. Motion between two subsequent frames can
be estimated in local kernels using 2D normalized cross-correlation. Subsequently, the
motion can be corrected locally. The size of the kernels can be varied based on the
variance of displacements in the kernel in order to achieve uniform displacements (e.g.,
zero Cartesian strain) to perform a local rigid-body based translational correction.
[0075] The non-rigid motion correction techniques described in the present
disclosure provide several advantages. As one example, robust motion correction can be
performed even when the lesion or surrounding tissue undergoes strain, which
undermines the assumption of purely translational motion that has been primarily used
in global motion correction studies. As another example, local frame-rejection criteria can
be enforced without having to discard the entire frame. This is advantageous when
implementing performance descriptors and outlier rejection, such as those described
above, which can influence the quality of the data. As still another example, noise
suppression can be improved by using overlapping local kernels.

[0076] Non-rigid motion correction techniques can also improve the performance

of clutter suppression, which is advantageous for visualization of blood flow imaging. In
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a non-limiting example, motion correction and clutter suppression can be performed
subsequently, which can significantly benefit the efficacy of tissue clutter rejection.
Motion correction may be performed in small local regions, compared to the entire frame,
enabling low computational overheads, while each local region can be motion corrected
in parallel.

[0077] Referring now to FIG. 4, a flowchart is illustrated as setting forth the steps
of an example method for performing non-rigid motion correction on ultrasound data.
The method includes accessing ultrasound images with a computer system, as indicated
at step 402. For instance, the ultrasound images may include ultrasound images of a
specific region-of-interest (“ROI”), such as a cross-section of a tumor (e.g, in breast,
thyroid, lymph node) or an organ (e.g., kidney, liver) in non-limiting examples. The
images may be acquired using plane wave or compounded plane wave imaging or virtual
source based multi-element synthetic aperture imaging or synthetic aperture imaging or
conventional plane wave imaging or multi-plane wave imaging or other similar imaging
approaches. Accessing the ultrasound images can include retrieving previously acquired
ultrasound images from a memory or other data storage device or medium. Alternatively,
accessing the ultrasound images can include acquiring the images using an ultrasound
system and communicating or otherwise transferring the images to the computer system,
which may be a part of the ultrasound system.

[0078] The ultrasound images may then be tracked to estimate the axial and
lateral motion associated with the ROI, as indicated at step 404. In a non-limiting
example, the ultrasound images can be tracked using 2D displacement tracking
techniques to estimate the axial and lateral motion associated with the ROI, which could
be due to motion due to physiological motion, breathing, sonographer’s hand motion,
patient’s body motion, or some combination thereof. The displacements associated with
every pixel can be estimated by any number of suitable displacement tracking techniques,
including two-dimensional normalized cross-correlation based tracking or dynamic
programming, global ultrasound elastography (GLUE), and the like. The axial and lateral
displacements associated with every pixel (local region) obtained in this step may be
utilized for motion correction, which can advantageously support coherent integration of
the Doppler ensemble. At step 404, displacement tracking can also be performed using
the tissue data that are typically rejected from the Doppler ensemble, to ensure that the

decorrelation of ultrasound speckle due to noise and presence of blood signal is
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minimized.

[0079] The ultrasound images may also be processed for suppression of tissue
clutter, as indicated at step 406. For example, tissue clutter is 100 dB greater than that of
the signal from blood, and it can significantly obscure the visualization of blood flow.
Tissue can be suppressed using any number of suitable techniques, such as (i) high pass
spectral filtering, (ii) spatiotemporal clutter filtering using singular value decomposition,
or (iii) tissue clutter filtering using independent component analysis, and the like. Clutter
suppression can be performed globally (e.g., using the entire frame) or locally (e.g., using
local regions of the frame to determine the filtering parameters exclusively with respect
to the speckle properties in that local region). Steps 404 and 406 can be performed
serially or in parallel, with the latter approach reducing overall processing time.

[0080] The clutter-filtered images may be corrected for motion using the local
displacements obtained from step 404, as indicated at step 408. For non-rigid body based
local motion correction, a local region of a predefined size (e.g., fixed or variable across
the image), of rectangular, square or polygonal span along the spatial dimensions may be
considered for all time points. The Cartesian displacements (e.g., axial and lateral)
averaged over the local region, which can be expected to be more uniform than a global
estimate, can be used for motion correction. Motion correction of the Doppler ensemble
can be performed to re-register each ultrasound frame with that of the first frame, by
shifting the rows and columns by the estimated displacements. In a non-limiting example,
the mean axial and lateral displacements obtained from local ROI of each frame can be
used to correct for motion.

[0081] To reduce memory overload, the motion corrected ensemble can be stored
as a local power Doppler image, corresponding to that ROI. In some configurations, the
local power Doppler image can be computed by estimating the mean square value of each
pixel in time.

[0082] The local, non-rigid motion correction process described above may be
repeated for other ROIs in the image, which may have a spatial overlap with neighboring
ROIs. Pixels that belong to multiple ROIs due to spatial overlapping may have multiple
power Doppler intensities, which can be averaged with respect to the counts of overlaps.
The amount of overlap between ROIs can be adjusted by the user. Increasing the amount
of overlap may increase computation time. Increasing the amount of overlap may also

increase the averaging that occurs in the overlapping ROIs, which in turn reduces noise
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(i.e., if a pixel is included in N overlapping ROIs, then corresponding to each ROI it will
have a motion corrected PD intensity value, and altogether a total of N PD values).
Averaging of data in the overlapping ROIs can significantly reduce noise and increase the
visualization of the micro vessel blood flow signal.

[0083] Non-rigid motion correction techniques can also be adapted for local
clutter suppression techniques. In a non-limiting example, clutter suppression in local
regions can be improved by motion correction of the Doppler ensemble. From the point-
of-view of coherent integration of the Doppler signal, locally clutter-filtered data can be
motion corrected to ensure coherent power Doppler integration, which is advantageous
for reliable visualization of the blood vessels.

[0084] Performance descriptors can also play an important role in
microvasculature imaging. Performance descriptors, such as local spatiotemporal
coherence matrices (e.g., motion matrices as described above) and images can be useful
in identifying local regions that need motion correction. In some configurations, only
those regions identified as having low spatiotemporal coherence may be selected forlocal
motion tracking and correction. A spatiotemporal coherence matrix (e.g, motion
matrices as described above), which in some instances may be referred to as a
spatiotemporal coherence map that is generated from one or more motion matrices, can
be used to identify frames that should be motion corrected or rejected. This approach can
significantly reduce the computational burden associated with motion tracking and
correction, which is advantageous for real-time imaging.

[0085] A spatiotemporal coherence matrix-based performance descriptor can also
be useful in assessing the performance of motion correction, and identifying frames that
weren’t successfully motion corrected and thus can be a candidate for rejection.
Compared to the global approach in which the entire frame must be rejected, in the local
approach the frame rejection criteria can be limited to local regions that can be helpful in
maximizing the contribution from the coherent data, while selectively rejecting data
corresponding to incoherent regions.

Example Application — Simulation

[0086] A non-limiting example motion simulation study provided for tracking and
correcting induced motion. MM was assessed as an indicator of ensemble coherence, and
to be potentially used as data quality metric. The simulation study involved five different

examples of motion that was induced in the ensemble of the acquired breast data with
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negligible low tissue motion.

[0087] Cases 1-3: A net lateral displacements of (1; 3; 5) mm or (5; 15; 25) pixels
were induced uniformly across the 2064 ensemble frames, respectively, resulting in
inter-frame displacements of (1/2064; 3/2064; 5/2064) mm or (5/2064; 15/2064;
25/2064) pixels, for the three cases.

[0088] Case 4: Staggered lateral displacements of (1; 2; 3; 4) mm or (5; 10; 15; 20)
pixels were induced sequentially across the groups of frames (1 - 864; 865 - 1264; 1265
- 1664; 1665 - 2064), respectively, resulting in inter-frame displacements of (1/864;
2/400; 3/400; 4/400) mm or (5/864; 10/400; 15/400; 25/400) pixels. Unlike in Cases
1-3 that had fixed inter-frame displacements, for Case 4 it varied progressively across the
same ensemble.

[0089] Case 5: A periodic lateral motion of amplitude (0; 2; 0; -2; 0) mm or (0; 10;
0; -10; 0) pixels was applied across frames (1 -410; 411 - 820; 821 - 1230; 1231 - 1640;
1641 - 2064) respectively, resulting in inter-frame displacements of (0; 2/410; 0; -2 /410;
0) mm or (0; 10/410; 0; -10/410; 0) pixels.

[0090] Motion was specifically applied in lateral direction, as it is the most
challenging to track compared to axial motion. Motion was simulated in the acquired
breast data ensemble using a spline based interpolation technique similar to that used
for motion correction.

Example Application — Thyroid Nodules and Breast Lesions

[0091] The ultrasound in-phase and quadrature (IQ) data were acquired using an
Alpinion E-Cube 12R ultrasound scanner (Alpinion Medical Systems Co., Seoul, South
Korea), equipped with L.12-3H linear array probes, operating at 11 MHz center frequency,
respectively. The plane wave [Q data was acquired for 7 angular insonifications (-3,-2, -1,
0, 1, 2, 3), which were coherently compounded. The scanner transmitted and received
using 128 and 64 elements, respectively. Accordingly, each angular plane wave
transmission was repeated twice and the received data was interleaved for each half of
the transducer to emulate a 128 element receive aperture. The pulse length of a two cycle
excitation signal was 67 um, and the received signal was sampled at 40 MHz. The Doppler
ensemble was acquired over 3 seconds, and the frame-rate (FR) and pulse repetition
frequency (PRF) varied according to depth of imaging but were consistently > 600 Hz.
The axial and lateral size of each pixel in the beamformed image were 38.5 x 200 um,

respectively.
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[0092] The ultrasound thyroid and breast data were obtained from 13 and 1
volunteers, respectively, with at least one suspicious tumor, recommended for US-guided
fine needle aspiration biopsy. The ultrasound data for all in vivo studies was acquired by
an experienced sonographer. To minimize motion artifacts due to breathing, subjects
were asked to hold their breath for the 3 seconds duration of data acquisition. These
studies were performed in accordance with the relevant guidelines and regulations of the
Mayo Clinic Institutional Review Board and an approved, written informed consent was
obtained from the subjects prior to their participation.

[0093] The motion matrix included a mean ensemble correlation (0.920.061), for
the breast lesion data, implying a highly coherent ensemble. In comparison with the
reference, motion visibly distorted the microvascular features in all simulated examples.
The MBF image in displayed the least and largest degradation, respectively, as it also
incurred the least and largest ensemble motion. Motion correction was performed using
the above methods, which improved the quality of all the MBF images.

[0094] A visible change in the MM can be observed after applying motion in the
breast ensemble. MM associated with linear uniform motion displayed uniform decay in
correlation across the ensemble frames. Accordingly, the width of-the-diagonal
(synonyms with neighborhood similarity of the ensemble frames) decreased with
increase in ensemble motion. This can be observed in the MM associated with Case 4.
Further, the motion pattern in the MM of Case 5 was consistent with applied periodic
motion. Frames (1 - 410; 821 - 1230; 1641 - 2064) incurred no motion, thus displayed
high similarity. The initial ensemble of 2064 frames was reduced to 12, 34, 52, 120 and
18, respectively. The extent of ensemble reduction depended on the redundancy in the
ensemble. Further, stationary frames in Case 5, (1-410; 1641-2064) were represented by
a single frame in the non-redundant ensemble, since it incurred no motion; similarly for
frames (821-1230). A threshold of 0.9 was used to identify similar frames. The respective
MMSs, post-motion correction displayed a substantial increase in ensemble coherence.
The full ensemble motion corrected MM equally displayed high ensemble coherence. This
implied that the displacement estimates obtained from the reduced ensemble were
effectively used in motion correction of the full ensemble.

[0095] The MM associated with the initially acquired Doppler ensemble reported
a high ensemble mean correlation of 0.924, suggesting negligible or no motion. Further,

the motion induced MM reported considerably lower correlation. Upon motion
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correction, the ensemble correlation substantially improved, and was similar to that
observed initially and to the respective DMM. The initial SNR and CNR of the breast micro-
vessels were 6.04 dB and 19.52 dB, respectively. Motion negatively impacted the quality
of the MBF images, which led to a substantial decrease in image quality, across all five
examples. Motion tracking and correction in accordance with the present disclosure
increased the SNR and CNR similar to that observed initially, for all simulation examples.
These quantitative results and the related trends were in confirmation with the visual
assessment of the ultrasound MBF images. These quantitative results from the simulation
study suggest that tracking and compensating the applied motion was effective, even for
Cases 1 and 4 with very low inter-frame displacements.

[0096] Referring to FIGS. 5A-G, a non-limiting example set of images and graphs of
in vivo MBF images of the thyroid nodules, without (FIG 5a) and with (FIG 5¢) motion
correction are shown. Correspondingly, the respective MMs are displayed in FIG 5b, and
FIG. 5d. FIG 5e, and FIG. 5f display the MMs of the reduced ensemble, with and without
motion correction, respectively. FIG. 5g displays the corresponding DMM estimated using
2D NCC based speckle tracking; lack of correlation in the DMM can be indicative of OPM.
The similarity between the MMs FIGS. 5d, and FIG. 5f signifies that motion correction of
the full ensemble was consistent with that of the reduced ensemble. Similarly of the
computed dynamic motion in FIG. 5g with the motion corrected MMs in FIGS. 5d, and FIG.
Se signifies that the motion corrected ensemble has the highest ensemble correlation that
can be achieved with 2D NCC based speckle tracking. The MMs served a valuable indicator
of coherence of the Doppler ensemble. A high ensemble coherence may indicate a reliably
visualized MBF signal.

[0097] The MM is also effective in determining the efficacy of the motion
correction, therefore serving as a performance descriptor. Loss of correlation in the
dynamic MM is indicative of OPM (or speckle decorrelation), which cannot be
compensated using motion correction, and thus respective frames may be rejected prior
to Doppler integration. A visible improvement in quality of MBF images was observed
upon motion correction using methods in accordance with the present disclosure. This
observation was consistent with increase in the mean ensemble correlation of the MMs
from 0.448 to 0.883. The ensemble reduction technique compressed the Doppler
ensemble from 2064 to 45 frames. As evident in the DMM, the presence of OPM was

minimal, which also reflected in the motion corrected MMs.
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[0098] The motion corrupted MBF image was visibly improved upon motion
correction using methods in accordance with the present disclosure. The motion
corrected MM displayed lack of coherence between frames 1-900 and 901-2064; similar
correlation pattern was also visible in the DMM, indicating potential presence of OPM.
Frames incurring OPM may not be corrected, and thus may be robustly rejected. In
absence of OPM, image pairs can be expected to be identical, but differences in
microvascular features may be visible. In the non-limiting example, the presence of OPM
around frame 900 was suggested by such differences.

[0099] For subjects 1-10, the initial correlation of the Doppler ensemble was low,
which substantially improved upon motion correction. In subjects (11-13), initial
correlation of the ensemble was high; subsequent improvement in ensemble correlation
with motion correction was therefore minimal. Further, the mean correlation of the
motion corrected ensemble and the estimated dynamic MMs were comparable. The mean
and 1 standard deviation for each MBF image were calculated from three ROIs. For
subjects 1-10, a considerable increase in image quality was observed upon motion
correction using the proposed approach. For subjects 11-13, where motion was minimal,
consistent with trends observed for MM.

[00100] In the simulation results from the breast MBF images, motion degraded the
quality of MBF images for all simulated cases. Motion correction was effective in tracking
and correcting the applied motion. Unlike in simulation, the lack of reference or ground-
truth in in vivo studies complicate assessment of a final image. To address this, MM may
be used as a data quality metric - to assess the coherence of the Doppler ensemble. The
simulation results demonstrated that the quality of the MBF images could be assessed
from the coherency of the Doppler ensemble. MM associated with the breast data with no
prior motion displayed a mean of 0.92. Upon simulating motion, the coherence of the
Doppler ensemble decreased considerably. The mean MM for ensemble with (1; 3; 5) mm
motion were (0:398; 0:176; 0:165), respectively. Reciprocally, upon motion correction,
the mean of MM increased to (0.870, 0.861, 0.859), respectively. MBF images displayed
the least and the highest distortion, respectively, consistent with smallest and the largest
amplitude of applied motion. Additionally, the mean ensemble correlation estimated
from the MM was also the least and highest in the respective cases. A small change in MM
corresponded with least distortion, and vice versa.

[00101] MM enabled assessment of ensemble coherence down to every individual
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frame. For example in Case 5, the stationary and motion impacted frames could be clearly
identified from the MM. Further, in Case 4, MM sensitively demonstrated the changes in
motion across the ensemble. This aspect of the MM is valuable for understanding each
individual frame’s contribution to the ensemble, and in identifying frames candidate for
rejection. Overall, these results demonstrate that the MM is sensitive to presence of
motion in the ensemble, without any assumptions on its nature or type, and can serve as
a performance descriptor for assessing the efficacy of motion tracking and correction.
[00102] The in vivo studies validated the simulation results. The MM indicated
presence of motion in the ensemble, and upon motion correction, increase in mean
ensemble correlation was consistent with improvement in quality and visualization of
MBF images. Unlike the simulation study, the motion in the in vivo cases were truly 2-
dimensional, in both axial and lateral directions, and the proposed MM-based technique
was capable of tracking and correcting it. A Doppler ensemble with no motion would
display a MM with mean correlation of 1. Accordingly, the goal of motion correction is to
achieve a mean ensemble correlation of 1. With in vivo imaging, such may not be feasible
in the presence of OPM that cannot be motion corrected. This can be observed in the in
vivo example where the impact of motion on ensemble incoherency can be observed in
both the MFB image and the corresponding MM. Motion correction substantially
improved the visualization of the blood vessels. The corresponding MM demonstrated
that frames (1-900) and (900-2064) incurred high intra-group but low inter-group
similarity, indicative of OPM. Subsequently, both groups of frames corresponded to two
different cross-sections. The evidence of OPM was also present in the DMM that was
instead directly computed by 2D NCC-based motion tracking. DMM may play a role in
motion tracking and correction. It may allow for detection of frames incurring OPM,
selection of reference frame for ensemble motion correction, and the like.

[00103] Selection of reference frame may be an aspect of motion correction in MBF
imaging. Previously, all ensemble frames were motion corrected to the first frame, by
default. Displacements of individual frames were transformed from Eulerian to
Lagrangian coordinates, and cumulated to estimate motion relative to the first frame.
However, since the Doppler acquisitions were not cardiac-gated, the first frame of the
ensemble is equally prone to OPM that can make it unsuitable candidate for reference.
Displacements estimated from OPM frames may be unreliable, and thus including them

can corrupt the accuracy of the net displacement estimates for the subsequent frames in
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the ensemble. A systematic approach to selection of a reference frame may be based on a
similarity metric to address these challenges. Frames incurring low similarity with
respect to the ensemble reference frame can be adaptively rejected by applying a
threshold on similarity index. An advantage with such a form of motion tracking and
correction is that displacement estimates may be computed by directly tracking the
respective ensemble frames with the selected reference frame, as opposed to cumulating
displacements across independent frames across the ensemble.

[00104] Poor estimates of displacement from any individual frame can also affect
the accuracy motion correction of the remaining frames in the sequence. DMM may be
used to identify the most similar frame of the ensemble as the reference frame, consistent
with the idea that only similar frames may be integrated to obtain the final MBF image. In
a non-limiting example, the reference frame belonged to the group (900-2064), and thus
frames (1-900) were rejected. Such an approach to frame assessment was not previously
possible in contrast-free MBF imaging. Motion correction with reference to the most
similar frame further enhanced the coherence of the Doppler ensemble.

[00105] Motion matrix based ensemble reduction may be used towards estimation
of the DMM, and in tracking high framerate ensembles with considerably low inter-frame
motion. In the simulated Case 1, the net inter-frame displacement between any
consecutive frames was 0.0024 pixels. With a correlation threshold of 0.8, the ensemble
was reduced from 2064 to 12 representative frames. Correspondingly, the net inter-
frame displacement between each frame-pair reciprocally increased to 0.41 pixels, which
subsequently could be tracked efficiently using 2D NCC techniques with a spline-based
sub-pixel displacement estimator. Similarly, for Cases 2 and 3 the ensemble size reduced
to 34 and 54 frames, respectively, which increased the inter-frame displacements from
(0:0073; 0:01211) pixels to (0:44; 0:48) pixels, respectively. It is noteworthy that as
ensemble motion increased for Cases 1-3 from 5 (1mm), 15 (3mm) to 25 (5mm) pixels,
the size of reduced ensemble also increased reciprocally from 12, 34 to 54 frames,
demonstrating the adaptability of the method upon exposure to different kinds of motion.
[00106] The MM obtained from a thyroid nodule displaying negligible motion was
compressed to 3 frames, owing to the high similarity of the Doppler frames. Although,
motion correction improved the mean ensemble correlation from 0.848 to 0.879, no
noticeable improvement in the MBF image was observed, since the motion was negligibly

small. The choice of Pearson correlation co-efficient as the metric of similarity for
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computing MM was used since it's inherently normalized between (0,1) and was
consistent with the 2D speckle tracking technique. The choice of the similarity index isn’t
limited to Pearson correlation and can be suitably chosen from a variety of metrics.
Further, the scope of using MM as a performance descriptor for motion tracking and
correction isn’t limited to 2D NCC based tracking, and can be directly used to assess the
efficacy of any speckle tracking technique that lacks an inherent quality metric. Since
ensemble incoherency is a major issue in blood flow imaging that impacts imaging
performance, the mean of the MM can serve as a metric for assessing data quality in large-
scale in vivo studies, such as the ones focusing on assessment of vascular morphology
that are highly sensitive to motion.

Non-Limiting Example — Down-Sampled Data

[00107] Referring to FIGS. 5H-K, non-limiting examples of a motion matrix formed
by using down-sampled data are shown. In some configurations, a threshold for down-
sampling may be determined, such as a value less than 100%. In a non-limiting example,
the threshold may be selected as 10%. The impact of estimating STCM (motion matrix)
from a spatially down-sampled Doppler ensemble, from 100% up to 10% is shown in
FIGS. 5H-K. FIGS. 5H and 5] correspond to two different examples of in vivo thyroid blood
flow imaging, respectively. FIG. 5H and FIG. 51 depict a thyroid example correspond to the
Doppler ensemble without and with motion correction, respectively. The line-plots
display the mean STCM estimated from a down-sampled lesion ROI, with 10-100 % of
pixel density; error-bars are estimated across 10 random sampling of the ROI data points.
Graph numbers 1, 2, 3, 4,5, 6,7, 8,9, 10, 11, 12 display representative STCM images
computed with 10, 50 and 100 % of ROI pixels.

Non-Limiting Example - Elastography

[00108] A non-limiting example application of MM may be used for robust motion
tracking relevant to ultrasound elastography, where displacement estimation is a
fundamental step. The methods may also be seamlessly integrated into the motion
compensation frame-work of long acquisition contrast-enhanced MBF imaging. The
methods in accordance with the present disclosure may provide for addressing both axial

and lateral motion.

Example Systems
[00109] FIG. 6 illustrates an example of an ultrasound system 600 that can

implement the methods described in the present disclosure. The ultrasound system 600
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includes a transducer array 602 that includes a plurality of separately driven transducer
elements 604. The transducer array 602 can include any suitable ultrasound transducer
array, including linear arrays, curved arrays, phased arrays, and so on. Similarly, the
transducer array 602 can include a 1D transducer, a 1.5D transducer, a 1.75D transducer,
a 2D transducer, a 3D transducer, and so on.

[00110] When energized by a transmitter 606, a given transducer element 604
produces a burst of ultrasonic energy. The ultrasonic energy reflected back to the
transducer array 602 (e.g,, an echo) from the object or subject under study is converted
to an electrical signal (e.g., an echo signal) by each transducer element 604 and can be
applied separately to a receiver 608 through a set of switches 610. The transmitter 606,
receiver 608, and switches 610 are operated under the control of a controller 612, which
may include one or more processors. As one example, the controller 612 can include a
computer system.

[00111] The transmitter 606 can be programmed to transmit unfocused or focused
ultrasound waves. In some configurations, the transmitter 606 can also be programmed
to transmit diverged waves, spherical waves, cylindrical waves, plane waves, or
combinations thereof. Furthermore, the transmitter 606 can be programmed to transmit
spatially or temporally encoded pulses.

[00112] The receiver 608 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 ofline-by-line scanning, compounding plane wave imaging, synthetic
aperture imaging, and compounding diverging beam imaging.

[00113] In some configurations, the transmitter 606 and the receiver 608 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 600 can sample and store at least one
hundred ensembles of echo signals in the temporal direction. The controller 612 can be
programmed to implement an imaging sequence to acquire ultrasound data. In some
embodiments, the controller 612 receives user inputs defining various factors used in the
imaging sequence.

[00114] A scan can be performed by setting the switches 610 to their transmit
position, thereby directing the transmitter 606 to be turned on momentarily to energize

transducer elements 604 during a single transmission event according to the imaging
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sequence. The switches 610 can then be set to their receive position and the subsequent
echo signals produced by the transducer elements 604 in response to one or more
detected echoes are measured and applied to the receiver 608. The separate echo signals
from the transducer elements 604 can be combined in the receiver 608 to produce a
single echo signal.

[00115] The echo signals are communicated to a processing unit 614, which may be
implemented by a hardware processor and memory, to process echo signals or images
generated from echo signals. As an example, the processing unit 614 can process image
data to analyze and assess the quality and ensemble coherence of the image data using
the methods described in the present disclosure. In response to this analysis, the
processing unit 614 can direct and implement further processing of the image data,
reconstruction of the image data to generate microvessel images, reacquisition of image
data when image data are deemed unreliable, computation of one or more quality metrics
(e.g., measures of ensemble coherency), and combinations thereof. Images produced
from the echo signals by the processing unit 614 can be displayed on a display system
616.

[00116] Referring now to FIG. 7, an example of a system 700 for generating
microvessel images (e.g., microvessel blood flow images) in accordance with some
embodiments of the systems and methods described in the present disclosure is shown.
As shown in FIG. 7, a computing device 750 can receive one or more types of data (e.g.,
ultrasound data) from image source 702, which may be an ultrasound image source. In
some embodiments, computing device 750 can execute at least a portion of a microvessel
image generation system 704 to generate microvessel images from data received from
the image source 702. As described above, the microvessel image generation system 704
can implement a performance description system for assessing data quality, motion
correlation quality, or both, and for updating ultrasound data based on that performance
description. The microvessel image generation system 704 can also implement an
adaptive noise suppression system for suppressing or otherwise removing noise from the
microvessel images. In still other examples, the microvessel image generation system 704
can implement both the performance description and adaptive noise suppression
systems described in the present disclosure.

[00117] Additionally or alternatively, in some embodiments, the computing device

750 can communicate information about data received from the image source 702 to a
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server 752 over a communication network 754, which can execute at least a portion of
the microvessel image generation system 704. In such embodiments, the server 752 can
return information to the computing device 750 (and/or any other suitable computing
device) indicative of an output of the microvessel image generation system 704.
[00118] In some embodiments, computing device 750 and/or server 752 can be any
suitable computing device or combination of devices, such as a desktop computer, a
laptop computer, a smartphone, a tablet computer, a wearable computer, a server
computer, a virtual machine being executed by a physical computing device, and so on.
The computing device 750 and/or server 752 can also reconstruct images from the data.
[00119] In some embodiments, image source 702 can be any suitable source of
image data (e.g., measurement data, images reconstructed from measurement data), such
as an ultrasound imaging system, another computing device (e.g.,, a server storing image
data), and so on. In some embodiments, image source 702 can be local to computing
device 750. For example, image source 702 can be incorporated with computing device
750 (e.g., computing device 750 can be configured as part of a device for capturing,
scanning, and/or storing images). As another example, image source 702 can be
connected to computing device 750 by a cable, a direct wireless link, and so on.
Additionally or alternatively, in some embodiments, image source 702 can be located
locally and/or remotely from computing device 750, and can communicate data to
computing device 750 (and/or server 752) via a communication network (e.g.,
communication network 754).

[00120] In some embodiments, communication network 754 can be any suitable
communication network or combination of communication networks. For example,
communication network 754 can include a Wi-Fi network (which can include one or more
wireless routers, one or more switches, etc.), a peer-to-peer network (e.g., a Bluetooth
network), a cellular network (e.g., a 3G network, a 4G network, etc., complying with any
suitable standard, such as CDMA, GSM, LTE, LTE Advanced, WiMAX, etc.), a wired
network, and so on. In some embodiments, communication network 754 can be a local
area network, a wide area network, a public network (e.g., the Internet), a private or semi-
private network (e.g, a corporate or university intranet), any other suitable type of
network, or any suitable combination of networks. Communications links shown in FIG.
7 can each be any suitable communications link or combination of communications links,

such as wired links, fiber optic links, Wi-Fi links, Bluetooth links, cellular links, and so on.
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[00121] Referring now to FIG. 8, an example of hardware 800 that can be used to
implement image source 702, computing device 750, and server 752 in accordance with
some embodiments of the systems and methods described in the present disclosure is
shown. As shown in FIG. 8, in some embodiments, computing device 750 can include a
processor 802, a display 804, one or more inputs 806, one or more communication
systems 808, and/or memory 810. [In some embodiments, processor 802 can be any
suitable hardware processor or combination of processors, such as a central processing
unit (“CPU"), a graphics processing unit (“GPU”), and so on. In some embodiments, display
804 can include any suitable display devices, such as a computer monitor, a touchscreen,
a television, and so on. In some embodiments, inputs 806 can include any suitable input
devices and/or sensors that can be used to receive user input, such as a keyboard, a
mouse, a touchscreen, a microphone, and so on.

[00122] In some embodiments, communications systems 808 can include any
suitable hardware, firmware, and/or software for communicating information over
communication network 754 and/or any other suitable communication networks. For
example, communications systems 808 can include one or more transceivers, one or
more communication chips and/or chip sets, and so on. In a more particular example,
communications systems 808 can include hardware, firmware and/or software that can
be used to establish a Wi-Fi connection, a Bluetooth connection, a cellular connection, an
Ethernet connection, and so on.

[00123] In some embodiments, memory 810 can include any suitable storage
device or devices that can be used to store instructions, values, data, or the like, that can
be used, for example, by processor 802 to present content using display 804, to
communicate with server 752 via communications system(s) 808, and so on. Memory
810 can include any suitable volatile memory, non-volatile memory, storage, or any
suitable combination thereof. For example, memory 810 can include RAM, ROM,
EEPROM, one or more flash drives, one or more hard disks, one or more solid state drives,
one or more optical drives, and so on. In some embodiments, memory 810 can have
encoded thereon, or otherwise stored therein, a computer program for controlling
operation of computing device 750. In such embodiments, processor 802 can execute at
least a portion of the computer program to present content (e.g., images, user interfaces,
graphics, tables), receive content from server 752, transmit information to server 752,

and so on.
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[00124] In some embodiments, server 752 can include a processor 812, a display
814, one or more inputs 816, one or more communications systems 818, and/or memory
820. In some embodiments, processor 812 can be any suitable hardware processor or
combination of processors, such as a CPU, a GPU, and so on. In some embodiments,
display 814 can include any suitable display devices, such as a computer monitor, a
touchscreen, a television, and so on. In some embodiments, inputs 816 can include any
suitable input devices and/or sensors that can be used to receive user input, such as a
keyboard, a mouse, a touchscreen, a microphone, and so on.

[00125] In some embodiments, communications systems 818 can include any
suitable hardware, firmware, and/or software for communicating information over
communication network 754 and/or any other suitable communication networks. For
example, communications systems 818 can include one or more transceivers, one or
more communication chips and/or chip sets, and so on. In a more particular example,
communications systems 818 can include hardware, firmware and/or software that can
be used to establish a Wi-Fi connection, a Bluetooth connection, a cellular connection, an
Ethernet connection, and so on.

[00126] In some embodiments, memory 820 can include any suitable storage
device or devices that can be used to store instructions, values, data, or the like, that can
be used, for example, by processor 812 to present content using display 814, to
communicate with one or more computing devices 750, and so on. Memory 820 can
include any suitable volatile memory, non-volatile memory, storage, or any suitable
combination thereof. For example, memory 820 can include RAM, ROM, EEPROM, one or
more flash drives, one or more hard disks, one or more solid state drives, one or more
optical drives, and so on. In some embodiments, memory 820 can have encoded thereon
a server program for controlling operation of server 752. In such embodiments,
processor 812 can execute at least a portion of the server program to transmit
information and/or content (e.g., data, images, a user interface) to one or more computing
devices 750, receive information and/or content from one or more computing devices
750, receive instructions from one or more devices (e.g.,, a personal computer, a laptop
computer, a tablet computer, a smartphone), and so on.

[00127] In some embodiments, image source 702 can include a processor 822, one
or more image acquisition systems 824, one or more communications systems 826,

and/or memory 828. In some embodiments, processor 822 can be any suitable hardware
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processor or combination of processors, such as a CPU, a GPU, and so on. In some
embodiments, the one or more image acquisition systems 824 are generally configured
to acquire data, images, or both, and can include an ultrasound imaging system.
Additionally or alternatively, in some embodiments, one or more image acquisition
systems 824 can include any suitable hardware, firmware, and/or software for coupling
to and/or controlling operations of an ultrasound imaging system. In some embodiments,
one or more portions of the one or more image acquisition systems 824 can be removable
and/or replaceable.

[00128] Note that, although not shown, image source 702 can include any suitable
inputs and/or outputs. For example, image source 702 can include input devices and/or
sensors that can be used to receive user input, such as a keyboard, a mouse, a
touchscreen, a microphone, a trackpad, a trackball, and so on. As another example, image
source 702 can include any suitable display devices, such as a computer monitor, a
touchscreen, a television, etc.,, one or more speakers, and so on.

[00129] In some embodiments, communications systems 826 can include any
suitable hardware, firmware, and/or software for communicating information to
computing device 750 (and, in some embodiments, over communication network 754
and/or any other suitable communication networks). For example, communications
systems 826 can include one or more transceivers, one or more communication chips
and/or chip sets, and so on. In a more particular example, communications systems 826
can include hardware, firmware and/or software that can be used to establish a wired
connection using any suitable port and/or communication standard (e.g., VGA, DVI video,
USB, RS-232, etc.), Wi-Fi connection, a Bluetooth connection, a cellular connection, an
Ethernet connection, and so on.

[00130] In some embodiments, memory 828 can include any suitable storage
device or devices that can be used to store instructions, values, data, or the like, that can
be used, for example, by processor 822 to control the one or more image acquisition
systems 824, and/or receive data from the one or more image acquisition systems 824;
to images from data; present content (e.g., images, a user interface) using a display;
communicate with one or more computing devices 750; and so on. Memory 828 can
include any suitable volatile memory, non-volatile memory, storage, or any suitable
combination thereof. For example, memory 828 can include RAM, ROM, EEPROM, one or

more flash drives, one or more hard disks, one or more solid state drives, one or more
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optical drives, and so on. In some embodiments, memory 828 can have encoded thereon,
or otherwise stored therein, a program for controlling operation of image source 702. In
such embodiments, processor 822 can execute at least a portion of the program to
generate images, transmit information and/or content (e.g. data, images) to one or more
computing devices 750, receive information and/or content from one or more computing
devices 750, receive instructions from one or more devices (e.g., a personal computer, a
laptop computer, a tablet computer, a smartphone, etc.), and so on.

[00131] In some embodiments, any suitable computer readable media can be used
for storing instructions for performing the functions and/or processes described herein.
For example, in some embodiments, computer readable media can be transitory or non-
transitory. For example, non-transitory computer readable media can include media such
as magnetic media (e.g, hard disks, floppy disks), optical media (e.g, compact discs,
digital video discs, Blu-ray discs), semiconductor media (e.g., random access memory
(“RAM™), flash memory, electrically programmable read only memory (“EPROM”),
electrically erasable programmable read only memory (“EEPROM”)), any suitable media
that is not fleeting or devoid of any semblance of permanence during transmission,
and/or any suitable tangible media. As another example, transitory computer readable
media can include signals on networks, in wires, conductors, optical fibers, circuits, or
any suitable media that is fleeting and devoid of any semblance of permanence during
transmission, and/or any suitable intangible media.

[00132] The present disclosure has described one or more preferred embodiments,
and it should be appreciated that many equivalents, alternatives, variations, and
modifications, aside from those expressly stated, are possible and within the scope of the

invention.

-34-



WO 2022/094375 PCT/US2021/057513

CLAIMS
1.

A method for generating an image that depicts microvessels in a subject

using an ultrasound system, the steps of the method comprising:

(a)

(b)

(<)

(d)

(e)

2.

providing to a computer system, image data acquired from a subject with
the ultrasound system, wherein the image data comprise image frames
obtained at a plurality of different time points;

generating reformatted data with the computer system by reformatting
the image data as a Casorati matrix;

generating motion matrix data with the computer system by computing a
similarity metric of each column of the reformatted data with every other
column of the reformatted data;

analyzing the motion matrix data with the computer system and based on
this analysis generating updated image data by directing the computer
system to process the image data to reduce motion corruption when
analysis of the motion matrix data indicates motion occurred when the
image data were acquired; and

generating an image that depicts microvessels in the subject by
reconstructing the image from the updated image data using the

computer system.

The method as recited in claim 1, wherein processing the image data to

reduce motion corruption includes analyzing the motion matrix to identify a reference

frame for motion correction and reducing motion corruption in the image data based in

part on the identified reference frame.

3.

The method as recited in claim 2 wherein the reference frame is identified

from the motion matrix as the image frame having a highest similarity metric with

respect to other image frames in the image data.

4.

The method as recited in claim 2, wherein outlier frames that exceed a

threshold value difference from the reference frame are rejected.

-35-



WO 2022/094375 PCT/US2021/057513

5. The method as recited in claim 1, wherein analyzing the motion matrix
comprises identifying image frames that experienced out-of-plane motion while the
image data were acquired, and wherein the updated image data are generated by

rejecting those image frames identified as experiencing out-of-plane motion.

6. The method as recited in claim 5, wherein identifying the image frames
that experienced out-of-plane motion comprises identifying image frames from the

motion matrix that are associated with low coherence.

7. The method as recited in claim 6, further comprising generating a
spatiotemporal coherence map from the motion matrix and identifying the image

frames that experienced out-of-plane motion using the spatiotemporal coherence map.

8. The method as recited in claim 7, wherein the updated image data are
generated by rejecting only local spatial regions identified in the spatiotemporal

coherence map as being associated with out-of-plane motion.

9. The method as recited in claim 1, wherein steps (b)-(d) are performed in

real-time as the image data are being acquired with the ultrasound system.

10.  The method as recited in claim 1, wherein steps (b)-(d) are performed

after the image data have been acquired with the ultrasound system.

11.  The method as recited in claim 1, further comprising generating from the
motion matrix data, a motion correction quality metric indicative of a quantitative
measure of motion correction quality and providing the motion correction quality

metric to a user.

12. The method as recited in claim 11, wherein the motion correction quality

metric is based on a rank of the motion matrix data.
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13.  The method as recited in claim 1, wherein the reformatted data comprise
a Casorati matrix, wherein each column of the Casorati matrix corresponds to a

vectorized image frame obtained from a different time point.

14.  The method as recited in claim 1, wherein the ultrasound system is
directed to reacquire image data that are rejected when analysis of the motion matrix

data indicates translation motion occurred when the image data were acquired.

15.  The method as recited in claim 1, wherein the similarity metricis a

correlation coefficient.

16.  The method as recited in claim 1, wherein the similarity metric is a

covariance metric.

17. The method as recited in claim 1, wherein the similarity metric is at least

one of an angle or a magnitude of a column of the Casorati matrix.

18.  The method as recited in claim 1, wherein the similarity metric is a

distance metric.

19. The method as recited in claim 18, wherein the distance metric is one of a
Euclidian distance, a Manhattan distance, a Mahalanobis distance, or a Minkowski

distance.

20.  The method as recited in claim 1, wherein analyzing the motion matrix
comprises deciding frame-pairs in the image data and an optimal search window size

for motion tracking within the image data.

21. A method for generating motion corrected Doppler ensemble data, the
method comprising:
(a) accessing with a computer system, ultrasound data acquired from a
subject with an ultrasound system, wherein the ultrasound data comprise

image frames obtained at a plurality of different time points;
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(b)

(d)

(e)

(f)

22.

generating reformatted data with the computer system by reformatting
the ultrasound data as a Casorati matrix;

generating motion matrix data with the computer system by computing a
similarity metric of each column of the reformatted data with every other
column of the reformatted data;

processing the motion matrix to identify a reference frame with the
computer system,;

analyzing the motion matrix data with the identified reference frame and
based on this analysis generating updated ultrasound data by directing
the computer system to process the ultrasound data to reduce motion
corruption when analysis of the motion matrix data indicates motion
occurred when the ultrasound data were acquired; and

generating motion corrected Doppler ensemble data based upon the

updated ultrasound data using the computer system.

A method to generate a reduced ensemble of high frame-rate data with

enhanced motion tracking accuracy and speed, the method comprising:

(a)

(b)

(<)

(d)

(e)

accessing with a computer system, ultrasound data acquired from a
subject with an ultrasound system, wherein the ultrasound data comprise
image frames obtained at a plurality of different time points;

generating reformatted data with the computer system by reformatting
the ultrasound data as a Casorati matrix;

generating motion matrix data with the computer system by computing a
similarity metric of each column of the reformatted data with every other
column of the reformatted data;

processing the motion matrix to identify a reference frame with the
computer system,;

analyzing the motion matrix data with the identified reference frame and
based on this analysis generating updated ultrasound data by directing
the computer system to process the ultrasound data to reduce motion
corruption when analysis of the motion matrix data indicates motion

occurred when the ultrasound data were acquired; and
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(f)

23.

generating a reduced ensemble of high frame-rate data with enhanced
motion tracking accuracy and speed based upon the updated ultrasound

data using the computer system.

A method to generate a reduced ensemble of high frame-rate data with

enhanced similarity, the method comprising:

(a)

(b)

(<)

(d)

(e)

(f)

24,

25.

accessing with a computer system, ultrasound data acquired from a
subject with an ultrasound system, wherein the ultrasound data comprise
image frames obtained at a plurality of different time points;

generating reformatted data with the computer system by reformatting
the ultrasound data as a Casorati matrix;

generating motion matrix data with the computer system by computing a
similarity metric of each column of the reformatted data with every other
column of the reformatted data;

processing the motion matrix to identify a reference frame with the
computer system,;

analyzing the motion matrix data with the identified reference frame and
based on this analysis generating updated ultrasound data by directing
the computer system to process the ultrasound data to reduce motion
corruption when analysis of the motion matrix data indicates motion
occurred when the ultrasound data were acquired by removing image
frames with a similarity metric below a threshold value; and

generating a reduced ensemble of high frame-rate data with enhanced
similarity based upon the updated ultrasound data using the computer

system.
The method of any of claims 21, 22, and 23, wherein the motion matrix is
a dynamic motion matrix that estimates the maximum improvement in

coherence of the ensemble data with motion correction.

The method of any of claims 21, 22, and 23, wherein generating the

motion matrix includes down-sampling the reformatted data.
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