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VASCULAR CHARACTERIZATION USING
ULTRASOUND IMAGING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 61/475,550, filed 14 Apr. 2011,
entitled “Vascular Characterization Using Ultrasound Imag-
ing,” which is incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under award number EB 6893 from NIH. The government has
certain rights in this invention.

BACKGROUND

[0003] Thedisclosure herein relates generally to ultrasound
imaging. More particularly, the disclosure herein pertains to
ultrasound imaging methods and systems for use in, e.g.,
diagnostic and/or therapy applications (e.g., imaging of blood
vessels and/or regions proximate thereto, etc.).

[0004] Vascular imaging is gaining increased attention not
only as a way to detect cardiovascular diseases, but also for
the evaluation of response to new anti-atherosclerotic thera-
pies (see, Ainsworth, et al., “3D ultrasound measurement of
change in carotid plaque volume—A tool for rapid evaluation
of new therapies,” Stroke, vol. 36, no. 9, pp. 1904-1909,
September 2005). Intravascular ultrasound (IVUS) has been
shown to provide an effective tool in measuring the progres-
sion or regression of atherosclerotic disease in response to
therapies. However, IVUS is invasive, potentially risky, and
more expensive than noninvasive imaging with ultrasound.
[0005] Advanced imaging modes on ultrasound scanners
have led to increased interest in imaging important quantities
like wall shear rate (WSR) using Doppler (see, Blake, et al.,
“A method to estimate wall shear rate with a clinical ultra-
sound scanner,” Ultrasound in Medicine and Biology, vol. 34,
no. 5, pp. 760-764, May 2008) and tissue/wall motion (see,
Tsou et al., “Role of ultrasonic shear rate estimation errors in
assessing inflammatory response and vascular risk,” Ultra-
sound in Medicine and Biology, vol. 34, no. 6, pp. 963-972,
Jun. 2008; Karimi et al., “Estimation of Nonlinear Mechani-
cal Properties of Vascular Tissues via Elastography,” Cardio-
vascular Engineering, vol. 8, no. 4, pp. 191-202, December
2008; and Weitzel, et al., “High-Resolution Ultrasound Elas-
ticity Imaging to Evaluate Dialysis Fistula Stenosis,” Semi-
nars In Dialysis, vol. 22, no. 1, pp. 84-89, January-February
2009) using speckle tracking.

[0006] Recently, there has been increased interest in imag-
ing flow in conjunction with computational fluid dynamic
(CFD) modeling the evaluation of large artery hemodynamics
(see, Steinman et al., “Flow imaging and computing: Large
artery hemodynamics,” ANNALS OF BIOMEDICAL ENGI-
NEERING, vol. 33, no. 12, pp. 1704-1709, December 2005;
Figueroa, et al., “A computational framework for fluid-solid-
growth modeling in cardiovascular simulations,” Computer
Methods in Applied Mechanics and Engineering, vol. 198,
no. 45-46, pp. 3583-3602, 2009; and Taylor et al., “Open
problems in computational vascular biomechanics: Hemody-
namics and arterial wall mechanics,” Computer Methods in
Applied Mechanics and Engineering, vol. 198, no. 45-46, pp.
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3514-3523, 2009). In this context, modeling fluid-solid inter-
faces has been defined as a challenge area in vascular
mechanics.

SUMMARY

[0007] Atleast one embodiment of this disclosure relates to
ultrasound imaging capable of simultaneously imaging both
wall tissue motion (e.g., perivascular tissue) and deformation,
together with fluid flow. For example, in one embodiment of
this disclosure, imaging vascular mechanics using ultrasound
is accomplished utilizing speckle tracking (e.g., a 2D phase
coupled speckle tracking method suitable for subsample dis-
placement estimation in both axial and lateral directions with
minimum interpolation) in conjunction with an imaging
mode (e.g., M2D mode imaging) that provides sufficient
frame rates for vector displacement tracking in both tissue
and fluid simultaneously. For example, M2D imaging may be
implemented on a clinical scanner equipped with a research
interface for controlling the imaging sequence and streamlin-
ing the RF data for performing 2D speckle tracking in aregion
of interest (e.g., around a blood vessel). Combining 2D
speckle tracking with sufficiently high frame rate imaging
allows for fine displacement tracking in both lateral and axial
directions. Vector displacement fields resulting from such
processing are well suited for strain and shear strain calcula-
tions with minimum filtering and using relatively small track-
ing windows (i.e., speckle regions) to maximize resolution.
Flow and tissue motion strain fields (e.g., in a tissue/flow
application, such as in vivo in the carotid of a patient) may be
evaluated (e.g., to identify vascular characteristics or for one
or more other purposes, e.g., for use in therapy).

[0008] One exemplary embodiment of an imaging method
may include providing ultrasound pulse-echo data of a region
in which at least one portion of a blood vessel is located (e.g.,
wherein the pulse-echo data comprises pulse-echo data at a
frame rate such that measured displacement of the vessel wall
defining the at least one portion of the blood vessel and
measured average blood flow through the at least one portion
of the blood vessel have a quasi-periodic profile over time to
allow motion tracking of both the vessel wall and the blood
flow simultaneously) and generating strain and shear strain
image data for the region in which the at least one portion of
the vessel is located using speckle tracking. For example, the
speckle tracking may include using multi-dimensional corre-
lation of pulse-echo data of one or more speckle regions
undergoing deformation in the region in which the at least one
portion of a blood vessel is located (e.g., wherein the multi-
dimensional correlation comprises determining a cross-cor-
relation peak for the sampled pulse-echo data based on phase
and magnitude gradients of the cross-correlated pulse-echo
data). Further, the method may include identifying at least
one vascular characteristic of the region in which at least one
portion of a blood vessel is located based on the strain and
shear strain image data (e.g., wherein the at least one vascular
characteristic comprises at least one of a flow characteristic
associated with flow through the blood vessel, a structural
characteristic associated with the blood vessel, and a hemo-
dynamic characteristic associated with the blood vessel).
[0009] Another exemplary imaging method may include
providing ultrasound pulse-echo data of a region in which at
least one portion of a blood vessel is located and using speckle
tracking of one or more speckle regions ofthe region in which
at least one portion of the blood vessel is located to track
motion of both the vessel wall defining the at least one portion
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ofthe blood vessel and the blood flow through the at least one
portion of the blood vessel. The pulse-echo data is provided at
a frame rate such that displacement of the vessel wall defining
the at least one portion of the blood vessel and blood flow
through the at least one portion of the blood vessel are mea-
surable simultaneously within a same periodic cycle (e.g.,
corresponding to a cardiac pulse cycle). Further, the method
may include identifying at least one vascular characteristic of
the region in which at least one portion of a blood vessel is
located based on the simultaneously measured displacement
of the vessel wall and average blood flow. Such an imaging
method may also include generating strain and shear strain
image data for the region in which the at least one portion of
the vessel is located using the speckle tracking, wherein the
speckle tracking comprises using multi-dimensional correla-
tion of sampled pulse-echo data of the one or more speckle
regions undergoing deformation in the region in which the at
least one portion of a blood vessel is located (e.g., the multi-
dimensional correlation may include determining a cross-
correlation peak for the sampled pulse-echo data based on
phase and magnitude gradients of the cross-correlated
sampled pulse-echo data).

[0010] In one or more embodiments of methods described
herein, identifying at least one vascular characteristic may
include identifying one or more vessel wall boundaries; and
still speckle tracking of such methods may include modifying
a characteristic of at least one of the one or more speckle
regions being tracked (e.g., location, size, shape, etc.) based
on the one or more vessel wall boundaries identified such that
the at least one speckle region is entirely within or outside of
the vessel wall.

[0011] Further, in one or more embodiments of methods
described herein, identifying at least one vascular character-
istic may include identifying vessel wall boundaries around
the entire blood vessel (e.g., wall boundaries in the entire
cross-section view taken along the axis of the vessel); may
include measuring tissue property within the one or more
vessel wall boundaries (e.g., stiffness or compliance); may
include identifying one or more portions of a plaque archi-
tecture adjacent the one or more vessel wall boundaries (e.g.,
such that therapy may be focused on a portion of such a
structure; such as the base thereof); and/or may include cal-
culating one or more hemodynamic measurements based on
both the motion tracking motion of the vessel wall and the
blood flow simultaneously.

[0012] Still further, in one or more embodiments of meth-
ods described herein, using multi-dimensional correlation of
sampled pulse-echo data of one or more speckle regions may
include using two-dimensional correlation of sampled pulse-
echo data of one or more speckle regions (e.g., to track wall
displacement or blood flow), and even three-dimensional cor-
relation.

[0013] Yet further, in one or more embodiments of methods
described herein, the method may further include delivering
therapy to a patient based on the identification of the at least
one vascular characteristic of the region in which at least one
portion of a blood vessel is located (e.g., using ultrasonic
energy to deliver therapy based on the identification of the at
least one vascular characteristic of the region in which at least
one portion of a blood vessel is located). For example, at least
one transducer configured to transmit and receive ultrasonic
energy may be provided, wherein the at least one transducer
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is used to obtain the pulse-echo data (e.g., for image data
generation) and to generate ultrasonic energy to deliver
therapy.

[0014] In one or more other embodiments of methods
described herein, generating strain and shear strain image
data for the region in which the at least one portion of the
vessel is located using two-dimensional speckle tracking may
include generating at least one of axial strain and axial shear
strain image data and/or lateral strain and lateral shear strain
image data. Further, in such methods, providing ultrasound
pulse-echo data of a region in which at least one portion of a
blood vessel is located may include using coded excitation.
[0015] In yet one or more other embodiments of methods
described herein, the method may include applying a derever-
beration filter to the pulse-echo data from one or more speckle
regions in the blood to remove echo components in the pulse-
echo data due to reflection at the vessel wall when performing
speckle tracking of the pulse-echo data from the one or more
speckle regions in the blood.

[0016] Another exemplary imaging method may include
providing ultrasound pulse-echo data of a region in which at
least one portion of a blood vessel is located; using speckle
tracking of one or more speckle regions of the region in which
the at least one portion of the blood vessel is located to track
motion of at least one of the vessel wall defining the at least
one portion of the blood vessel and the blood flow through the
at least one portion of the blood vessel; identifying one or
more vessel wall boundaries based on the speckle tracking of
the one or more speckle regions; and modifying at least one
characteristic of at least one of the one or more speckle
regions being tracked based on the one or more vessel wall
boundaries identified such that the at least one speckle region
is entirely within or outside of the vessel wall (e.g., the at least
one of the one or more speckle regions being tracked may be
modified by at least one of location, size, or shape based on
the one or more vessel wall boundaries identified such that the
at least one speckle region is entirely within or outside of the
vessel wall).

[0017] In another exemplary imaging method, the method
may include providing ultrasound pulse-echo data of a region
in which at least one portion of a blood vessel is located; using
speckle tracking of one or more speckle regions of the region
in which at least one portion of the blood vessel is located to
track motion of at least blood flow through the at least one
portion of the blood vessel; and removing echo components
in the pulse-echo data due to reflection at the vessel wall when
performing speckle tracking of the pulse-echo data from the
one or more speckle regions in the blood (e.g., removing echo
components in the pulse-echo data due to reflection at the
vessel wall may include using a time-varying inverse filter to
reduce the components in the pulse-echo data due to reflec-
tion at the vessel wall).

[0018] One exemplary embodiment of a system for vascu-
lar imaging may include one or more ultrasound transducers
(e.g., wherein the one or more transducers are configured to
deliver ultrasound energy to a vascular region resulting in
pulse-echo data therefrom) and processing apparatus config-
ured (e.g., operative by execution of one programs, routines,
or instructions to cause the performance of one or more func-
tions) to control the capture of pulse-echo data at a frame rate
such that measured displacement of a vessel wall defining at
least one portion of a blood vessel in the vascular region and
measured average blood flow through the at least one portion
of the blood vessel have a quasi-periodic profile over time to
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allow motion tracking of both the vessel wall and the blood
flow simultaneously; to generate strain and shear strain image
data for the region in which the at least one portion of the
vessel is located using speckle tracking (e.g., wherein the
speckle tracking may include using multi-dimensional corre-
lation of pulse-echo data of one or more speckle regions
undergoing deformation in the region in which the at least one
portion of a blood vessel is located; the multi-dimensional
correlation may include determining a cross-correlation peak
for the sampled pulse-echo data based on phase and magni-
tude gradients of the cross-correlated pulse-echo data); and to
identify at least one vascular characteristic of the vascular
region in which at least one portion ofablood vessel is located
based on the strain and shear strain image data (e.g., wherein
the at least one vascular characteristic comprises at least one
ofaflow characteristic associated with flow through the blood
vessel, a structural characteristic associated with the blood
vessel, and a hemodynamic characteristic associated with the
blood vessel).

[0019] Another exemplary system for vascular imaging
may include one or more ultrasound transducers (e.g.,
wherein the one or more transducers are configured to deliver
ultrasound energy to a vascular region resulting in pulse-echo
data therefrom) and processing apparatus configured (e.g.,
operative by execution of one programs, routines, or instruc-
tions to cause the performance of one or more functions) to
control the capture of pulse-echo data of the vascular region
in which at least one portion of a blood vessel is located and
use speckle tracking of one or more speckle regions of the
vascular region in which at least one portion of the blood
vessel is located to track motion of both the vessel wall
defining the at least one portion of the blood vessel and the
blood flow through the at least one portion of the blood vessel.
The pulse-echo data may be captured at a frame rate such that
displacement of the vessel wall defining the at least one
portion of the blood vessel and blood flow through the at least
one portion of the blood vessel are measurable simulta-
neously within a same periodic cycle corresponding to a
cardiac pulse cycle. Further, the processing apparatus may be
configured to identify at least one vascular characteristic of
the vascular region in which the at least one portion of the
blood vessel is located based on the simultaneously measured
displacement of the vessel wall and average blood flow. In one
embodiment of such a system, the processing apparatus may
further be operable to generate strain and shear strain image
data for the region in which the at least one portion of the
vessel is located using the speckle tracking (e.g., wherein the
speckle tracking may include using multi-dimensional corre-
lation of sampled pulse-echo data of the one or more speckle
regions undergoing deformation in the region in which the at
least one portion of a blood vessel is located; and further
wherein the multi-dimensional correlation may include deter-
mining a cross-correlation peak for the sampled pulse-echo
data based on phase and magnitude gradients of the cross-
correlated sampled pulse-echo data).

[0020] In one or more embodiments of the exemplary sys-
tems provided herein, the processing apparatus may be oper-
able to identify one or more vessel wall boundaries, and still
further, the processing apparatus may be operable, when
using the speckle tracking, to modify a characteristic of at
least one of the one or more speckle regions being tracked
(e.g., the location, size, shape, etc.) based on the one or more
vessel wall boundaries identified such that the at least one
speckle region is entirely within or outside of the vessel wall.
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[0021] Further, in one or more embodiments of the exem-
plary systems, the processing apparatus may be operable to
identify vessel wall boundaries around the entire blood ves-
sel; the processing apparatus may be operable to measure
tissue property within the one or more vessel wall boundaries;
the processing apparatus may be operable to identify one or
more portions of a plaque architecture adjacent the one or
more vessel wall boundaries; and/or the processing apparatus
may be operable to calculate one or more hemodynamic
measurements based on both the motion tracking motion of
the vessel wall and the blood flow simultaneously.

[0022] Still further, in one or more embodiments of the
exemplary systems provided herein, the processing apparatus
may be operable to use two-dimensional correlation of
sampled pulse-echo data of one or more speckle regions (e.g.,
to track speckle regions), and even three-dimensional corre-
lation.

[0023] Yet further, in one or more embodiments of the
exemplary systems provided herein, the system may further
include a therapy apparatus to deliver therapy to a patient
based on the identification of the at least one vascular char-
acteristic of the region in which at least one portion of a blood
vessel is located (e.g., a device operable to use ultrasonic
energy to deliver therapy based on the identification of the at
least one vascular characteristic of the region in which at least
one portion of a blood vessel is located). For example, the
therapy apparatus may include at least one transducer config-
ured to transmit and receive ultrasonic energy, wherein the at
least one transducer is operable to provide ultrasonic energy
to deliver therapy based on the identification of the at least one
vascular characteristic of the region in which at least one
portion of a blood vessel is located and the at least one
transducer is operable for use in obtaining the pulse-echo data
to generate image data.

[0024] Still further, in one or more embodiments of the
exemplary systems provided herein, the processing apparatus
may be operable to generate strain and shear strain image data
for the region in which the at least one portion of the vessel is
located using two-dimensional speckle tracking, wherein
using two-dimensional speckle tracking comprises generat-
ing at least one of axial strain and axial shear strain image data
and/or lateral strain and lateral shear strain image data. Fur-
ther, for example, the processing apparatus may be operable
to control providing ultrasound pulse-echo data of a region in
which at least one portion of a blood vessel is located using
coded excitation.

[0025] Still further, in another of the one or more embodi-
ments of the exemplary systems provided herein, the process-
ing apparatus may be operable to apply a dereverberation
filter to the pulse-echo data from one or more speckle regions
in the blood to remove echo components in the pulse-echo
data due to reflection at the vessel wall when performing
speckle tracking of the pulse-echo data from the one or more
speckle regions in the blood.

[0026] Another exemplary system for vascular imaging
may include one or more ultrasound transducers (e.g.,
wherein the one or more transducers are configured to deliver
ultrasound energy to a vascular region resulting in pulse-echo
data therefrom) and processing apparatus configured to con-
trol capture of ultrasound pulse-echo data of the vascular
region in which at least one portion of a blood vessel is
located; use speckle tracking of one or more speckle regions
of the vascular region in which the at least one portion of the
blood vessel is located to track motion of at least one of the
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vessel wall defining the at least one portion of the blood vessel
and the blood flow through the at least one portion of the
blood vessel; identify one or more vessel wall boundaries
based on the speckle tracking of the one or more speckle
regions; and modify a characteristic of at least one of the one
or more speckle regions being tracked based on the one or
more vessel wall boundaries identified such that the at least
one speckle region is entirely within or outside of the vessel
wall. For example, the processing apparatus may be operable
to modify at least one of location, size, or shape of the at least
one speckle region based on the one or more vessel wall
boundaries identified such that the at least one speckle region
is entirely within or outside of the vessel wall.

[0027] Inyetanother exemplary system for vascular imag-
ing, the system may include one or more ultrasound transduc-
ers (e.g., wherein the one or more transducers are configured
to deliver ultrasound energy to a vascular region resulting in
pulse-echo data therefrom) and processing apparatus config-
ured to control capture of ultrasound pulse-echo data of the
vascular region in which at least one portion of a blood vessel
is located; use speckle tracking of one or more speckle
regions of the region in which at least one portion of the blood
vessel is located to track motion of at least blood flow through
the at least one portion of the blood vessel; and remove echo
components in the pulse-echo data due to reflection at the
vessel wall when performing speckle tracking of the pulse-
echo data from the one or more speckle regions in the blood
(e.g., using a time-varying inverse filter to reduce the compo-
nents in the pulse-echo data due to reflection at the vessel
wall).

[0028] Still further, another exemplary system for vascular
imaging may include one or more ultrasound transducers
(e.g., wherein the one or more transducers are configured to
deliver ultrasound energy to a vascular region resulting in
pulse-echo data therefrom); apparatus for controlling the cap-
ture of pulse-echo data at a frame rate such that measured
displacement of a vessel wall defining at least one portion of
a blood vessel in the vascular region and measured average
blood flow through the at least one portion of the blood vessel
have a quasi-periodic profile over time to allow motion track-
ing of both the vessel wall and the blood flow simultaneously;
apparatus for generating strain and shear strain image data for
the region in which the at least one portion of the vessel is
located using speckle tracking (e.g., wherein the speckle
tracking may include using multi-dimensional correlation of
pulse-echo data of one or more speckle regions undergoing
deformation in the region in which the at least one portion of
a blood vessel is located, and further wherein the multi-
dimensional correlation may include determining a cross-
correlation peak for the sampled pulse-echo data based on
phase and magnitude gradients of the cross-correlated pulse-
echo. data); and apparatus for identifying at least one vascular
characteristic of the vascular region in which at least one
portion of a blood vessel is located based on the strain and
shear strain image data (e.g., wherein the at least one vascular
characteristic comprises at least one of a flow characteristic
associated with flow through the blood vessel, a structural
characteristic associated with the blood vessel, and a hemo-
dynamic characteristic associated with the blood vessel). Fur-
ther, for example, the system may include therapy apparatus
for delivering therapy to a patient based on the identification
of the at least one vascular characteristic of the region in
which at least one portion of a blood vessel is located (e.g.,
ultrasound therapy apparatus).
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[0029] The above summary is not intended to describe each
embodiment or every implementation of the present disclo-
sure. A more complete understanding will become apparent
and appreciated by referring to the following detailed descrip-
tion and claims taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0031] FIG. 1 is a block diagram depicting an exemplary
ultrasound imaging system, with an optional therapy system.
[0032] FIG. 2 is a flow chart depicting an exemplary ultra-
sound imaging method.

[0033] FIG.3isablock diagram of one exemplary embodi-
ment of an imaging system shown generally in FIG. 1.
[0034] FIG. 4 is a block diagram of one exemplary GPU
implementation of an imaging system such as shown in FIG.
3.

[0035] FIG. 5A-5D provides exemplary graphs showing
channel diameter and average flow velocity over time for
image data captured at various frame rates.

[0036] FIGS. 6A-6B shown graphs including contours of
certain parameters of cross-correlations used to describe one
exemplary embodiment of speckle tracking that may be used
in an imaging method and/or system shown generally in
FIGS. 1-2.

[0037] FIG. 7 provides an exemplary image of a blood
vessel for use in describing one or more methods and/or
systems shown generally in FIGS. 1-2 as they relate to vas-
cular diagnostics or vascular therapy.

[0038] FIGS. 8A-8B show axial stain and axial shear strain
images of flow channel walls relating to examples carried out
and described at least in part herein.

[0039] FIGS. 9A-9B show lateral stain and lateral shear
strain images of flow channel walls relating to examples
carried out and described at least in part herein.

[0040] FIG. 10 shows a graph of channel diameter com-
puted from tracked channel wall displacements over time and
average flow velocity obtained from tracked fluid displace-
ments over time within a flow channel relating to an example
carried out and described at least in part herein.

[0041] FIG. 11 shows graphs of total displacement vector
waveforms with a channel at different time instances relating
to an example carried out and described at least in part herein.
[0042] FIGS. 12A-12B show axial stain and axial shear
strain images of carotid artery longitudinal vessel walls relat-
ing to examples carried out and described at least in part
herein.

[0043] FIGS. 13A-13B show lateral stain and lateral shear
strain images of carotid artery longitudinal vessel walls relat-
ing to examples carried out and described at least in part
herein.

[0044] FIGS. 14A-14B show axial stain and axial shear
strain images of carotid artery cross-sectional vessel walls
relating to examples carried out and described at least in part
herein.

[0045] FIGS. 15A-15B show lateral stain and lateral shear
strain images of carotid artery cross-sectional vessel walls
relating to examples carried out and described at least in part
herein.
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[0046] FIGS. 16A-16B show lateral and axial displace-
ments relating to dereverberation filtering examples.

[0047] FIGS. 17A-17B show spatio-temporal maps relat-
ing to dereverberation filtering examples.

[0048] FIGS. 18A-18B show spatio-temporal maps relat-
ing to dereverberation filtering examples.

[0049] FIGS. 19A-19D show graphs relating to derever-
beration filtering results of examples presented herein.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0050] In the following detailed description of illustrative
embodiments, reference is made to the accompanying figures
of the drawing which form a part hereof, and in which are
shown, by way of illustration, specific embodiments which
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from (e.g., still falling within) the scope of
the disclosure presented hereby.

[0051] Exemplary methods, apparatus, and systems shall
be described with reference to FIGS. 1-19. It will be apparent
to one skilled in the art that elements or processes (e.g.,
including steps thereof) from one embodiment may be used in
combination with elements or processes of the other embodi-
ments, and that the possible embodiments of such methods,
apparatus, and systems using combinations of features set
forth herein is not limited to the specific embodiments shown
in the Figures and/or described herein. Further, it will be
recognized that the embodiments described herein may
include many elements that are not necessarily shown to
scale. Still further, it will be recognized that timing of the
processes and the size and shape of various elements herein
may be modified but still fall within the scope of the present
disclosure, although certain timings, one or more shapes and/
or sizes, or types of elements, may be advantageous over
others.

[0052] FIG. 1 shows an exemplary ultrasound imaging sys-
tem 10 including processing apparatus (block 12) and one or
more ultrasound transducers, such as a transducer array that
provides for transmission of pulses and reception of echoes
(block 22). The processing apparatus (block 12) may be oper-
ably coupled to the one or more transducers (block 22) to
facilitate imaging of an object of interest (e.g., capture of
pulse-echo data) using the one or more transducers (block
22). Further, the processing apparatus (block 12) includes
data storage (block 14). Data storage (block 14) allows for
access to processing programs or routines (block 16) and one
or more other types of data (block 18) that may be employed
to carry out the exemplary imaging methods (e.g., one which
is shown generally in the block diagram of FIG. 2).

[0053] For example, processing programs or routines
(block 16) may include programs or routines for performing
computational mathematics, matrix mathematics, compres-
sion algorithms (e.g., data compression algorithms), calibra-
tion algorithms, image construction algorithms, inversion
algorithms, signal processing algorithms, standardization
algorithms, comparison algorithms, vector mathematics, or
any other processing required to implement one or more
embodiments as described herein (e.g., provide imaging,
carry out speckle tracking, generate strain images, etc.).
Exemplary mathematical formulations/equations that may be
used in the systems and methods described herein are more
specifically described herein with reference to FIGS. 3-19.
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[0054] Data (block 18) may include, for example, sampled
pulse-echo information (e.g., sampled or collected using the
one or more transducers (block 22)), data representative of
measurements (e.g., vascular characteristics), results from
one or more processing programs or routines employed
according to the disclosure herein (e.g., reconstructed strain
images of an object of interest, such as a blood vessel or
regions around same), or any other data that may be necessary
for carrying out the one or more processes or methods
described herein.

[0055] Inone or more embodiments, the system 10 may be
implemented using one or more computer programs executed
on programmable computers, such as computers that include,
for example, processing capabilities (e.g., computer process-
ing units (CPUs), graphical processing units (GPUs)), data
storage (e.g., volatile or non-volatile memory and/or storage
elements), input devices, and output devices. Program code
and/or logic described herein may be applied to input data to
perform functionality described herein and generate desired
output information (e.g., strain images, vascular characteris-
tics, etc.). The output information may be applied, or other-
wise used, as input to, or by, one or more other devices and/or
processes as described herein (e.g., one or more therapy appa-
ratus (block 20) such as a drug therapy apparatus, an ultra-
sound therapy apparatus, etc.).

[0056] The program(s) or routine(s) used to implement the
processes described herein may be provided using any pro-
grammable language, e.g., a high level procedural and/or
object orientated programming language that is suitable for
communicating with a computer system. Any such programs
may, for example, be stored on any suitable device, e.g., a
storage media, readable by a general or special purpose pro-
gram, computer or a processor apparatus for configuring and
operating the computer (e.g., processor(s)) when the suitable
device is read for performing the procedures described
herein. In other words, atleast in one embodiment, the system
10 may be implemented using a computer readable storage
medium, configured with a computer program, where the
storage medium so configured causes the computer to operate
in a specific and predefined manner to perform functions
described herein.

[0057] Likewise, the imaging system 10 may be configured
ata remote site (e.g., an application server) that allows access
by one or more users via a remote computer apparatus (e.g.,
via a web browser), and allows a user to employ the function-
ality according to the present disclosure (e.g., user accesses a
graphical user interface associated with one or more pro-
grams to process data).

[0058] The processing apparatus (block 12), may be, for
example, any fixed or mobile computer system (e.g., a per-
sonal computer or minicomputer, for example, with a CPU,
GPU, etc.). The exact configuration of the computing appa-
ratus is not limiting and essentially any device capable of
providing suitable computing capabilities and control capa-
bilities (e.g., control the imaging set up configuration and
acquire data, such as pulse-echo data) may be used. Further,
various peripheral devices, such as a computer display,
mouse, keyboard, memory, printer, scanner, etc. are contem-
plated to be used in combination with the processing appara-
tus (block 12), such as for visualization of imaging results
(e.g., display of strain images, display of therapy delivery in
real time such as with use of high intensity focused ultra-
sound, etc.).
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[0059] Further, in one or more embodiments, the output
(e.g., an image, image data, an image data file, a digital file, a
file in user-readable format, etc.) may be analyzed by a user,
used by another machine that provides output based thereon,
etc.

[0060] As described herein, a digital file may be any
medium (e.g., volatile or non-volatile memory, a CD-ROM,; a
punch card, magnetic recordable tape, etc.) containing digital
bits (e.g., encoded in binary, trinary, etc.) that may be readable
and/or writeable by processing apparatus (block 14)
described herein.

[0061] Also, as described herein, a file in user-readable
format may be any representation of data (e.g., ASCII text,
binary numbers, hexadecimal numbers, decimal numbers,
audio, graphical) presentable on any medium (e.g., paper, a
display, sound waves, etc.) readable and/or understandable by
a user.

[0062] Generally, the methods and systems as described
herein may utilize algorithms implementing computational
mathematics (e.g., matrix inversions, substitutions, Fourier
transform techniques, etc.) to reconstruct the images
described herein (e.g., from pulse-echo data).

[0063] Inview of the above, it will be readily apparent that
the functionality as described in one or more embodiments
according to the present disclosure may be implemented in
any manner as would be known to one skilled in the art. As
such, the computer language, the computer system, or any
other software/hardware which is to be used to implement the
processes described herein shall not be limiting on the scope
of the systems, processes or programs (e.g., the functionality
provided by such systems, processes or programs) described
herein.

[0064] One will recognize that a graphical user interface
may be used in conjunction with the embodiments described
herein. The user interface may provide various features
allowing for user input thereto, change of input, importation
or exportation of files, or any other features that may be
generally suitable for use with the processes described herein.
For example, the user interface may allow default values to be
used or may require entry of certain values, limits, threshold
values, or other pertinent information.

[0065] The methods described in this disclosure, including
those attributed to the systems, or various constituent com-
ponents, may be implemented, at least in part, in hardware,
software, firmware, or any combination thereof. For example,
various aspects of the techniques may be implemented within
one or more processors, including one or more microproces-
sors, DSPs, ASICs, FPGAs, or any other equivalent inte-
grated or discrete logic circuitry, as well as any combinations
of such components, image processing devices, or other
devices. The term “processor” or “processing circuitry”” may
generally refer to any ofthe foregoing logic circuitry, alone or
in combination with other logic circuitry, or any other equiva-
lent circuitry.

[0066] Such hardware, software, and/or firmware may be
implemented within the same device or within separate
devices to support the various operations and functions
described in this disclosure. In addition, any of the described
components may be implemented together or separately as
discrete but interoperable logic devices. Depiction of differ-
ent features, e.g., using block diagrams, etc., is intended to
highlight different functional aspects and does not necessar-
ily imply that such features must be realized by separate
hardware or software components. Rather, functionality may
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be performed by separate hardware or software components,
or integrated within common or separate hardware or soft-
ware components.

[0067] When implemented in software, the functionality
ascribed to the systems, devices and methods described in this
disclosure may be embodied as instructions on a computer-
readable medium such as RAM, ROM, NVRAM, EEPROM,
FLASH memory, magnetic data storage media, optical data
storage media, or the like. The instructions may be executed
by one or more processors to support one or more aspects of
the functionality described in this disclosure.

[0068] Theimaging system 10 may further be used with, or
may form a part of an optional therapy apparatus (block 20).
For example, the therapy apparatus (block 20) may use the
results of ultrasound imaging to provide one or more thera-
pies. In one or more embodiments, the therapy apparatus
(block 20) may be a non-invasive or invasive therapy appara-
tus such as a drug delivery apparatus or system (delivery of a
drug to a particular location), a surgical apparatus or system
(e.g., delivery of a stent to a particular position), an ablation
apparatus or system (e.g., a high frequency or high intensity
focused ultrasound therapy apparatus or system), etc.

[0069] Inone ormore embodiments, the therapy apparatus
(block 20) may be a separate system or apparatus that receives
an output from the imaging system (e.g., image information)
and delivers one or more therapies. In other embodiments, the
therapy apparatus (block 20) may be integrated with the
imaging system to perform the one or more therapies (e.g., a
high intensity focused ultrasound system that uses dual mode
ultrasound transducer(s); for diagnostics such as imaging, as
well as for treatment, such as ablation). For example, in one or
more embodiments, the therapy apparatus (block 20) may
include one or more portions of a system such as described in
PCT International Publication No. W02009/002492 entitled
“Image Guided Plaque Ablation,” published 31 Dec. 2008,
and incorporated herein by reference. For example, the ultra-
sound imaging described herein may be used for reducing
vascular plaque non-invasively. For example, the ultrasound
imaging described herein may be used to identify flow and
vascular characteristics needed to non-invasively perform
ablation of plaque as described in PCT International Publica-
tion No. W0O2009/002492.

[0070] For example, the therapy system may be a system
for non-invasively elevating the temperature of tissue by
ultrasound energy waves including: at least one ultrasound
delivery device adapted to deliver ultrasound energy waves to
a focal point of targeted tissue; a temperature monitoring
device for monitoring the temperature of targeted tissue at the
focal point; and a controller for steering and controlling the
ultrasound delivery device to deliver ultrasound energy waves
at a focal point to elevate the temperature of targeted tissue to
a desired temperature.

[0071] Further, for example, the therapy system may use
one or more imaging systems described herein to produce an
image of at least a portion of a mammalian body, e.g., such
that the location of at least one vascular plaque in said image
can be determined and to ascertain the location of the base of
said vascular plaque. For example, ultrasound delivery device
may ascertain one or more target locations at the base of the
plaque. Still further one or more embodiments of the imaging
system provided herein may be used in a method for elevating
the temperature at a target location by an energy wave using
an ultrasound therapy system (e.g., which may be the same
ultrasound system (ultrasound transducers thereof) used for
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imaging). For example, the method may include delivering a
beam of ultrasound energy waves from a source to the target
location; monitoring the temperature of the target location;
and stopping the delivering of the beam of ultrasound energy
waves if a desired temperature at the target location has been
reached.

[0072] Further, a method of preparing a plan for non-inva-
sively elevating the temperature of tissue in a vessel wall
leading to regression of vascular plaques may include imag-
ing atleast a portion of a body to produce animage (e.g., using
ultrasound imaging as described herein to image a vascular
region); determining the location of at least one vascular
plaque in said image; ascertaining the location of the base of
said vascular plaque and one or more target locations at the
base of the plaque (e.g., using the ultrasound generated
image); and/or determining the parameters for delivering
ultrasound energy waves from a source to a focal point for
elevating the temperature of targeted tissue in the vessel wall
to a desired temperature, sufficient for reducing or destroying
vaso vasorum.

[0073] Further, for example, the ultrasound imaging
described herein may be used to identify flow and vascular
characteristics needed to perform invasive treatments of
plaque (e.g., stent delivery, cardiac surgery, etc.)

[0074] Still further, in one or more embodiments, the
therapy apparatus (block 20) may include one or more por-
tions of a system such as described in U.S. Provisional Patent
Application No. 61/353,096, entitled “Dual Mode Ultra-
sound Transducer (DMUT) System for Monitoring and Con-
trol of Lesion Formation Dynamics” filed 9 Jun. 2010, and
which is incorporated by reference herein. For example, the
ultrasound imaging described herein may be performed with
the same or similar transducer arrays described therein which
can be used for both imaging (e.g., to monitor a therapy
procedure), as well as for delivering therapy (e.g., to deliver
high intensity focused ultrasound energy). For example,
therapy may be delivered using the ultrasound transducer
array, while the imaging modes using the same transducer
array may be used to guide the therapeutic beam, assess
thermal and mechanical tissue response to estimate doses of
therapy (e.g., initial dose of therapy), monitor and character-
ize tissue response during therapy, and assess the state of the
treated tissue at the completion of each exposure to the thera-
peutic ultrasound energy (e.g., real time monitoring between
periods of therapy delivery).

[0075] For example, ultrasound imaging as described
herein may be used to identify one or more vascular charac-
teristics. An exemplary diagram of a blood vessel 50 is shown
in FIG. 7 to facilitate discussion of the use of imaging
described herein. The blood vessel 50 shown in FIG. 7
includes a vessel wall 52 having a plaque structure 54 formed
on the interior of the vessel wall 52. The plaque architecture
of the structure 54 may include, for example, a plaque base
56, a lipid core 58, and a fibrous or calcified cap 60. Blood 62
flows through the blood vessel 50 defined by the vessel wall
52.

[0076] One or more embodiments of methods and/or sys-
tems described herein may be used to identify one or more
vascular characteristics, e.g., flow characteristics associated
with the flow through the blood vessel 50, structural charac-
teristics associated with the blood vessel 50, and/or hemody-
namic characteristics. For example, flow characteristics may
include flow velocity, volume flow, wall shear stress, wall
shear rate, etc.
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[0077] For example, structural characteristics may include
determining boundaries of the vessel wall (e.g., outer and
inner boundaries, such as in a coordinate system), thickness
of the vessel wall, measurement of tissue properties within
the vessel wall (e.g., stiffness of tissue, such as, for example,
it relates to a diseased state), differentiation of plaque from
vessel wall, differentiation of the various components of
plaque (e.g., differentiation of base from lipid core, differen-
tiation of base from fibrous cap, differentiation of lipid core
from fibrous cap, etc.), etc. For example, in one or more
embodiments, upon differentiation of the base from the
fibrous cap of the plaque architecture, treatment may be pro-
vided to ablate the base to reduce further plaque buildup or
growth or provide treatment according to PCT International
Publication No. W02009/002492.

[0078] Still further, for example, hemodynamic character-
istics may include calculated hemodynamic measurements,
such as, for example, arterial pressure, cardiac output, arterial
compliance, pulse wave velocity, etc. At least in one embodi-
ment, such hemodynamic measurements may be determined
based on parameters relating to both tracking of the blood
flow and tracking of vessel wall motion or displacement. As
such, to obtain an accurate hemodynamic determination, the
parameters or measurements relating to both tracking of the
blood flow and tracking of vessel wall motion or displace-
ment must be determined simultaneously, or within a periodic
cycle in which both can be determined (e.g., determined
effectively). For example, compliance of the vessel may be
based on both volume flow which relates to tracking of blood
flow and pressure within the vessel which can be determined
by tracking vessel displacement.

[0079] For example, accurate estimation of the vessel
diameter and estimation of the lateral flow within the lumen
with high frame rate imaging will allow for useful measure-
ment of the pulse wave velocity (PWV) noninvasively. For
example, the time waveforms shown in, for example, FIGS.
5C-5D can be plotted in phase space (volume flow, Q, vs.
vessel area, A). Volume flow can be calculated from the flow
data, while the area can be obtained from the vessel wall
movement. This measurement must be made during the
reflection-free part of the heart cycle in the form of a slope
measurement of the form PWV=dQ/dA. With the adequately
sampled time waveforms (e.g., using M2D mode imaging),
the task of estimating the vessel wall motion and the flow
within the vessel can be accomplished.

[0080] In other words, both lateral flow velocity and wall
motion can be estimated simultaneously thus providing pres-
sure (through vessel diameter) and flow (through vector
velocity)). Such measurements can provide the basis for
hemodynamic computations that may be used in the assess-
ment of vessel wall compliance, an important indicator of the
health of the vessel as described herein. Further, as described
herein, axial and lateral displacement fields are well-behaved
and allow for strain and shear strain calculations in both tissue
and blood. Together with anatomical image information,
these velocity/strain fields may provide input for computa-
tional fluid dynamic models, which may allow for inverse
calculations suitable for the assessment of the health of the
vasculature and surrounding tissue (e.g. detection and staging
of atherosclerosis).

[0081] In one or more embodiments, the ultrasound-en-
abled quantitative imaging system may be used for assess-
ment of the disease state in atherosclerotic blood vessels. For
example, the imaging may be used for the direct estimation of
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the strain fields in the vicinity of the vessel walls. Such meth-
ods may mitigate the deleterious effects of local deformations
that could result in loss of correlation, and which may render
the correlation-based speckle tracking approach useless in the
vicinity of the vessel wall. Such deformations, depending on
severity, could result in erroneous estimate in the velocity
(and therefore strain) estimation or may even result in loss of
accuracy.

[0082] A three-pronged approach to the problem of restor-
ing the true velocity/strain estimates may include: 1) A two-
step algorithm for direct estimation of the velocity/strain
components using a deformed model of the 2D RF data in the
vicinity of the wall, 2) A reconstructive approach employing
a forward computational fluid dynamics (CFD) model as a
regularization filter, and 3) A quantitative inverse reconstruc-
tion of the tissue mechanical properties using ultrasound-
based velocity/strain fields as observations. As described
herein, simultaneous imaging of tissue motion and flow with
subsample accuracy in both axial and lateral directions may
be implemented. For example, such imaging may include
using a phase-coupled 2D speckle tracking approach, which
employs the true 2D complex cross correlation to find sub-
pixel displacements in both axial and lateral directions. Fur-
ther, a modified imaging sequence on a Sonix RP scanner to
allow high frame rate 2D data collection in a limited field of
view covering the region of interest (M2D-mode) may be
used. Together with the robust 2D speckle tracking method,
M2D imaging allows for capturing the full dynamics of the
flow and wall/tissue motion, even when the flow is primarily
in the lateral direction (with respect to the imaging beam).
The fine vector displacement estimates in both axial and
lateral directions are shown to allow for smooth and contigu-
ous strain and shear strain calculations with minimal filtering.
The simultaneous imaging of the vector flow field and the
wall/tissue motion and the corresponding strains at high spa-
tial and temporal sampling may provide a tool in modeling the
fluid-solid interactions between the blood and blood vessel.
Such an image-based modeling of the vessel response may
allow for the prediction of the disease state and possible
evolution of the disease state.

[0083] Furthermore, the integration between the observa-
tion model and inverse reconstruction of the tissue properties
in the vicinity of the vessel wall may allow for quantitative
assessment of the plaque composition (e.g. lipid content or
calcification). This may provide a reliable noninvasive model
for selecting treatment options based on probability of rup-
ture and other risk factors.

[0084] Inotherwords, theimaging described herein may be
used in conjunction with computational fluid dynamic (CFD)
modeling the evaluation of large artery hemodynamics. CFD
has been shown to produce useful prediction of time-varying,
3D flow fields in large arteries with complex geometries. In
this context, modeling fluid-solid interfaces has been defined
as a challenge area in vascular mechanics. Imaging methods
as described herein capable of capturing both perivascular
(and wall) tissue motion and deformations, together with fluid
flow may be used to address this issue. Advances in MRI and
other imaging modalities have led to increased interest in
image-based, patient-specific CFD modeling to monitor dis-
ease progression. MRI has excellent soft tissue contrast that
may allow the accurate capture of the tissue (solid) model.
Although this may be an advantage over diagnostic ultra-
sound, which does not offer the same level of definition for
tissue boundaries and discrimination between tissue types,
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this limitation may be mitigated, however, by the recent
improvements in 3D image acquisition, both freehand and
motorized. Therefore, diagnostic ultrasound scanners may
provide an attractive alternative for image-based CFD mod-
eling. Based on 3D ultrasound and improved 2D velocity/
strain imaging using M2D mode, processes for providing
quantitative tissue property images in the vicinity of the ves-
sel wall for the characterization of the disease state may be
implemented. The imaging methods described herein address
the limitations of existing correlation-based methods for
velocity/strain estimation to restore the lost or artifact-ridden
estimates in the vicinity of the wall. Further, the integration of
our velocity/strain estimation as an observation model in a
dynamic, forward/inverse CFD-based model for the recon-
struction of the field/tissue property values consistent with the
Navier-Stokes equations may be accomplished. For example,
the following may be developed: a two-step algorithm for
direct strain estimation at the vessel wall using M2D-mode
data; a regularized approach for the reconstruction of dis-
placement/strain maps utilizing a forward CFD model
obtained from 3D Ultrasound (e.g., the forward model may
provide a reconstruction filter to regularize the velocity/strain
estimation obtained using the speckle tracking algorithm);
and/or an inverse method for the reconstruction of the
mechanical properties in the vicinity of the vessel wall based
on strain maps obtained using M2D-mode data.

[0085] The one or more ultrasound transducers (block 22)
may be any apparatus (e.g., transmitting, receiving compo-
nents, etc.) capable of delivering ultrasound pulses and sam-
pling/collecting ultrasound echo energy contemplated to be
used in ultrasound imaging systems and in combination with
processing apparatus (block 12) of the system 10. As used
herein, such transducers may include a transmitting portion,
e.g., to deliver pulse energy, and a receiving portion, e.g., to
sample/collect echo or reflected energy, which may or may
not be the same portion. During the ultrasound imaging of a
target (e.g., a blood vessel, such as a carotid artery, coronary
artery, etc.), the one or more transducers (block 22) may be
positioned relative to the target so as to be capable of deliv-
ering energy to the target resulting in reflected energy (also
known as the resultant pulse-echo or echo energy) and also
sampling the echo energy.

[0086] The one ormore transducers (block 22) may include
multiple transducers position separately from one another or
may be a transducer array. In one or more embodiments,
various arrays may have one or more benefits over others. For
example, in one or more embodiments, the transducer array
may be a segmented concave transducer with multiple sub-
apertures to insonify the vessel from multiple angles. This
will allow for better definition of the vessel boundaries from
more directions. At least one sub-aperture may be used in
linear array or phased array mode for initial B-mode and
strain imaging of the vessel. The driver of the transducer may
be designed to drive the multiple sub-apertures with indepen-
dent codes. Each sub-aperture may be a one-dimensional or
two-dimensional array. Coded excitation may help improve
both the data rates (e.g., provide higher frame rates) and echo
quality (e.g., by reducing reverberations within the lumen).
The receiver may be a multichannel receiver with beamform-
ing and/or pulse compression for coded excitation.

[0087] For example, various arrays and operation thereof,
are described in Ebbini, et al., “Dual-Mode Ultrasound
Phased Arrays for Image-Guided Surgery,” Ultrasound Imag-
ing, vol. 28, pp. 65-82 (2006); Ballard, et al., “Adaptive Tran-
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sthoracic Refocusing of Dual-Mode Ultrasound Arrays,”
IEEE Transactions on Biomedical Engineering, vol.57,n0. 1,
pp- 93-102 (January 2010); and Wan et al., “Imaging with
Concave Large-Aperture Therapeutic Ultrasound Arrays
Using Conventional Synthetic-Aperture Beamforming,”
IEEE Transactions on Ultrasound, Ferroelectrics, and Fre-
quency Control, vol. 55, no. 8, pp. 1705-1718 (August 2008),
which are all hereby incorporated by reference herein.

[0088] A flow chart of an exemplary ultrasound imaging
method 30 for vascular imaging is depicted in FIG. 2. One
will recognize that one or more of the blocks of functionality
described herein may be carried out using one or more pro-
grams or routines, and/or any other components of an imag-
ing system (e.g., the imaging system 10 of FIG. 1) and/or
therapy system (e.g., the therapy system 20 of FIG. 1).
[0089] Generally, the method 30 provides for the capture of
pulse-echo data at a sampled frame rate (block 32). In one
embodiment, ultrasound pulse-echo data is provided of a
region in which at least one portion of a blood vessel is
located. For example, the pulse-echo data may be pulse-echo
data sampled at a frame rate such that measured displacement
ofthe vessel wall defining the at least one portion of the blood
vessel and measured average blood flow through the at least
one portion of the blood vessel have a quasi-periodic profile
over time to allow motion tracking of both the vessel wall and
the blood flow simultaneously. Further, the method includes
applying speckle tracking (block 34) to the pulse-echo data to
allow, for example, the generation of strain and shear strain
image data.

[0090] As set forth herein with respect to the system shown
in FIG. 1, one or more vascular characteristics, e.g., flow
characteristics associated with the flow through the blood
vessel 50, structural characteristics associated with the blood
vessel 50, and/or hemodynamic characteristics, may be iden-
tified (block 36) based on the tracking of motion in the vessel
wall and flow. In one embodiment, due the simultaneous
capture of displacement fields in both the flow and vessel
wall, e.g., during a periodic cycle, such as a cardiac cycle, one
or more vascular characteristics which depend on measure-
ments resulting from or relating to both such types of dis-
placements (e.g., such as hemodynamics) may be deter-
mined.

[0091] Still further, as shown in FIG. 2, optionally the
method 30 may include delivering therapy based on one or
more vascular characteristics (block 38). For example, as
described with respect to the system of FIG. 1, delivery of
therapy may take one or more different forms (e.g., drug,
ablation, surgical, or any other invasive or non-invasive treat-
ment).

[0092] In one or more embodiments, the method may
include M2D mode imaging designed to maximize the lateral
extent of the imaged region at sufficiently high frame rates to
capture the full dynamics of the vessel wall and the flow
within the vessel. M2D mode produces 2D beamformed RF
echo data from a selected region of the field of view (FoV) of
a given probe. The region may be contiguous or comprised of
more than one disjoint subsegments. As an example, on the
SonixRP scanner (Ultrasonix, BC, Canada), an arbitrary set
of A-lines within the FoV can be used to form the M2D mode
image with frame mode approximately Mz/M, ., , higher than
B-mode imaging, where M and M, ,, , indicate the number
of A-lines used to form B-mode and M2D-mode images,
respectively.
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[0093] As shown in FIG. 4, M2D mode imaging may be
enabled by creating a powerful pipelined execution/flow pro-
gram architecture capable of employing a variety of compu-
tational resources for real-time implementation. In addition,
the program architecture may allow the user to invoke addi-
tional computational resources available on the computer (or
generally on the Internet) to achieve other computational
tasks. The results from these computations can be integrated
seamlessly with the program. For example, the beamformed
RF echo data may be transferred in real time through a Giga-
bit interface to allow real-time 2D axial strain computations
using GPU (or FPGA) using 1D speckle tracking. However,
the beamformed RF data is available for additional process-
ing using, for example, a pre-installed MATLAB engine. The
MATLARB results can be imported back seamlessly to the
M2D mode imaging program with minimum latency (e.g.,
after the completion of the MATLAB calculations). This
capability may allow us to perform real-time 2D speckle
tracking to enable strain and shear strain in the vicinity of the
vessel wall, e.g., heavy-duty MATLAB-based calculations
are performed on a small Rol allowing for their incorporation
in real time. In at least one embodiment, true 2D speckle
tracking approaches may be implemented in real time as is
currently the case with 1D speckle tracking. In this way, a
pipelined program execution architecture may be imple-
mented to support M2D imaging which allows us to reap the
benefits of powerful computational tools for the analysis of
the vessel walls in quasi real-time.

[0094] The high frame rate M2D mode preserves the cor-
relation to produce well-behaved 2D displacement/velocity
profiles to allow for robust strain computation. High quality
2D(+time) strain and shear strain fields produce views of the
vessel wall boundaries on both sides of the vessel in the axial
view. Further, they may also produce better definition of the
wall in the lateral direction in the cross-sectional view. This
may allow for measurements of wall thickening, an early sign
of atherosclerosis.

[0095] Still further, the high quality 2D(+time; i.e., over
time) strain and shear strain will allow for tissue property
measurements within the vessel wall, e.g. stiffness. Such
tissue property measurements will allow for the characteriza-
tion of the disease state and, given the high resolution, the
plaque architecture (e.g., base, lipid core, and fibrous or cal-
cified cap). Therapy or treatments may be delivered based on
such information or such information may be used during the
delivery of such therapy (e.g., high intensity focused ultra-
sound treatments that target the base of the plaque without
damage to the cap or even the lipid core, continual determi-
nation of the response of tissue to therapy, such as between
doses of high intensity focused ultrasound, etc.).

[0096] The pulse-echo data may be provided using any
imaging system (e.g., the imaging system 10 of FIG. 1),
although one or more imaging systems may be advantageous
over others. In one or more embodiments, the data acquisition
may be performed by an imaging system 100 such as shown
in FIGS. 3 and 4. For example, as shown in FIG. 3, the
imaging system 100 may be used to acquire and perform
real-time processing of such acquired data. The imaging sys-
tem 100 may include an ultrasound scanner 102 (e.g., a Sonix
RP (Ultrasonix, Canada)) loaded with a program used for
high frame rate pulse-echo data collection. The ultrasound
scanner may include features such as chirp generation, wave-
form generation, data collection, and data transfer capabili-
ties.
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[0097] As shown in the exemplary embodiment, collected
data may be streamlined to a controller PC 104 through, for
example, Gigabit Ethernet for real-time data processing. The
data processing computer 104 can handle the intensive com-
putations required by high-resolution (both spatial and tem-
poral) speckle tracking and separable 2-D post-filtering by
utilizing a many-core graphics processing unit 106 (e.g.,
GPU; nVIDIA, Santa Clara, Calif.). The ultrasound scanner
102 may operate in B mode for image guidance (e.g., produc-
ing a B-mode image) and in M2D mode for high-frame-rate
data collection. The M2D mode achieves high-frame-rate
imaging by limiting the number of scan lines to the region of
interest (ROD, as defined by the user. M2D data may be used
for speckle tracking. For example, in one embodiment, M2D-
mode acquisition with 10 A lines per frame at 1000 fps may be
performed. For example, a linear array probe (e.g., LA14-5/
38) may be used for data collection at a frame rate of 1000 fps
in M2D mode by limiting the number of scan lines to 10 and
the imaging range to 40 mm. In one or more embodiments
with coded excitation, M2D-mode may collect data at frame
rates from 2000 to 5000 frames per second or more.

[0098] In the embodiment shown in FIG. 3, high intensity
focused ultrasound (HIFU) is also possible (e.g., for generat-
ing ultrasound for treatment or subtherapeutic mechanical
and/or thermal effects). As such, a Virtex2Pro (Xilinx, Calif.)
field-programmable gate array (FPGA) board 108 is dedi-
cated for HIFU source and synchronized frame trigger gen-
eration. This implementation allows an interference-free data
collection by briefly silencing the HIFU generator while
pulse-echo imaging is active.

[0099] Speckle tracking used for imaging herein relies on
accurate estimation of incremental frame-to-frame time
shifts, which are typically much smaller than RF-echo sam-
pling period. In one embodiment, a 2-D complex correlation
of two subsequent frames of pulse-echo data is carried out.
The real-time data processing engine 110 is based on a GPU
106 with a large number of cores (e.g., a GTX285 GPU with
240 processing cores and designed to take full advantage of
its highly parallel architecture). Implementation of real-time
processing is supplemented with Integrated Performance
Primitives (Intel) and Matlab tools 112, 114. Further, a
research interface system 120 is provided for operator con-
trol.

[0100] FIG. 4 shows an exemplary block diagram of a
GPU-based implementation 130 for an imaging system, such
as shown in FIG. 3. In one embodiment, for each processing
stage, fine-grained partition is performed for the algorithm in
a data-independent manner so that all 240 processors are
working efficiently on individual blocks of data.

[0101] For example, FIG. 4 shows one exemplary embodi-
ment of a real-time signal processing chain of beamformed
ultrasound data for strain imaging (e.g., shown for 1D, but
which can be generalized to 2D or 3D). The real-time speckle
tracking is performed in the axial direction, but axial strain
and axial shear strain can be performed in real-time as a first
step to identify the vessel boundaries (e.g., this has been
tested in vivo on vessels of various diameters (~1 mm in rat)
and (~4 mm in swine)). The 2D strain calculations can be
performed in a region-of-interest (Rol) around the identified
blood vessel. Axial and lateral strains and corresponding
shear strains can be calculated in real-time following this
step. Furthermore, direct estimation of strains and shear
strains in the immediate vicinity of the vessel wall may be
provided. For both 1D and 2D versions of the strain calcula-
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tions, additional processing in the time direction will further
define the vessel boundaries and the internal boundaries of the
wall. For example, in the context of imaging atherosclerosis,
this may yield the internal composition of the plaque.

[0102] As shown in FIG. 4, on the CPU side, data can be
come from Network Stack (e.g., experimental mode, where
data is streamlined from SonixRP scanner) or Data File (e.g.,
review mode). The processed result can be visualized with a
designed UI system (OpenGL based) or exposed to other
commercial software for further analysis (e.g., Matlab). The
result can be also used in feedback control for real-time
temperature control.

[0103] Onthe GPU side, FI1G. 4 shows a GPU-based imple-
mentation of the algorithm described in (see, e.g., Simon, et
al., “Two-Dimensional Temperature Estimation Using Diag-
nostic Ultrasound,” IEEE Transactions on Ultrasonics, Fer-
roelectronics, and Frequency Control, vol. 45, no. 4, pp.
1088-1099, July 1998). The various blocks shown in FIG. 4
have at least the following functionality: Hilbert transform:
computes the analytic signal of the RF echo using an FIR
Hilbert Transformer; Cross correlation/Phase projection/Ac-
cumulate: implements 1D version of speckle tracking; 2D
Separable Filter: allows temperature estimation (e.g., thermal
strain computation); Bilinear Interpolation: provides hard-
ware accelerated interpolation for data visualization; and
Local Storage: provides data management in GPU domain.
[0104] In other words, in one or more embodiments, a
system for vascular imaging is provided herein that includes
one or more ultrasound transducers (e.g., wherein the one or
more transducers are configured to deliver ultrasound energy
to a vascular region resulting in pulse-echo data therefrom)
and processing apparatus (e.g., including one or more pro-
grams executable by one or more processors of the system to
perform one or more functions thereof and as described
herein, such as control of data frame acquisition, speckle
tracking, visualization, image generation, characteristic iden-
tification, etc.).

[0105] Inother words, the processing apparatus (e.g., GPU,
CPU, etc.) may be configured (e.g., operate under control of
one or more programs) to, for example, control the capture of
pulse-echo data at a frame rate such that measured displace-
ment of a vessel wall defining at least one portion of a blood
vessel in the vascular region and measured average blood
flow through the at least one portion of the blood vessel have
a quasi-periodic profile over time to allow motion tracking of
both the vessel wall and the blood flow simultaneously; gen-
erate strain and shear strain image data for the region in which
the at least one portion of the vessel is located using speckle
tracking; and identify at least one vascular characteristic of
the vascular region in which at least one portion of a blood
vessel is located based on the strain and shear strain image
data (e.g., wherein the at least one vascular characteristic
comprises at least one of a flow characteristic associated with
flow through the blood vessel, a structural characteristic asso-
ciated with the blood vessel, and a hemodynamic character-
istic associated with the blood vessel).

[0106] Further, for example, processing apparatus may be
configured to use speckle tracking of one or more speckle
regions of the vascular region in which at least one portion of
the blood vessel is located to track motion of both the vessel
wall defining the at least one portion of the blood vessel and
the blood flow through the at least one portion of the blood
vessel (e.g., wherein the pulse-echo data is captured at a frame
rate such that displacement of the vessel wall defining the at
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least one portion of the blood vessel and blood flow through
the at least one portion of the blood vessel are measurable
simultaneously within a same periodic cycle corresponding
to a cardiac pulse cycle and/or identify at least one vascular
characteristic of the vascular region in which the at least one
portion of the blood vessel is located based on the simulta-
neously measured displacement of the vessel wall and aver-
age blood flow. Further, for example, the processing appara-
tus is further operable (e.g., by executing one or more
programs) to generate strain and shear strain image data for
the region in which the at least one portion of the vessel is
located using the speckle tracking (e.g., wherein the speckle
tracking includes using multi-dimensional correlation of
sampled pulse-echo data of the one or more speckle regions
undergoing deformation in the region in which the at least one
portion of a blood vessel is located, wherein the multi-dimen-
sional correlation comprises determining a cross-correlation
peak for the sampled pulse-echo data based on phase and
magnitude gradients of the cross-correlated sampled pulse-
echo data).

[0107] As shown in FIGS. SA-5D, in one or more embodi-
ments, the frame rate at which pulse echo data is acquired
should be at least greater than 100 fps, and even greater than
200 fps. In at least one embodiment, the frame rate is greater
than 300 fps. The frame rate should be sufficiently high for
reliable motion tracking in both tissue and blood synchro-
nously (e.g., such that measurements relating to the same are
relevant to the same time frame or periodic cycle). For
example, in one embodiment, the M2D mode allows for pro-
viding a high frame rate while maintaining the correlation at
high levels to produce smooth and contiguous displacement/
velocity fields (e.g., displacement of tissue, motion of blood
flow) to allow for robust strain and shear strain determina-
tions.

[0108] The frame rate for acquiring pulse-echo data should
be adequate to provide displacement fields in both flow and
tissue that are well-behaved. In one embodiment, such well-
behaved displacement can be identified by the measurements
of channel diameter related to tracking of tissue displacement
(e.g., vessel wall displacement or motion) and average flow
velocity related to the tracking of flow through the vessel
(e.g., tracking of blood flow through the blood vessel) over
time. As such, FIGS. 5A-5D show graphs of both the tracking
of flow in a vessel (e.g., represented by the change of average
flow velocity shown in solid lines) as well as the tracking of
vessel tissue displacement (e.g., represented by change in
channel diameter over time shown by dashed lines) for mul-
tiple frame rates. FIG. 5A shows determinations for a frame
rate of 40 fps; FIG. 5B shows determinations for a frame rate
of 81 fps; FIG. 5C shows determinations for a frame rate of
162 fps; and FIG. 5D shows determinations for a frame rate of
325 fps.

[0109] It is clear from FIGS. 5A and 5B, that such low
frame rates (e.g., less than 100 fps) do not produce measured
displacement of the vessel wall defining a blood vessel and
measured average blood flow through the blood vessel which
are well behaved. In other words, measurements of flow and
tissue displacement (e.g., vessel wall displacement) could not
be accurately measured simultaneously. For example, as
clearly shown in FIGS. 5A and 5B, the blood flow is shown to
be rather random throughout a periodic cycle of the displace-
ment of the vessel wall represented by the channel diameter
information (e.g., from peak to peak of the vessel wall dis-
placement). In other words, such blood flow data is ridden
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with artifacts making an accurate flow determination difficult
during the cycle. Even the vessel wall displacement informa-
tion appears to include some artifacts.

[0110] However, discernible from FIGS. 5C and 5D, at
higher frame rates (e.g., greater than 100 fps) the measured
displacement of the vessel wall defining a blood vessel and
measured average blood flow through the blood vessel are
well behaved such that measurements of flow and tissue dis-
placement (e.g., vessel wall displacement) could be accu-
rately measured synchronously (e.g., corresponding to the
same time). For example, as clearly shown in FIGS. 5C and
5D, the blood flow is shown to be much less random through-
out a periodic cycle of the displacement of the vessel wall
represented by the channel diameter information (e.g., from
peak to peak of the vessel wall displacement). In other words,
the measured displacement of the vessel wall defining a blood
vessel and measured average blood flow through the blood
vessel have a quasi-periodic profile over time which allows
motion tracking of both the vessel wall and the blood flow
simultaneously. Note the strong peaks for both the channel
diameter and average flow velocity within the same periodic
cycle (e.g., corresponding to the cardiac cycle).

[0111] As used herein, the term quasi-periodic profile is
meant to reflect a profile that is substantially consistent over
periodic cycles in the form of a regularized pattern, even
though there will be some variation on a frame to frame basis,
e.g., periodic cycles corresponding to cardiac cycles. For
example, such a quasi-periodic profile for flow velocity may
include strong peaks during each cycle indicating maximum
flow followed by flow measurements that indicate little or no
flow during the remainder of the cycle. Further, for example,
such a quasi-periodic profile for channel diameter may
include strong peaks during each cycle indicating maximum
displacement of the vessel wall followed by measurements
that indicate a relaxation of the vessel to a normal state during
the remainder of the cycle. Such a frame rate that results in a
quasi-periodic profile allows for tracking of flow and vessel
displacement simultaneously, or in other words, synchro-
nously with each other (e.g., in phase with each other).
[0112] The frame rate may vary depending on various fac-
tors. For example, the frame rate may be based on the vessel
structure (e.g., carotid artery versus peripheral vein), timing
of the periodic flow through the vessel (e.g., pulse cycle
length), motion of the vessel structure (e.g., time for vessel to
relax to normal); depth of the target vessel (e.g., deeper ves-
sels may be imaged at lower frame rates), use of coded exci-
tation (e.g., coded excitation may allow for increased frame
rates), and the f-number of imaging focus (e.g., higher f-num-
bers may result in reduced lateral resolution), etc.

[0113] Still further, in one or more embodiments, higher
frame rates may be accomplished when coded excitation
ultrasound is used. Such coded excitation ultrasound is
described, for example, in the literature and will not be dis-
cussed in detail herein. For example, one or more illustrative
examples of coded excitation ultrasound which may be used
in combination with the imaging method and/or systems
described herein are provided in Shen et al., “A New Coded-
Excitation Ultrasound Imaging System—Part I: Basic Prin-
ciples,” IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 43, no. 1, pp. 131-140, January
1996); Shen et al., “A New Coded-Excitation Ultrasound
Imaging System—Part II: Operator Design,” IEEE Transac-
tions on Ultrasonics, Ferroelectrics, and Frequency Control,
vol. 43, no. 1, pp. 141-148, January 1996); and Shen et al.,
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“Filter-Based Coded-Excitation System for High-Speed
Ultrasound Imaging,” IEEE Transactions on Medical Imag-
ing, vol. 17, no. 6, pp. 923-934, December 1998), which are
all incorporated herein by reference.

[0114] Inone or more embodiments, the frame rate may be
greater than 100 fps, greater than 200 fps, greater than 300
fps, greater than 500 fps, greater than 1000 fps, and even
greater than 5000 fps. In other embodiments, the frame rate
may be less than 5000 fps, less than 4000 fps, less than 3000
fps, less than 2000 fps, less than 1000 fps, less than 600 fps,
less than 500 fps, less than 400 fps, less than 300 fps, or less
than 200 fps. In at least one embodiment, the frame rate is
within the range of 100 fps to 5000 fps.

[0115] As shown in the imaging method 30 in FIG. 2,
speckle tracking is applied to the pulse-echo data (block 34).
For example, strain and shear strain image data for the region
in which at least one portion of the vessel is located may be
generated using speckle tracking. In one or more embodi-
ments, the speckle tracking may include using multi-dimen-
sional correlation of sampled pulse-echo data of one or more
speckle regions (e.g., windows) undergoing deformation in
the region in which the at least one portion of a blood vessel
is located. The multi-dimensional correlation may include
determining a cross-correlation peak for the sampled pulse-
echo data based on phase and magnitude gradients of the
cross-correlated sampled pulse-echo data.

[0116] Such generation of strain and shear strain image
data allows for the identification of at least one vascular
characteristic of the region in which at least one portion of a
blood vessel is located (block 36) (e.g., a flow characteristic
associated with flow through the blood vessel, a structural
characteristic associated with the blood vessel, a hemody-
namic characteristic associated with the blood vessel, etc.).
One or more types of strain and shear strain image data may
be used and/or visualized to identify such vascular character-
istics.

[0117] Straincalculations include performing band-limited
gradient calculations on the 2D (or 3D) displacement fields
obtained using speckle tracking (in 2D or 3D). Real-time
speckle tracking on full image sizes (i.e., for every pixel of the
RF echo data) may be achievable in the axial direction. 2D
and 3D speckle tracking may be achieved in real time in a
region of interest around the blood vessel. The strains and
shear strains can be overlaid on B-mode or other ultrasound
imaging formats. For example, information regarding such
calculations are also found in Liu et al., “Real-Time 2-D
Temperature Imaging Using Ultrasound,” IEEE Transactions
on Biomedical Engineering, vol. 57, no. 1, pp. 12-16 (January
2010), which is hereby incorporated by reference herein.
[0118] For example, generation of strain and shear strain
image data for the region in which the at least one portion of
the vessel is located using speckle tracking may include gen-
eration of at least one of axial strain and/or axial shear strain
image data (e.g., axial relating to the axis through the vessel
being imaged). Further, such generation of strain and shear
strain image data may include generation of lateral strain
and/or lateral shear strain image data. Such data may be
visualized, for example, in both longitudinal views (e.g.,
along the blood vessel) or cross-section views (e.g., orthogo-
nal to the axis of the blood vessel), as further provided herein.
[0119] For example, one or more types of strain and shear
strain image data may be used and/or visualized to identify
one or more vessel wall boundaries, including the vessel wall
boundaries around the entire blood vessel (e.g., such bound-
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aries may be visualized in cross-section and/or measured
about the entire blood vessel). One or more other vascular
characteristics may be identified, measured or calculated
therefrom, such as tissue property within the one or more
vessel wall boundaries, one or more portions of a plaque
architecture adjacent the one or more vessel wall boundaries,
and/or one or more hemodynamic measurements based on
both the motion tracking of the vessel wall and the blood flow
simultaneously.

[0120] Certain types of strain and shear strain image data
may be more beneficial for imaging one or more portions of
the blood vessel and flow therethrough than others. For
example, axial strain image data may be beneficial in identi-
fying a first set of opposing wall boundaries (e.g., on opposite
sides of the vessel) while the axial shear strain image data
may be beneficial in identifying a second set of opposing wall
boundaries (e.g., on opposite sides of the vessel) such that the
boundaries of the entire vessel (e.g., discernible in cross-
section) can be identified. Further, the same is generally the
case for lateral strain and lateral shear strain. Further, for
example, the lateral shear strain may be beneficial in provid-
ing wall shear stress data (e.g., used for identification of
possible plaque formation).

[0121] Further, for example, shear strain images further
define the vessel walls, not only the proximal and distal walls,
but also the side walls, which are hard to see on conventional
ultrasound. (2D/3D+Time) calculations may also be used to
refine the detection of the wall boundaries as a function of
time during the heart cycle.

[0122] The speckle tracking applied to the pulse-echo data
(block 34) may include using any multi-dimensional correla-
tion of sampled pulse-echo data of one or more speckle
regions (i.e., windows being tracked). For example, two-
dimensional correlation of sampled pulse-echo data of one or
more speckle regions may be used, as well as other multi-
dimensional correlation techniques.

[0123] Inoneembodiment, forexample, speckle tracking is
performed as described in E. S.

[0124] Ebbini, “Phase-coupled two-dimensional speckle
tracking algorithm,” /EEE Trans. Ultrason., Ferroelect.,
Freq. Contr., vol. 53, no. 5, pp. 972-990, May 2006 (herein-
after “Ebbini 2006”), which is incorporated herein by refer-
ence. For example, in general, such speckle tracking includes
coarsely searching the magnitude of the sampled pulse-echo
data in a lateral and axial direction to locate a vicinity of the
cross-correlation peak within the cross-correlated sampled
pulse-echo data; determining, within the vicinity of the cross-
correlation peak, at least two opposing gradient vectors in
proximity to the cross-correlation peak; determining, within
the vicinity of the cross-correlation peak, a zero-phase line of
the cross-correlated sampled pulse-echo data; and using the at
least two opposing gradient vectors in proximity to the cross-
correlation peak and the zero-phase line to estimate the cross-
correlation peak.

[0125] More specifically, as described in Ebbini (2006), a
two-dimensional (2-D) speckle tracking method for displace-
ment estimation based on the gradients of the magnitude and
phase of 2-D complex correlation in a search region is pro-
vided. This approach couples the phase and magnitude gra-
dients near the correlation peak to determine its coordinates
with subsample accuracy in both axial and lateral directions.
This is achieved with a minimum level of lateral interpolation
determined from the angles between the magnitude and phase
gradient vectors on the sampled (laterally interpolated) 2-D
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cross-correlation grid. One result behind this algorithm is that
the magnitude gradient vectors’ final approach to the true
peak is orthogonal to the zero-phase contour. This leads to a
2-D robust projection on the zero-phase contour that results in
subsample accuracy at interpolation levels well below those
needed. Further, the approach includes a robust fast search
algorithm that allows the localization of the true peak without
the need for exhaustive search.

[0126] In other words, the speckle tracking uses the phase
of the 2-D complex cross correlation for robust and efficient
estimation of displacement from speckle data. This speckle
tracking method finds the true peak of the 2-D complex cross
correlation as a constrained optimization problem. The objec-
tive of this optimization problem is to find the coordinates of
the axial and lateral lags at the true peak of the 2-D complex
cross correlation subject to the zero-phase constraint. The
basis for this formulation is shown mathematically from the
inverse of the Fourier transform of the 2-D cross spectrum
near the true correlation peak. This geometric approach finds
both the axial and lateral displacement estimates with sub-
sample accuracy. The method is based on the fact that the
gradient vectors of the magnitude of the 2-D cross correlation
approach the true peak along the orthogonal to the zero-phase
contour. Knowing that the zero-phase contour also passes
through the true peak, it is possible to locate this peak simply
by finding the point on this contour at which the magnitude
gradient vectors are orthogonal, provided these vectors origi-
nate from a grid point that is sufficiently close to the peak.
One feature of this algorithm is that interpolation of the com-
plex cross correlation is used at a minimum level that allows
for a valid projection to be made. Therefore, the algorithm is
computationally efficient in terms of determining the level of
interpolation needed for subsample accuracy from the prop-
erties of the underlying 2-D, cross-correlation function, not
from the desired lateral resolution.

[0127] The following is a mathematical basis for correla-
tion-based 2-D speckle tracking and relates it to a 2-D cross
spectrum approach. Thereafter, two implementations of a
phase-coupled 2-D speckle tracking algorithm are then pro-
vided.

[0128] Let s(x, z, t,) be the analytic ultrasonic signal
received from a 2-D region (e.g., speckle region or window)
at time t, with spatial coordinates x and z representing the
lateral and axial directions, respectively. The received signal
model assumes a linear space-invariant imaging system with
rectangular sampling (e.g., linear array). After undergoing
translation d, and d, (respectively in the x and z directions),
the received signal at time, t,, s(X, z, t,)=s(x-d,, z—-d_, t,) has
a 2-D Fourier transform:

Sk ke 10)=S(k, ke, 1)e 7D, )

[0129] where k. and k_ are the spatial frequency variables
(in rad/m) in the x and z directions, respectively. The 2-D
cross spectrum is given by:
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[0130] Motivated by this equation, one investigator devel-
oped an algorithm based on the 2-D cross spectrum for esti-
mation of fine displacement in both the axial and lateral
directions.
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[0131] Aniterative weighted least squares approach to esti-
mate the slopes of the axial and lateral frequency components
has been proposed. However, a more efficient solution to this
problem can be obtained by finding the true peak of the 2-D
cross-correlation function, given by (3) and (4),
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1 00 o0 2
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el —dx)kalle=d) gpfe dk,
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[0132] where 1, and 1, are the lags in the x and z directions,
respectively. This function peaks at lag values equal to the
shift values in both the axial and lateral directions. This result
drives all correlation-based, 2-D displacement tracking meth-
ods. However, with the use of sampled correlation functions
due to the discrete nature of the RF data collection, the true
correlation peak must be found with subsample accuracy.
This is especially true for the lateral displacement estimation
in which the sampling interval (spacing between A-lines) is
on the order of 10 times the axial sampling interval.

[0133] Insight into this problem can be obtained by evalu-
ating the cross-correlation function in the vicinity of the true
peak where k (1,-d,)=0 and k_(1.-d,)=0, from (3):
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[0134]
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[0135] The factor M,, is related to the mean lateral fre-
quency of the 2-D auto spectrum. Similarly, the factor M_, is
related to the mean axial frequency of the 2-D auto spectrum.
Due to the fact that the axial component in many coherent
imaging systems has a carrier and that the complex envelope
is used, IM_1>>0. This modulation property does not exist for
the lateral factor M, and its magnitude is generally small. It
is important to note, however, that in a speckle environment,
IM_.1=0 (typically IM_ I>>IM_|). The result in (5) can be
seen as a generalization of a 1-D speckle tracking case in
which the slope of the phase curve is equal to the center
frequency of the (analytic) echo signal [8]. In fact, expressing
(4) in vector form (and including the quadratic phase term in
the Taylor series expansion of the exponential), we get:



US 2012/0283564 Al

1 o ’
() = m[ jwl"lz(k)e"‘ *dk )
1 o ’
= 4_2f rlS(k, o) e Rk
T J 000
1 « 2 it
= [ [ swmra - an -

1 ’ 2
W (= d0 )k

Wer W,

1
= 0,0) - =(1 —ax)
7110, 0) 2( )[sz W,

}(1 —d)+ &)

JM My )1 = dx),

[0136] wheretheelementsW,,W_, W_., W__ aregivenby:
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[0137] Note that Wxx is related to the lateral frequency
bandwidth of the imaging system. It is easy to see thaty,,(d,,
d,)=y,,(0,0>y,, (1, 1)V(1,,1)=(d,, d,). Also note that y,,(d,,
d,) is real, which implies that the true peak of the 2-D cross
correlation must lie on the zerophase contour defined by:

Lyl by) = Mgl — do) + Myl — &), 13

= [M M (1 —dx) = m' (I - dx).

[0138] However, based on the above approximation, the
magnitude of the 2-D cross correlation is given by:

14
Dl = ¥ 0110, 0) = (1 = dey W(L = dn))? + (' (U - d) P, 4

[0139] for which the transpose of the gradient vector can be
evaluated as shown in (15), which indicates that the gradient
is identically zero at the true peak (1=dx) as expected.

=2(y(0, 0) = (1 —dxy W(l —dx))(1 —dx)’ W + (15)
Ayl _ (m’ (1 — dx)m’
al
(711(0, 0) = (1 —dxy W(L — dx))? +
(m (I — dx))?

[0140] Furthermore, the magnitude of the magnitude gra-
dient near 1=dx is proportional to the distance from the true
peak, i.e., the closer the grid point to the true peak, the smaller
the magnitude of the gradient. In addition, if the grid point is
such that 1-dx is orthogonal to m(m'(1-dx)=0), then the mag-
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nitude gradient is orthogonal to m, and the true peak can be
obtained by finding the intersection of the line along the
magnitude gradient with the tangent to the zero phase con-
tour. Of course, this is only valid when the grid point is
sufficiently close to the true peak. This can be determined
from the magnitude of the magnitude gradient on the grid.
This result provides us with insight for approach to determine
the true peak of the 2-D cross-correlation function from a grid
of computed values around the peak. Specifically, by com-
paring the slope of the minimum magnitude gradient with the
slope of the phase contour in the vicinity of the peak, one can
determine whether the true peak is sufficiently close to the
grid points to make a valid approximation.
[0141] This leads to algorithms as described herein for
finding the true peak that are both robust and numerically
efficient in the sense that interpolation is used at a minimum
level to ensure the conditions of a valid projection onto the
zero-phase contour. The formulation described herein also
provides the basis for an optimization procedure of finding a
point on a quadratic surface (magnitude of the 2-D cross
correlation) subject to the zero-phase condition. This problem
can be solved using the Lagrange multiplier method as
described herein.
[0142] The above result can be easily extended to the case
of affine transformation [13]:

s(xy, 21)=s(xo(x 1), 1o), (16)
[0143] where:

xo =Tx; —dx (17)
[xl} [1+en [ [xo} [dx] (18)
]l ex  l+eg |20 dz |

[0144] which accounts for translation (dx), strain (e,, and
e_.), and shear strain (e and e_). In this case, we use the
Fourier transform of the received signal at time t; in vector
form:

Stk, 1)=ST %, 1)@ ®T4ONT1, tm (19)

[0145] where T" is the transpose of T and || is the determi-
nant of a matrix. Note that (19) is just a generalization of the
scaled property of the Fourier transform in 1-D, which has
previously been used in the analysis of decorrelation of ultra-
sonic echoes in the presence of strains. It is also consistent
with the 2-D/3-D formulation shown in [5], which analyzes
the combined effects of deformation and waveform warping
on the variance of the displacement estimate.

[0146] It suggests that both axial and lateral strains can
affect the displacement estimates based on phase matching
alone. It also may provide an opportunity to directly (or
iteratively) estimate the strains on the tissue region interro-
gated by the window. We note here that, in cases in which the
strain parameters, e, ., €., €., and e, have non-negligible
values, the zero-phase contour does not necessarily go
through the true peak of the magnitude of the 2-D cross
correlation. To illustrate this point, (19) can be written explic-
itly in terms of the shift and strain parameters as shown in
(20), which shows that the scaling of the Fourier transform in
the k, and k, coordinates is coupled through the shear strain
parameters. Amplitude scaling leads to decorrelation effects
previously reported for 1-D tracking. Furthermore, the esti-
mated shift from the zero-phase contour is also coupled, i.e.,
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a shift in the x direction contributes to the estimated shift in
the z direction and vice versa (through the shear strain param-
eters). The simple result given by (5) is only approximately
valid for infinitesimal strains within the tracking window.
Fortunately, (20) provides a method to detect when the strain
effects within the window are significant enough to affect the
phase estimation.

1 1+e )k, —e k, —e ke +(1+ex)k 20
S(kx’kb[l)z_s(( ea|>Tx| exke ek |(T| ek, to],_ 20)

17
((Lt+ezz)dx—exydzlky +H(1+exy Mz—ezxdx )k )
7

eil(

[0147] In the speckle tracking method, one is interested in
the use of phase-coupled approach in finding the true peak of
the 2-D cross-correlation function when the tissue is under-
going displacement and/or infinitesimal strains. This can be
considered a first step in estimating the displacement vectors
needed in applications such as, for example, vector velocity
estimation and elastography. Such applications may require
displacement tracking based on the peak of the 2-D cross
correlation as a common step, but they may differ in the
deformation model parameters used. This can be done by
implementing a post-processing step that extracts the defor-
mation parameters from the shift estimation results obtained
from finding the true peak of the 2-D cross correlation. Such
post-processing depends on the specific problem to be deter-
mined.

[0148] An Exemplary Phase-Coupled 2-D, Speckle Track-
ing Algorithm

[0149] The steps of the exemplary speckle tracking algo-
rithm are guided by the properties of the 2-D correlation of the
speckle region undergoing motion and/or deformation. The
magnitude of the 2-D correlation with the complex envelope
has a well behaved peak with extent in axial and lateral
directions proportional to the speckle cell size. The main idea
is to use a fast search algorithm to find a correlation-based
match within a search window (i.e., correlation values above
a threshold). If the current search point is far from the corre-
lation peak, a fast search can be used with axial and lateral
steps on the order of one-half the extent of the correlation cell
size in the axial and lateral directions. This allows the search
to coarsely cover large regions without missing the true peak
(if it exists). Once a match is found, the magnitude gradient of
the cross correlation is used to find the peak cross correlation
on the sampling grid (determined by the RF sampling fre-
quency and spacing between the A-lines in the image). This is
done by following a gradient ascent trajectory, which requires
two to three correlation values to be computed for every point
along the trajectory. Gradient search for the peak is very
robust and efficient from any direction if search point is
within the width of the correlation peak in the axial and lateral
directions, e.g., within 3 dB from the peak. Once the grid-
based correlation peak is found, a 3x3 correlation grid is
calculated (centered at the peak). In the immediate vicinity of
the correlation peak, the true peak can be determined from the
magnitude gradient vectors and the zero-phase contour pass-
ing the true peak. From the 3x3 grid in the original sampling
coordinates, a fine estimate of the true correlation peak is
produced by coupling the phase of the 2-D cross correlation to
the amplitude (gradients) in a way that will allow us to use

(13).
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[0150] Two exemplary approaches for obtaining the fine
estimates are described in the following subsections.

[0151] A. Two-Dimensional Projection on the Zero-Phase
Contour
[0152] This method interpolates the 3x3 grid near the true

peak in the lateral lag direction by a sufficiently large factor
(i.e., as small as possible) in order to estimate a magnitude
gradient vector orthogonal to the zero-phase contour. The
intersection of the magnitude gradient and the zerophase
contour is the estimated true peak of the 2-D cross correlation.
[0153] The steps of this algorithm are outlined as follows.
[0154] Step 0: From the 2-D autocorrelation function at t,,
estimate the search step size L, and L, in the axial and lateral
directions, directly. Typically, L_>L  due to the finer sampling
in the axial direction.

[0155] Step 1: Perform any fast search algorithm to find the
vicinity of correlation peak (above a threshold) using L, and
L, in a defined search region.

[0156] Step 2: Without any interpolation, compute the local
magnitude gradient and move along the gradient ascent tra-
jectory. This step stops when the peak point on the uninter-
polated grid is reached.

[0157] Step 3: Once the maximum point on the uninterpo-
lated grid is reached, compute cross-correlation values on
3x3 grid centered at the maximum. Interpolate the 3x3 grid
laterally by a small factor (e.g., 8) and find the line equations
for the two gradient vectors closest to the true peak, but
pointing in opposite lateral directions. If this condition is not
satisfied with the current interpolation factor, increase inter-
polation by two and repeat the test. If maximum interpolation
factor is reached (e.g., 128) and correlation at the interpolated
peak is below a threshold (e.g., 0.75) displacement estimate is
declared invalid and assigned a value of NaN. Otherwise,
proceed to Step 4.

[0158] Step 4: Find the line equations for the zero-phase
line of the correlation function on the interpolated grid. The
estimated true correlation peak is the point of intersection
between the zero-phase line and the orthogonal line that
passes through the point of intersection of the two maximum-
slope lines from the magnitude gradient.

[0159] For illustration purposes, the search trajectory in
FIG. 6A is based on L,=1 and L =5 (from Step 0). FIG. 6A
shows contours of the 2-D cross correlation with the search
path shown [starting from (0,0) lag as indicated by the arrow].
The * indicates correlation lags tested by the fast-search
algorithm and < the indicates lags tested by the gradient-
ascent algorithm (L,=1 and L_=5). Note that the true correla-
tion peak has a well behaved set of contours that distinguish
it from several false peaks in the search region shown. Fur-
thermore, the 0.7 contour extends by approximately 4 lateral
lags and 10 axial lags (which justifies the choice of L, and L,).
Step 1 begins at lag (0,0) and tests the cross-correlation coef-
ficient. If below the set threshold (0.65 in this case), it moves
to the next point as indicated by the arrow (-1 lateral and -5
axial). If still below threshold, it tests correlation values along
each pixel on the (predefined) trajectory. In this case, the
predefined search trajectory is along rectangular counter-
clockwise loops (dimensions 2 L, *i+1 2*L_*i+1 where i=0,
1,..., Imax is the loop number). The parameter I, defines
the extent of the allowed search region to find a valid peak
(1,,.x=06 for the search region shown in FIG. 6A).

[0160] In this search example, the eight lags on the first
loop are tested, and no candidate peak is found (i.e., no
correlation value >0.65). The algorithm jumps from the last
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point in the first loop (-1 lateral and 0 axial) to the first point
in the second loop (-2 lateral and -10 axial) and moves
counter clockwise along the lateral lag direction. This step
stops once the threshold test is successful, i.e., correlation
value at the current correlation lag above the chosen thresh-
old. In FIG. 6A, this step stops at lateral lag 0 and axial lag
-10 after a threshold of 0.65 was reached. Step 2 also is
illustrated with the help of FIG. 6A. The * signs at (0,-10),
(1,-10)(1,-11), (1,-12), (2,-12), (2,-13), (2,-14) are the grid
points tested by the gradient ascent. The neighboring points
of (2,-14) also are tested before declaring this point as the
maximum point on the correlation grid.

[0161] The final two steps of the algorithm may be illus-
trated with the help of FIG. 6B which shows the magnitude
and phase contours of the interpolated 2-D cross correlation
near the true peak. Further, FIG. 6B shows magnitude and
phase contours of the 2-D cross correlation on the laterally-
interpolated 3x3 grid in the vicinity of the correlation peak
(between lags —13 and -15 axially and 1 and 3 laterally). The
arrows represent the magnitude gradient vectors on the inter-
polated grid. Lateral interpolation by a factor of 16 is used in
this case (with the interpolated grid points indicated by the
arrow bases). The phase contours are labeled with phase
values in radians and appear to be almost straight with a small
tilt. The true peak is indicated by the open circle on the
zero-phase line. The dash-dotted lines are the directions of the
magnitude gradient vectors closest to the peak and the tangent
and the orthogonal to the zero-phase line. In addition, one can
see the magnitude gradient vectors pointing in the (general)
direction of the true peak. An interpolation factor of 16 was
used for this case between lateral lags 1 and 3 and axial lags
-13 and -15 (i.e., centered at 2 lateral and —14 axial from Step
2). Four (thick dash-dotted) lines are drawn along the two
closest magnitude gradient vectors, the tangent to the zero-
phase line, and the orthogonal to the zero-phase passing
through the point of intersection of the maximum-slope lines.
The true correlation peak, indicated by the open circle, is the
point of intersection of the latter with the zero-phase line.

[0162] The final step in the projection on zero-phase algo-
rithm is an approximation of the magnitude gradient vector
orthogonal to the zero-phase contour at the true peak. The
approximation error depends on the level of interpolation
used and can be controlled by using a lateral interpolation
factor just enough to ensure that at least one of the two
magnitude-gradient vectors used in the final approximation is
not substantially parallel to the zero-phase contour near the
true peak. In general, this condition is needed only when the
axial shift is practically equal to integer multiple of the axial
sampling interval. For example, in FIG. 6B one can see the
magnitude gradient vectors at axial lag —14 approaching from
the right are almost parallel to the zero-phase line. The inter-
polation factor of 16 used here was just enough to produce a
valid projection. A valid projection is one in which the two
magnitude gradient vectors closest to the peak intersect the
tangent of the zero-phase line at points in which the tangent
approximates the phase contour well. The key point here,
however, is that the interpolation can be performed adap-
tively, thus minimizing any unnecessary calculations in the
displacement estimation algorithm. In addition to the com-
putational advantage of this approach, one can reduce or
eliminate the error due to interpolation.

[0163] It should be noted that one or more different steps
may be implemented in the method, and the specific steps
provided herein are not take to be limiting on the disclosure.
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For example, the exemplary search algorithm may be imple-
mented using one or more other digital signal processing
approaches. Further, for example, for template matching, one
can use the autocorrelation sequence in the vicinity of the
(0,0) lag. A related issue is the declaration of an invalid
estimate based on the correlation threshold in Step 3 and
assigning a value of NaN. This can be thought of as a flag to
be used in subsequent processing if necessary. For example,
one may use an adaptive window size to maximize the com-
posite signal-to-noise ratio (SNR). Alternatively, one may use
an explicit deformation model similar to that described by
19).

[0164] Further, the present disclosure is not limited to use
of 2D speckle tracking. For example, other multi-dimen-
sional tracking methods, such as 3D speckle tracking meth-
ods may also be applicable in one or more embodiments
herein.

[0165]

[0166] The 2-D phase projection approach described above
can be thought of as an efficient method for implementation
of an optimization procedure for finding the true peak of the
complex 2-D cross correlation. The peak finding problem can
be cast as finding the coefficients of a polynomial fit to the
surface of the magnitude of the 2-D cross correlation in the
vicinity of the true peak. The nominal and interpolated con-
tour plots shown in FIGS. 6A and 6B are obtained from actual
imaging data and are representative of what can be expected
from a standard imaging scanner. It is quite clear that the
surface near the true correlation peak is well behaved and
appears to be quadratic in the 1x, 1z space. A polynomial fit to
this (smooth) surface is given by:

B. Surface Polynomial Fit with Phase Constraints

qUul)=al2+bl2+el lvdl el +f 1)

[0167] where 1, and 1, represent lateral and axial lags,
respectively, and q is the magnitude ofthe 2-D, complex cross
correlation in the vicinity of the true peak. It is possible to
solve for the polynomial coefficients by minimizing the
square error:

N (22)
1O =3 (gl ) = riatly, L)1

i=1

[0168] where 6=[a, b, c, e, f]' and N is number of points on
the grid (in this case N=9).

[0169] This amounts to solving the over-determined sys-
tem of equations:
G=A8 (23)
s a 24)
fyizlhy, L))l Ly L Lyly Ly Ly L,
[yi2(ley, L))l 132 lfz boly Ly Ly, 1| ¢
: = . . . . . dl

o~
— e
o

BB bl L

[y12(bey s L)l o By byl

~



US 2012/0283564 Al

[0170] This results in:
J(0) = (@ - A9) (§ - A6) (25)
=§§5-25A0 + ¢ A A6. (26)
[0171] By taking the gradient of this quadratic function

with respect to the real vector 0 and equating to zero, we
obtain the solution:

6=(4'4)""474, @7

[0172] which is valid when the matrix A is well condi-
tioned. Ifthis is not the case, then a regularized solution (e.g.,
using singular value decomposition) is sought [17]. Once the
coefficients 0 are obtained, it is a simple matter to obtain 1,

and 1, .. by analytically evaluating the gradients:
aq 28)
@ =2al,+cl,+d,
dq 29
i =cl, +2bl, + e,

[0173] and solving the matrix equation:

[ _ 2a ¢ T[-d (30)
[1 [_[c Zb] [-e]'

Zmax

[0174] However, this solution may amount to a form of
interpolation based on magnitude only, which may result in
unacceptably high levels of bias and variance in the estima-
tion of the true correlation peak, especially in the axial direc-
tion. This is due to the almost flat nature of the surface
described by q in the axial direction (axial extent of only =1
lag samples). However, q typically has a distinct peak in the
lateral direction, and the derivative in this direction yields a
reliable estimate of the peak. It is known that the analytic
nature of ultrasonic echo signal allows for high subsample
accuracy in axial shift estimation by using complex cross
correlation without interpolation. An improved solution may
be obtained if the lateral estimate from surface fitting solution
described by (30) with the axial estimate obtained from the
analytic RF data.

[0175] Accounting for phase information in 2-D can be
done easily by using (13) as a constraint in conjunction with
an appropriate cost function (e.g., using the Lagrange multi-
plier method). To do this, we recognize that the polynomial fit
function given in (21) is itself a quadratic cost function in 1,
and 1_. That is, one can rewrite (21) in the form:

q(le — dxo, I, - dzo) = IR, €]

g

[0176] where dx, and dz, are the coordinates of the center
of'the 3x3 grid in the vicinity of the true peak and 1=[1, ~dx,,

=1

S o
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1,—dz,]". The elements of R are obtained from the solution to
least squares problem in (23). This can be shown by expand-
ing the translated vector form in (31) and comparing with the
coefficients of 17 , 1?_ and 11_in (21). The optimization prob-
lem is to find the subsample shift vector §1=[9,, .]' (note that
1,,.=dx,, dzo]'+[d,, 9,]") that minimizes (31) subject to the
constraints:

[0177] m'm=1, which implies m =M _/V{ M _>*+M, >

and m =M, /M _*+M_ >

[0178] d1'm=5,m +0,m,=0.
[0179] The first constraint is just a normalization that is
typically used in eigenvalue problems. The second constraint
restricts the solution vector to be orthogonal to the zerophase
line at the true peak (13). The elements of m are obtained from
the center frequency values in (6) and (7).
[0180] The constraints above allow us to define a new cost
function in terms of the Lagrange multipliers, A and

J(81)=81'RS1-A(81'81)+1d1'm. (32)

[0181] The solution to this problem can be obtained by
taking the gradient of J with respect to d1:

o1 _ 2R61 —2A01 ©3)
361 = ROl — + pm.
[0182] Multiplying by m' and solving for p:
p=—=2m'RS1 - 22m’51 (34)
= —2m'R1, (33)

[0183] where the orthogonality constraint was used to drop
the second term in (34). Substituting p back in (33), we obtain
the eigenvalue problem:

2RO1-2A01-2m'R1=0= (I-mm")RO1=Ad1. (36)

[0184] The solution to this eigenvalue problem is the eigen-
vector associated with the maximum eigenvalue of the matrix
(I-mm"R. The Lagrange multiplier, A, is the eigenvalue,
which appropriately scales the eigenvector to give the true lag
(at the true maximum). The projection matrix, (I-mm"),
serves to align the solution obtained based on the magnitude-
only method to be orthogonal to the observed slope of the
zero-phase contour. Thus the coupling between the phase and
magnitude characteristics for finding the true peak of the 2-D
cross correlation is complete.

[0185] Various steps, routines, or processes may be imple-
mented with the exemplary speckle tracking methods
described herein (such as those described in Ebbini (2006)),
that further assist in providing useful image data or enhance-
ment of image data. For example, when performing speckle
tracking of speckle regions in the region in which at least one
portion of a blood vessel is located, if the speckle region (i.e.,
window or speckle cell) being tracked is partially within the
vessel wall defining the at least one portion of the blood vessel
and partially outside of the vessel wall (e.g., lying partially in
the blood within the vessel or lying partially outside of the
boundaries of the vessel wall), the speckle tracking process
may be difficult to carry out or result in data that is inaccurate
(e.g., difficult to cross correlate, etc.). As such, at least in one
embodiment, once a vascular characteristic is identified or
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determined (e.g., the identification of one or more boundaries
(or portions thereof) of the vessel based on speckle tracking),
the vascular characteristic may be used in performing the
speckle tracking method.

[0186] For example, one or more vessel wall boundaries
may be identified based on the speckle tracking of one or
more speckle regions. Once such boundaries are identified,
they can be used in the speckle tracking process. In one or
more embodiments, for example, a characteristic of the one or
more speckle regions (e.g., location, size, shape, etc.) may be
modified based on the at least one identified vascular charac-
teristic (e.g., such as the identification of vessel wall bound-
aries). For example, the location of at least one of the one or
more speckle regions being tracked may be modified (e.g., or
any other characteristic of one or more speckle regions, such
as size, or shape, may be modified) based on the one or more
vessel wall boundaries identified (e.g., such that the speckle
region being tracked is entirely within or outside of the vessel
wall). In other words, if the speckle tracking process deter-
mines that a speckle region or window being tracked is par-
tially within the vessel wall defining the at least one portion of
the blood vessel and partially outside of the vessel wall (e.g.,
lying partially in the blood within the vessel or lying partially
outside of the boundaries of the vessel wall), then the speckle
region location may be modified or otherwise adjusted such
the speckle region is entirely located within the vessel wall or
outside of the vessel wall. Further, the size or shape (e.g.,
narrowness or width or length) of the speckle region tracked
may be modified during the speckle tracking such that the
speckle region is entirely located within the vessel wall or
outside of the vessel wall, or provides quality estimates, e.g.,
of displacement. In other words the speckle region is modi-
fied such that it falls entirely outside the vessel wall, entirely
within the vessel wall, or entirely within the blood, based on
the one or more boundaries determined for the vessel (e.g., by
prior speckle tracking and generation of strain and/or shear
strain image data for the region in which the at least one
portion of the vessel is located).

[0187] For example, generally, tracking windows are
designed to optimize or achieve a tradeoff between spatial
resolution (e.g., generally improved by reducing the window
size) and reducing the variance of the displacement estimates
(e.g., generally, by increasing the window size). For example,
in one embodiment, for a uniform speckle region, the signal-
to-noise (SNR) of the echo data, together with the transducer
bandwidth, are the primary factors in selecting the window
size. Furthermore, in the absence of severe deformation, win-
dows are designed to be approximately square, i.e., approxi-
mately the same axial and lateral dimensions. Near the vessel
wall, especially on the lumen side, many assumptions may be
violated. High frame rate imaging (e.g., M2D mode imaging)
is provided to mitigate some of these effects, but there may
also be a need to account directly for deformations within the
tracking window (e.g., part of the window being in the vessel
and part in the blood leading to deformation issues). In such
cases, one may apply adaptive window size and shape design
or selection algorithms that will produce optimal estimates
(e.g., best possible displacement estimate). The 2D phase-
coupled algorithm provides feedback on the quality of the
estimates (e.g., figures of merit). These figures of merit may
be used in characterizing the quality of the estimate obtained,
for example, using different windows with the same height,
but different width and vice versa. As such, it is possible to run
these windows in parallel and implement a voting scheme that
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selects the estimates with the highest figures of merit and
reject or weigh down (e.g., apply a lower weighting factor)
the estimates with lower figures of merit.

[0188] Still further, vessel wall echo reverberations may
corrupt pulse-echo data received from the blood. As such, in
one or more embodiments of speckle tracking of one or more
speckle regions within the blood, the speckle tracking may
remove echo components in the pulse-echo data due to reflec-
tion at the vessel wall when performing such speckle tracking
of'the pulse-echo data from the one or more speckle regions in
the blood (e.g., using a dereverberation filter).

[0189] Inother words, as described herein, various speckle
tracking methods (e.g., two-dimensional speckle tracking
methods) can be used to image tissue motion and deforma-
tions in the vicinity of blood vessels (e.g., for use in detecting
and staging of vascular disease). However, in one or more
embodiments, vessel wall echo reverberations may over-
whelm the echoes (scattering) from the blood and result in
loss of flow information in large regions within the vessel.
One embodiment that may be used to correct for such rever-
berations includes use of a time-varying dereverberation
inverse filter for echo data within the vessel (e.g., echo data
from the blood). The design for such a filter may be influenced
by the fact that the reverberation pattern varies significantly
with the pulsatory motion of the vessel wall. Minute changes
in the location/orientation of the vessel wall with respect to
the imaging beam result in measurable changes in the
speckle-specular echo mixture at the vessel wall and the
observed periodicities in the reverberation pattern within the
vessel. Therefore, a time-varying inverse filter may be used to
remove the reverberation components appropriately during
the heart cycle.

[0190] Speckle tracking (e.g., two-dimensional speckle
tracking) can be used for the analysis of tissue motion and
deformation, especially in vascular imaging applications. In
addition to the direct measurements and/or characterization
of the vessel dynamics, such speckle tracking may provide
tissue displacement fields and underlying anatomical infor-
mation suitable for important challenge areas such as com-
putational fluid dynamics.

[0191] Forexample, as described herein, simultaneous esti-
mation of tissue motion/deformation and blood flow vector
velocity in a blood vessel (e.g., the human carotid artery)
using pulse-echo diagnostic ultrasound can be performed
(e.g., using phase-coupled two-dimensional speckle tracking
which achieves subsample displacement estimation accuracy
in both axial and lateral directions together with a high frame
rate (e.g., 325 frames per second) M2D imaging mode both
lateral flow velocity and wall motion can be estimated simul-
taneously thus providing pressure (through vessel diameter)
and flow (through vector velocity)). Such measurements can
provide the basis for hemodynamic computations that may be
used in the assessment of vessel wall compliance, an impor-
tant indicator of the health of the vessel as described herein.
Further, as described herein, axial and lateral displacement
fields are well-behaved and allow for strain and shear strain
calculations in both tissue and blood. Together with anatomi-
cal image information, these velocity/strain fields may pro-
vide input for computational fluid dynamic models, which
may allow forinverse calculations suitable for the assessment
of the health of the vasculature and surrounding tissue (e.g.
detection and staging of atherosclerosis).

[0192] One possible limitation of two-dimensional speckle
tracking methods based on pulse-echo ultrasound is the rever-
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beration components associated with strong specular reflec-
tors. Reverberation produces clutter signal components that
mix with back scattering components from regions distal to
the specular reflector. This is significant in blood vessels
where the scattering from blood is typically 30-40 dB below
the specular reflection from the vessel wall. For applications
where both the tissue motion and blood velocity vectors are
important, however, the clutter due to reverberation from the
region within the vessel walls should be minimized An algo-
rithm for dereverberation of pulse-echo ultrasound data to
restore echoes from the blood scattering region prior to two-
dimensional speckle tracking may be used to address such
reverberations. Due to the changes in the scattering charac-
teristics of the vessel wall during the different phases of the
heart cycle, it is observed that the reverberation signal com-
ponents are non-stationary, which indicates that a time-vary-
ing inverse filter for dereverberation may be needed. One
possible filter design approach may utilize short-range corre-
lation for the echo signal from the wall and the long-range
correlation of the echo signal from the proximal wall and the
vessel region. Periodicities in the correlation functions are
attributed to the vessel wall architecture and multilayer tissue
structure resulting in distinct specular components (e.g.
adventia).

[0193] The following provides one or more implementa-
tions of dereverberation or examples testing the same. Such
specific implementations or examples are not to be taken as
being limiting to the present disclosure.

[0194] Exemplary Dereverberation Filtering Information
[0195] Data Acquisition for the example Dereverberation
Filtering

[0196] A Sonix RP (Ultrasonix, Canada) ultrasound scan-
ner loaded with a program used for M2D pulse-echo data
collection. Collected data is then streamlined to a controller
PC through Gigabit Ethernet for real-time data processing.
The data processing computer can easily handle the intensive
computations required by high resolution (both spatial and
temporal) speckle tracking and separable 2D post filtering by
utilizing a many core GPU (nVIDIA, Santa Clara, Calif.). A
linear array probe (LA14-5/38) was used to acquire all data of
this example. The center frequency of the transmit pulse on
the probe was 7.5 MHz.

[0197] Received Signal Model

[0198] A received signal model for pulse-echo beam-
formed ultrasound data obtained from a typical scanner and
typical vascular probe such as those described above is pro-
vided. The echo data forming one image line is given by

w1l Dacs, 1) )

[0199] where x(t; 1) represents the coherent echo compo-
nent from depth z=c/t in image line 1 and x,(t; 1) is the inco-
herent echo component from the same location. At the vessel
wall, the coherent component is largely due to specular
reflection from the multi-layered vessel and supporting struc-
ture. For simplicity, assume a single layer in a homogeneous
medium and a narrowband model:
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[0200] where p(t)=a(t)e“+°®) is the analytic transmitted
ultrasound pulse, R,,, is the reflection coefficient, and d , is the
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vessel wall thickness. In (2), R,,, represents the tissue-wall
reflection coefficient and a, is a function of the wall-tissue
reflection and transmission coefficients. The reflection coef-
ficients are typically small (e.g. <10%) and the series in (2) is
practically 2 to 4 terms for each layer. Unfortunately, the
reverberation terms interfere with the echo components from
the blood in the vessel. Despite their rapid decay, their ampli-
tude remains high enough to mask the echoes from the blood
in a region that extends several millimeters inside the vessel.
A dereverberation filter can be used to unmask the echoes
from the blood and allow the two-dimensional speckle track-
ing to estimate vector velocity inside the vessel.

[0201]

[0202] The correlation function of the coherent echo com-
ponent exhibits secondary peaks at t,=2kdw/c. The ampli-
tude of these peaks diminishes exponentially with k (due to
multiple reflection within the wall). These secondary peaks
can be estimated from the autocorrelation function of the
echo data after baseband conversion. Results from actual
vascular imaging experiments suggest that a Gaussian mix-
ture model (GMM) may be most appropriate for modeling the
probability density function (pdf) of the clean echo data. The
GMM is also motivated by a number of hypotheses on the
scattering by blood (e.g. due to flow or red blood cell aggre-
gation). An infinite impulse response (BR) model is assumed
for the dereverberation inverse filter

Inverse Filter Design for Echo Dereverberation

o yln—k]
1
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=

[0203] The coefficients, {a,},_," can be obtained by maxi-
mizing the log-likelihood with respect to the GMMs in the
flow channel:
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[0204] where N, is the number of Gaussian densities in the
GMM (each represented by {w,, 11, 0,}) and N,, is the length
of output test sequence. The parameters of the BR inverse
filter can be obtained by maximizing ¥ in (4) by partial
derivatives with respect to {a,},_ V",
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[0205] where €,,, and €, are the ith term inside the inner

summation in (4) and the inner summation, respectively. The
parameters of the filter can be obtained iteratively through

L (6)

ak[m+1]:ak[m]+6m
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[0206] where m is the iteration index and d is chosen suf-
ficiently small to allow for fine convergence (at the expense of
convergence speed). In at least one embodiment, (5) can be
simplified if the GMM is dominated by one distribution,
which is often the case. At any rate, an empirical values of
8=0:01 result in convergence within 10 iterations or less.
[0207] Model-order Selection: The parameter N in (3) can
be determined from the identification of secondary peaks in
the autocorrelation function of the complex envelope of the
echo data from the proximal vessel wall and from the vessel
including the proximal wall. Periodicities in these correlation
functions are identifiable with the wall (and supporting-tis-
sue) architecture, which is primarily responsible for rever-
beration within the vessel. For the carotid artery of an typical
human subject, the order varies depending on the phase of the
cardiac cycle with a range of 20-45 (lower orders when the
vessel wall is maximally stretched). A maximum value, N, ..
on the model order could be set from the observation of the
periodicities throughout the heart cycle.

[0208] Reverberation-Free Training Data

[0209] Obtaining reverberation-free echo data can be
accomplished by tilting the imaging transducer to avoid
specular reflections from the vessel wall (after identifying the
vessel wall). In practice, a very small tilt is sufficient to
significantly remove the specular echo and maintain a good
view of the vessel. Color flow or power Doppler mode can be
used to define the flow region for extracting the training echo
data. Once this is achieved, the imaging transducer is returned
to a position where the vessel boundaries can be best defined
from specular reflections. It is also possible to get reverbera-
tion-free data from corrupted views by carefully selecting
regions where the reverberation components are not present.
[0210] For example, a blood vessel with 6-mm diameter
may provide 2 mm region of reverberation-free echo data at
its distal end. One can use the latter approach to identify the
GMM during a typical heart cycle. Based on actual echo data
from a human subject, the value of N in (4) is typically 3 to
4, all with zero mean.

[0211] Time-Varying Filter Design Algorithm

[0212] Based on the above derivation and facts about the
data acquisition model for beamformed echo data from typi-
cal vascular imaging ultrasound, the following filter design
steps are provided. For image line 1 and image frame p,
[0213] Step 0 Detect the proximal vessel wall from com-
plex envelope data

[0214] Step 1 Determine the IIR model order, N, from the
short range and long-range correlation functions.

[0215] Step 2 Determine the GMM parameters from the
reverberation free segment of the vessel echo data.

[0216] Step 3 Determine the filter coefficients using the
maximum likelihood algorithm (Equations 4-6).

[0217] Step 4 Apply the BR filter to vessel data with appro-
priate initial conditions to avoid breaks in the echo data.
[0218] Step 5 Compute long-range correlation function on
y[n]. If reverberation still detectable, While N<N, . GoTo
Step 3. Otherwise Stop.

[0219] Results and Discussion Regarding Example:
[0220] Data Collection—The Sonix RP was used to collect
M2D mode data from imaging the right carotid artery of a
healthy volunteer. Real-time beamformed RF data was col-
lected at a frame rate of 325 fps and processed oft-line to
produce images similar to those shown in FIGS. 16A-16B,
which shows lateral (FIG. 16A) and axial displacements
(FIG. 16B) of the carotid artery color-coded and overlaid on
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the B-mode gray scale images. The displacement fields were
estimated using the phase coupled two-dimensional speckle
tracking algorithm described in Ebbini 2006.

[0221] Approximately 1.9 seconds (642 frames) of data
was acquired capturing more than three heart cycles to allow
for modeling the dynamics of echoes and reverberation from
the vessel, primarily due to the proximal wall. Spatio-tempo-
ral maps of the echoes from the vessel (proximal wall through
the vessel, but excluding the distal wall) are shown in FIG.
17A. The image shows the envelope of the RF data from one
image line (approximately at the center of the images). This is
referred to as M-mode ultrasound and it allows for the analy-
sis of wall motion in cardiac and vascular imaging applica-
tion.

[0222] FIG. 17B shows an M-mode image of the echoes
from the proximal wall only during the acquisition period.
The image illustrates the dynamics of the wall echoes during
the heart cycle. For example, for the first few lines (0<t<0:1
s), the wall represents a purely specular reflector. On the other
hand, the wall echo appears less organized when the wall
undergoes expansion due to pressure changes in the vessel.
Examining the envelope in the vessel shown in FIG. 17A, one
can see a strong reverberation pattern down to about 4 mm
into the vessel. This pattern masks any scattering from the
blood and makes it difficult, if not impossible, to estimate the
flow velocity vectors in a large region within the vessel.
[0223] FIGS. 18A-18B show spatio-temporal maps of nor-
malized correlation function of the complex envelope from
the vessel including the proximal wall (FIG. 18A—a long
range correlation) and proximal wall only (FIGS. 18B—a
short range correlation) corresponding to the M-mode images
shown in FIGS. 17A-17B. One can see the strong secondary
peaks at ~+0.8 mm when the vessel wall is not stretched and
behaves as a specular reflector. On the other hand, this peak is
diminished and the main lobe of the correlation function is
broadened when the vessel wall is stretched. This result dem-
onstrates that a time-varying dereverberation filter will be
beneficial.

[0224] FIGS. 19A-19D illustrate the performance of the
dereverberation filters obtained through the proposed maxi-
mum likelihood algorithm. Using short-range and long-range
correlation data, the filter order was determined to be 21 for
two frames (Frame 1 at t=0.003 s and Frame 100 at t=0.31
sec). The GMM models were estimated from the vessel data
near the distal wall using N,=3. N, =50 was used in both cases
and 8=0:005. Convergence was achieved in 7 and 9 iterations
for Frame 1 and Frame 100 data, respectively. The magnitude
response of both filters demonstrate inverse filtering and der-
everberation characteristics; signal bandwidth 2-6 MHz is
inverted and ripple throughout. FIGS. 19A-19D represent the
dereverberation filters and vessel data with and without fil-
tering for Filter Frame 1 (FIGS. 19A-19B) and Filter Frame
100 (FIGS. 19C-19D).

[0225] Results from vascular imaging experiment from a
healthy volunteer demonstrate the feasibility of dereverbera-
tion of echo data from blood vessels using time-varying
inverse dereverberation filters to account for the time-varying
nature of the reverberation components during the heart
cycle. Such filtering may for more accurate vector velocity
estimation in the vessel using speckle tracking (e.g., two-
dimensional speckle tracking) methods. The exemplary algo-
rithm is robust and computationally efficient and requires
minimal training making it well-suited for real-time ultra-
sound imaging applications.
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[0226] The following provides one or more implementa-
tions of vascular imaging and characterization of vessel wall
dynamics or examples testing the same, such as generally
described herein. Such specific implementations or examples
are not to be taken as being limiting to the present disclosure.
[0227] Generally, a method for simultaneous imaging of
tissue motion and flow with subsample accuracy in both axial
and lateral directions is illustrated. The method utilizes a
phase-coupled 2D speckle tracking approach, which employs
the true 2D complex cross correlation to find sub-pixel dis-
placements in both axial and lateral directions. The imaging
sequence on a Sonix RP scanner has been modified to allow
high frame rate 2D data collection in a limited field of view
covering the region of interest (M2D-mode). Together with
the robust 2D speckle tracking method, M2D imaging allows
for capturing the full dynamics of the flow and wall/tissue
motion, even when the flow is primarily in the lateral direc-
tion (with respect to the imaging beam). The fine vector
displacement estimates in both axial and lateral directions are
shown to allow for smooth and contiguous strain and shear
strain calculations with minimal filtering. The quality of the
displacement and strain fields is demonstrated by experimen-
tal results from a flow phantom (ATS Model 524) and in vivo
images of the carotid artery in a healthy volunteer. The results
demonstrate simultaneous imaging of the vector flow field
and the wall/tissue motion and the corresponding strains at
high spatial and temporal sampling. This may provide an
essential tool in modeling the fluid-solid interactions between
the blood and blood vessel.

[0228] Materials and Methods for an Exemplary Imaging
Method

[0229] Phase-Coupled 2D Speckle Tracking—The phase-
coupled 2D speckle tracking algorithm used is described in
Ebbini 2006 and also at least partially described herein. The
speckle tracking method is based on the gradients of the
magnitude and phase of 2D complex correlation in a search
region. This approach couples the phase and magnitude gra-
dients near the correlation peak to determine its coordinates
with subsample accuracy in both axial and lateral directions.
This is achieved with a minimum level of lateral interpolation
determined from the angles between the magnitude and phase
gradient vectors on the sampled (laterally interpolated) 2D
cross-correlation grid. One result behind this algorithm is that
the magnitude gradient vectors’ final approach to the true
peak is orthogonal to the zero-phase contour. This leads to a
2D robust projection on the zero-phase contour that results in
subsample accuracy at interpolation levels well below those
needed using previously proposed methods. It is shown that
estimated 2D vector displacement fields obtained using the
phase-coupled technique display a full range of values cov-
ering the dynamic range without evidence of quantization. In
comparison, a previously published method using 1D phase-
projection after lateral interpolation produces severely quan-
tized lateral displacement fields (at the same levels of inter-
polation as the 2D, phase-coupled method).

[0230] Data Acquisition—A Sonix RP (Ultrasonix,
Canada) ultrasound scanner loaded with a program used for
high frame-rate M2D pulse-echo data collection is used. Col-
lected data is then streamlined to a controller PC through
Gigabit Ethernet for real-time data processing. The data pro-
cessing computer can easily handle the intensive computa-
tions required by high resolution (both spatial and temporal)
speckle tracking and separable 2D post filtering by utilizing a
many core GPU (nVIDIA, Santa Clara, Calif.). A linear array
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probe (LA14-5/38) was used to acquire all data shown in this
paper. The center frequency of the transmit pulse on the probe
was 7.5 MHz.

[0231] Experiments using the ATS Model 524 flow phan-
tom and a Cole-Parmer MasterFlex roller pump were con-
ducted to illustrate the displacement tracking in axial and
lateral directions. M2D data was collected using the Sonix RP
scanner at a frame rate of 111 fps. Images of a 4-mm flow
channel in the ATS phantom were collected under controlled
fluid flow with an appropriate speed setting of the MasterFlex
pump to mimic typical blood flow rates (e.g. 336 ml/min) in
carotid arteries. Cellulose microspheres were diluted in water
to produce linear scattering from the flow channel during data
collection (pure water was also imaged as a control to deter-
mine the channel boundaries as a ground truth).

[0232] Strain Computation—Strain and shear strain calcu-
lations were performed using MATLAB’s gradient command
on the axial and lateral displacement fields obtained using the
2D speckle tracking algorithm. The strain and shear strain
computations are followed by a simple Gaussian lowpass
filter with size of 3 3 and standard deviation of 1, i e minimal
post filtering of the strain and shear strain fields.

[0233] Results and Discussion Regarding the Exemplary
Imaging Method

[0234] Experimental Phantom Result

[0235] The 4-mm flow channel was imaged using the
LA14-5 probe with the channel axis perpendicular to the
beam axis, i.e. lateral flow. Typical examples of the resulting
strain and shear strain fields are shown in FIGS. 8A-8B and
FIGS. 9A-9B. FIGS. 8A-8B show axial strain and axial shear
strain of the 4-mm flow channel longitudinal walls, respec-
tively. FIGS. 9A-9B show lateral strain and lateral shear strain
of the 4-mm flow channel longitudinal walls, respectively.
One can see the smoothness of the strain fields which dem-
onstrates the well-behaved nature of the displacement fields.
At the same time, one can appreciate the clear demarcation
between the channel and the surrounding tissue-mimicking
material.

[0236] The dynamics of the estimated vector flow field are
illustrated by the result in FIG. 10 which shows a plot of the
periodic channel diameter (obtained from the axial compo-
nent at the channel walls computed from the tracked channel
wall displacement) and the corresponding average lateral
flow velocity in the channel for several cycles of pump opera-
tion (i.e., within the 4 mm flow channel in the ATS phantom).
The result shows clearly the quasi-periodic nature of the
observed flow velocity and the phase relationship between the
diameter (pressure in the channel) and flow. Note that the
small negative component in the flow velocity occurs right
after the diameter reaches its maximum value (i.e. minimum
pressure in the channel). This “back up” of the fluid in the
channel was easily observed in B-mode movies, but the wall
motion was much more subtle (<150 mm) and was only seen
in the axial displacement field.

[0237] The dynamic behavior of the lateral flow along the
axis of the imaging beam (at a lateral distance of -3.2 mm) is
illustrated by FIG. 11. One can see the smooth, well-behaved
nature of the lateral displacement fields consistent with the
quasi-periodic pattern shown in FIG. 10. It is noted that the
results shown in FIG. 11 are minimally processed, i.e., the
continuity and the high SNR of the vector displacement esti-
mation in the fluid and the surrounding tissue is a direct
consequence of the proper application of the phase-coupled
2D speckle tracking method.
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[0238] In Vivo Experiment

[0239] A segment of the carotid artery of a healthy volun-
teer was imaged using the LA14-5 probe at 111 fps. As in the
phantom case, the axial and lateral displacement fields were
contiguous throughout the region of interest and allowed for
the computation of the strain and shear strain fields shown in
FIGS. 12A-12B and FIGS. 13A-13B. FIGS. 12A-12B show
axial strain and axial shear strain of the carotid artery longi-
tudinal vessel walls, respectively. FIGS. 13A-13B show lat-
eral strain and lateral shear strain of the carotid artery longi-
tudinal vessel walls, respectively. One can see the clear
demarcation between the vessel and the wall/perivascular
tissue in the axial strain and lateral shear strain images. Also,
the pulsation effect can be appreciated from the axial shear
strain and lateral strain images. These results demonstrate
reliable estimation of the vector motion fields (axial and
lateral) and their utility in obtaining realistic strain and shear
strain fields.

[0240] Finally, we show a cross sectional view of the strain
fields around the carotid artery of a healthy volunteer. The
strains and shear strains in both axial and lateral directions are
shown in FIGS. 14A-14B and FIGS. 15A-15B, respectively.
FIGS. 14A-14B show axial strain and axial shear strain of the
carotid artery cross-sectional vessel walls, respectively.
FIGS. 15A-15B show lateral strain and lateral shear strain of
the carotid artery cross-sectional vessel walls, respectively.
Examining FIGS. 14A-14B one can observe that the motion
in the axial direction produced a strain in the axial direction at
the wall (FIG. 14A) and a shear component to the lateral
direction (FIG. 14B). The direction of the strains in this case
depicts an expanding vessel. Similarly, the motion in the
lateral direction produced a strain in the lateral direction
(FIG. 15A) and a shear component to the axial direction as in
(FIG. 15B). Movies of the strain and shear strain fields have
showed the dynamics of wall movement clearly (such not
presentable in this application). In addition to the wall
dynamics, the strain images provide a tool for identifying the
boundaries of the vessel in both axial and lateral directions.
The latter is generally difficult to determine from B-mode
images.

[0241] Asaresult of the example, a method for imaging the
displacement and strain fields in the vicinity of flow channels
has been demonstrated experimentally in a flow phantom and
in vivo imaging of the carotid artery of healthy volunteer. The
results show that, at sufficiently high frame rates, speckle
tracking methods produce well-behaved displacement esti-
mates of both the tissue motion and flow in the channel. These
displacement fields are well suited for strain and shear strain
calculations with minimum filtering. Further, it has been
demonstrated that time waveforms of flow velocity and pres-
sure to follow the periodic motion of the roller pump in the
phantom experiments. Furthermore, the axial wall displace-
ments (indicative of pressure) and average lateral flow veloc-
ity in the channel have a clear phase relationship. This indi-
cates that the method used may be useful in obtaining the full
dynamic motion fields suitable for use in solid-fluid interface
modeling of vascular mechanics.

[0242] All patents, patent documents, and references cited
herein are incorporated in their entirety as if each were incor-
porated separately. This disclosure has been provided with
reference to illustrative embodiments and is not meant to be
construed in a limiting sense. As described previously, one
skilled in the art will recognize that other various illustrative
applications may use the techniques as described herein to
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take advantage of the beneficial characteristics of the appa-
ratus and methods described herein. Various modifications of
the illustrative embodiments, as well as additional embodi-
ments of the disclosure, will be apparent upon reference to
this description.

1. An imaging method comprising:

providing ultrasound pulse-echo data of a region in which

at least one portion of a blood vessel is located, wherein
the pulse-echo data comprises pulse-echo data at a frame
rate such that measured displacement of the vessel wall
defining the at least one portion of the blood vessel and
measured average blood flow through the at least one
portion of the blood vessel have a quasi-periodic profile
over time to allow motion tracking of both the vessel
wall and the blood flow simultaneously;

generating strain and shear strain image data for the region

in which the at least one portion of the vessel is located
using speckle tracking, wherein the speckle tracking
comprises using multi-dimensional correlation of pulse-
echo data of one or more speckle regions undergoing
deformation in the region in which the at least one por-
tion of a blood vessel is located, wherein the multi-
dimensional correlation comprises determining a cross-
correlation peak for the sampled pulse-echo data based
on phase and magnitude gradients of the cross-corre-
lated pulse-echo data; and

identifying at least one vascular characteristic of the region

in which at least one portion of a blood vessel is located
based on the strain and shear strain image data, wherein
the at least one vascular characteristic comprises at least
one of a flow characteristic associated with flow through
the blood vessel, a structural characteristic associated
with the blood vessel, and a hemodynamic characteristic
associated with the blood vessel.

2. The method of claim 1, wherein identifying at least one
vascular characteristic comprises at least one of identifying
one or more vessel wall boundaries, measuring tissue prop-
erty within the one or more vessel wall boundaries, and cal-
culating one or more hemodynamic measurements based on
both the motion tracking motion of the vessel wall and the
blood flow simultaneously.

3. The method of claim 2, wherein identifying one or more
vessel wall boundaries comprises identifying vessel wall
boundaries around the entire blood vessel.

4. The method of claim 2, wherein identifying at least one
vascular characteristic comprises identifying one or more
portions of a plaque architecture adjacent the one or more
vessel wall boundaries.

5. The method of claim 1, wherein the speckle tracking
further comprises modifying a characteristic of at least one of
the one or more speckle regions being tracked based on the
one or more vessel wall boundaries identified such that the at
least one speckle region is entirely within or outside of the
vessel wall.

6. The method of claim 1, wherein using multi-dimen-
sional correlation of sampled pulse-echo data of one or more
speckle regions comprises using two-dimensional correlation
of sampled pulse-echo data of one or more speckle regions.

7. The method of claim 1, wherein determining the cross-
correlation peak comprises:

coarsely searching the magnitude of the sampled pulse-

echo data in a lateral and axial direction to locate a
vicinity of the cross-correlation peak within the cross-
correlated sampled pulse-echo data;
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determining, within the vicinity of the cross-correlation
peak, at least two opposing gradient vectors in proximity
to the cross-correlation peak;

determining, within the vicinity of the cross-correlation

peak, a zero-phase line of the cross-correlated sampled
pulse-echo data; and

using the at least two opposing gradient vectors in proxim-

ity to the cross-correlation peak and the zero-phase line
to estimate the cross-correlation peak.

8. The method of claim 1, wherein the method further
comprises delivering therapy to a patient based on the iden-
tification of the at least one vascular characteristic of the
region in which at least one portion of a blood vessel is
located.

9. The method of claim 1, wherein the method further
comprises using ultrasonic energy to deliver therapy based on
the identification of the at least one vascular characteristic of
the region in which at least one portion of a blood vessel is
located.

10. The method of claim 9, wherein the method further
comprises providing at least one transducer configured to
transmit and receive ultrasonic energy, wherein using ultra-
sonic energy to deliver therapy based on the identification of
the at least one vascular characteristic of the region in which
at least one portion of a blood vessel is located comprises
using the at least one transducer to obtain the pulse-echo data
and to generate ultrasonic energy to deliver therapy.

11. The method of claim 1, wherein generating strain and
shear strain image data for the region in which the at least one
portion of the vessel is located using two-dimensional speckle
tracking comprises generating at least one of axial strain and
axial shear strain image data and/or lateral strain and lateral
shear strain image data.

12. The method of claim 1, wherein providing ultrasound
pulse-echo data of a region in which at least one portion of a
blood vessel is located comprises using coded excitation.

13. The method of claim 1, wherein the method further
comprises applying a dereverberation filter to the pulse-echo
data from one or more speckle regions in the blood to remove
echo components in the pulse-echo data due to reflection at
the vessel wall when performing speckle tracking of the
pulse-echo data from the one or more speckle regions in the
blood.

14. An imaging method comprising:

providing ultrasound pulse-echo data of a region in which

at least one portion of a blood vessel is located;

using speckle tracking of one or more speckle regions of

the region in which at least one portion of the blood
vessel is located to track motion of both the vessel wall
defining the at least one portion of the blood vessel and
the blood flow through the at least one portion of the
blood vessel, wherein providing the pulse-echo data
comprises providing the ultrasound pulse-echo data at a
frame rate such that displacement of the vessel wall
defining the at least one portion of the blood vessel and
blood flow through the at least one portion of the blood
vessel are measurable simultaneously within a same
periodic cycle corresponding to a cardiac pulse cycle;
and

identifying at least one vascular characteristic of the region

in which at least one portion of a blood vessel is located
based on the simultaneously measured displacement of
the vessel wall and average blood flow.
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15. The method of claim 14, wherein the method further
comprises generating strain and shear strain image data for
the region in which the at least one portion of the vessel is
located using the speckle tracking, wherein the speckle track-
ing comprises using multi-dimensional correlation of
sampled pulse-echo data of the one or more speckle regions
undergoing deformation in the region in which the at least one
portion of a blood vessel is located, wherein the multi-dimen-
sional correlation comprises determining a cross-correlation
peak for the sampled pulse-echo data based on phase and
magnitude gradients of the cross-correlated sampled pulse-
echo data.

16. The method of claim 14, wherein identifying at least
one vascular characteristic comprises at least one of identi-
fying one or more vessel wall boundaries, measuring tissue
property within the one or more vessel wall boundaries, and
calculating one or more hemodynamic measurements based
on both the motion tracking motion of the vessel wall and the
blood flow simultaneously.

17. The method of claim 14, wherein the method further
comprises delivering therapy to a patient based on the iden-
tification of the at least one vascular characteristic of the
region in which at least one portion of a blood vessel is
located.

18. An imaging method comprising:

providing ultrasound pulse-echo data of a region in which

at least one portion of a blood vessel is located;

using speckle tracking of one or more speckle regions of

the region in which the at least one portion of the blood
vessel is located to track motion of at least one of the
vessel wall defining the at least one portion of the blood
vessel and the blood flow through the at least one portion
of the blood vessel;

identifying one or more vessel wall boundaries based on

the speckle tracking of the one or more speckle regions;
and

modifying at least one characteristic of at least one of the

one or more speckle regions being tracked based on the
one or more vessel wall boundaries identified such that
the at least one speckle region is entirely within or out-
side of the vessel wall.

19. The method of claim 18, modifying at least one char-
acteristic of at least one of the one or more speckle regions
being tracked comprises modifying at least one of location,
size, or shape based on the one or more vessel wall boundaries
identified such that the at least one speckle region is entirely
within or outside of the vessel wall.

20. The method of claim 18, wherein identifying one or
more vessel wall boundaries comprises identifying vessel
wall boundaries around the entire blood vessel.

21. An imaging method comprising:

providing ultrasound pulse-echo data of a region in which

at least one portion of a blood vessel is located;
using speckle tracking of one or more speckle regions of
the region in which at least one portion of the blood
vessel is located to track motion of at least blood flow
through the at least one portion of the blood vessel; and

removing echo components in the pulse-echo data due to
reflection at the vessel wall when performing speckle
tracking of the pulse-echo data from the one or more
speckle regions in the blood.

22. The method of claim 21, wherein removing echo com-
ponents in the pulse-echo data due to reflection at the vessel
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wall comprises using a time-varying inverse filter to reduce
the components in the pulse-echo data due to reflection at the
vessel wall.

23. The method of claim 21, wherein using speckle track-
ing comprises using speckle tracking of one or more speckle
regions of the region in which the at least one portion of the
blood vessel is located to track motion of both the vessel wall
defining the at least one portion of the blood vessel and the
blood flow through the at least one portion of the blood vessel.

24. The method of claim 21, wherein the method further
comprises generating strain and shear strain image data for
the region in which the at least one portion of the vessel is
located using the speckle tracking, wherein the speckle track-
ing comprises using multi-dimensional correlation of
sampled pulse-echo data of the one or more speckle regions
undergoing deformation in the region in which the at least one
portion of a blood vessel is located, wherein the multi-dimen-
sional correlation comprises determining a cross-correlation
peak for the sampled pulse-echo data based on phase and
magnitude gradients of the cross-correlated sampled pulse-
echo data.

25. A system for vascular imaging, comprising:

one or more ultrasound transducers, wherein the one or
more transducers are configured to deliver ultrasound
energy to a vascular region resulting in pulse-echo data
therefrom; and

processing apparatus configured to:

control the capture of pulse-echo data at a frame rate such
that measured displacement of a vessel wall defining at
least one portion of a blood vessel in the vascular region
and measured average blood flow through the at least
one portion of the blood vessel have a quasi-periodic
profile over time to allow motion tracking of both the
vessel wall and the blood flow simultaneously;

generate strain and shear strain image data for the region in
which the at least one portion of the vessel is located
using speckle tracking, wherein the speckle tracking
comprises using multi-dimensional correlation of pulse-
echo data of one or more speckle regions undergoing
deformation in the region in which the at least one por-
tion of a blood vessel is located, wherein the multi-
dimensional correlation comprises determining a cross-
correlation peak for the sampled pulse-echo data based
on phase and magnitude gradients of the cross-corre-
lated pulse-echo data; and

identify at least one vascular characteristic of the vascular
region in which at least one portion of a blood vessel is
located based on the strain and shear strain image data,
wherein the at least one vascular characteristic com-
prises at least one of a flow characteristic associated with
flow through the blood vessel, a structural characteristic
associated with the blood vessel, and a hemodynamic
characteristic associated with the blood vessel.

26. The system of claim 25, wherein the processing appa-
ratus is operable to identify one or more vessel wall bound-
aries, measure tissue property within the one or more vessel
wall boundaries, and/or calculate one or more hemodynamic
measurements based on both the motion tracking motion of
the vessel wall and the blood flow simultaneously.

27. The system of claim 26, wherein the processing appa-
ratus is operable to identify vessel wall boundaries around the
entire blood vessel.
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28. The system of claim 26, wherein the processing appa-
ratus is operable to identify one or more portions of a plaque
architecture adjacent the one or more vessel wall boundaries.

29. The system of claim 28, wherein the processing appa-
ratus is operable, when using the speckle tracking, to modify
a characteristic of at least one of the one or more speckle
regions being tracked based on the one or more vessel wall
boundaries identified such that the at least one speckle region
is entirely within or outside of the vessel wall.

30. The system of claim 25, wherein the processing appa-
ratus is operable to use two-dimensional correlation of
sampled pulse-echo data of one or more speckle regions.

31. The system of claim 25, wherein the processing appa-
ratus is operable to control the determination of the cross-
correlation peak by at least:

coarsely searching the magnitude of the sampled pulse-

echo data in a lateral and axial direction to locate a
vicinity of the cross-correlation peak within the cross-
correlated sampled pulse-echo data;

determining, within the vicinity of the cross-correlation

peak, at least two opposing gradient vectors in proximity
to the cross-correlation peak;

determining, within the vicinity of the cross-correlation

peak, a zero-phase line of the cross-correlated sampled
pulse-echo data; and

using the at least two opposing gradient vectors in proxim-

ity to the cross-correlation peak and the zero-phase line
to estimate the cross-correlation peak.

32. The system of claim 25, wherein system further
includes a therapy system to deliver therapy to a patient based
on the identification of the at least one vascular characteristic
of the region in which at least one portion of a blood vessel is
located.

33. The system of claim 32, wherein the therapy system
comprises a system operable to use ultrasonic energy to
deliver therapy based on the identification of the at least one
vascular characteristic of the region in which at least one
portion of a blood vessel is located.

34. The system of claim 33, wherein the therapy apparatus
comprises at least one transducer configured to transmit and
receive ultrasonic energy, wherein the at least one transducer
is operable to provide ultrasonic energy to deliver therapy
based on the identification of the at least one vascular char-
acteristic of the region in which at least one portion of a blood
vessel is located and the at least one transducer is operable for
use in obtaining the pulse-echo data to generate image data.

35. The system of claim 25, wherein the processing appa-
ratus is operable to generate strain and shear strain image data
for the region in which the at least one portion of the vessel is
located using two-dimensional speckle tracking, wherein
using two-dimensional speckle tracking comprises generat-
ing at least one of axial strain and axial shear strain image data
and/or lateral strain and lateral shear strain image data.

36. The system of claim 25, wherein the processing appa-
ratus is operable to control providing ultrasound pulse-echo
data of a region in which at least one portion of a blood vessel
is located using coded excitation.

37. The system of claim 25, wherein the processing appa-
ratus is operable to apply a dereverberation filter to the pulse-
echo data from one or more speckle regions in the blood to
remove echo components in the pulse-echo data due to reflec-
tion at the vessel wall when performing speckle tracking of
the pulse-echo data from the one or more speckle regions in
the blood.
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38. A system for vascular imaging, comprising:

one or more ultrasound transducers, wherein the one or
more transducers are configured to deliver ultrasound
energy to a vascular region resulting in pulse-echo data
therefrom; and

processing apparatus configured to:

control the capture of pulse-echo data of the vascular

region in which at least one portion of a blood vessel is
located;

use speckle tracking of one or more speckle regions of the

vascular region in which at least one portion of the blood
vessel is located to track motion of both the vessel wall
defining the at least one portion of the blood vessel and
the blood flow through the at least one portion of the
blood vessel, wherein the pulse-echo data is captured at
a frame rate such that displacement of the vessel wall
defining the at least one portion of the blood vessel and
blood flow through the at least one portion of the blood
vessel are measurable simultaneously within a same
periodic cycle corresponding to a cardiac pulse cycle;
and

identify at least one vascular characteristic of the vascular

region in which the at least one portion of the blood
vessel is located based on the simultaneously measured
displacement of the vessel wall and average blood flow.

39. The system of claim 38, wherein the processing appa-
ratus is further operable to generate strain and shear strain
image data for the region in which the at least one portion of
the vessel is located using the speckle tracking, wherein the
speckle tracking comprises using multi-dimensional correla-
tion of sampled pulse-echo data of the one or more speckle
regions undergoing deformation in the region in which the at
least one portion of a blood vessel is located, wherein the
multi-dimensional correlation comprises determining a
cross-correlation peak for the sampled pulse-echo data based
on phase and magnitude gradients of the cross-correlated
sampled pulse-echo data.

40. The system of claim 38, wherein the processing appa-
ratus is operable to identify one or more vessel wall bound-
aries, measure tissue property within the one or more vessel
wall boundaries, and/or calculate one or more hemodynamic
measurements based on both the motion tracking motion of
the vessel wall and the blood flow simultaneously.

41. The system of claim 38, wherein system further
includes a therapy system to deliver therapy to a patient based
on the identification of the at least one vascular characteristic
of the region in which at least one portion of a blood vessel is
located.

42. A system for vascular imaging, comprising:

one or more ultrasound transducers, wherein the one or

more transducers are configured to deliver ultrasound
energy to a vascular region resulting in pulse-echo data
therefrom; and

processing apparatus configured to:

control capture of ultrasound pulse-echo data of the vas-

cular region in which at least one portion of a blood
vessel is located,

use speckle tracking of one or more speckle regions of the

vascular region in which the at least one portion of the
blood vessel is located to track motion of at least one of
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the vessel wall defining the at least one portion of the
blood vessel and the blood flow through the at least one
portion of the blood vessel;
identify one or more vessel wall boundaries based on the
speckle tracking of the one or more speckle regions; and

modify a characteristic of at least one of the one or more
speckle regions being tracked based on the one or more
vessel wall boundaries identified such that the at least
one speckle region is entirely within or outside of the
vessel wall.

43. The system of claim 42, wherein the processing appa-
ratus is operable to modify at least one of location, size, or
shape based on the one or more vessel wall boundaries iden-
tified such that the at least one speckle region is entirely
within or outside of the vessel wall.

44. The system of claim 42, wherein the processing appa-
ratus is operable to identify one or more vessel wall bound-
aries around the entire blood vessel.

45. A system for vascular imaging, comprising:

one or more ultrasound transducers, wherein the one or

more transducers are configured to deliver ultrasound
energy to a vascular region resulting in pulse-echo data
therefrom; and

processing apparatus configured to:

control capture of ultrasound pulse-echo data of the vas-

cular region in which at least one portion of a blood
vessel is located;

use speckle tracking of one or more speckle regions of the

region in which at least one portion of the blood vessel is
located to track motion of at least blood flow through the
at least one portion of the blood vessel; and

remove echo components in the pulse-echo data due to

reflection at the vessel wall when performing speckle
tracking of the pulse-echo data from the one or more
speckle regions in the blood.

46. The system of claim 45, wherein the processing appa-
ratus is operable to remove echo components in the pulse-
echo data due to reflection at the vessel wall comprises using
a time-varying inverse filter to reduce the components in the
pulse-echo data due to reflection at the vessel wall.

47. The system of claim 45, wherein the processing appa-
ratus is operable to use speckle tracking of one or more
speckle regions of the region in which the at least one portion
of'the blood vessel is located to track motion of both the vessel
wall defining the at least one portion of the blood vessel and
the blood flow through the at least one portion of the blood
vessel.

48. The system of claim 45, wherein the processing appa-
ratus is operable to generate strain and shear strain image data
for the region in which the at least one portion of the vessel is
located using the speckle tracking, wherein the speckle track-
ing comprises using multi-dimensional correlation of
sampled pulse-echo data of the one or more speckle regions
undergoing deformation in the region in which the at least one
portion of a blood vessel is located, wherein the multi-dimen-
sional correlation comprises determining a cross-correlation
peak for the sampled pulse-echo data based on phase and
magnitude gradients of the cross-correlated sampled pulse-
echo data.
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