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(57) ABSTRACT

Systems and methods for processing data acquired using
ultrasound elastography, in which shear waves are generated
in a subject using continuous vibration of an ultrasound
transducer, are provided. The systems and methods
described here can effectively remove motion artifacts asso-
ciated with vibration of the ultrasound transducer, and can
also remove the data sampling misalignment caused when a
line-by-line imaging mode is used to acquire data, as is done
by many conventional ultrasound scanners. Thus, the sys-
tems and methods described here provide techniques for
transducer motion correction and for aligning motion signals
detected by line-by-line scanning ultrasound systems.
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SYSTEMS AND METHODS FOR
ULTRASOUND ELASTOGRAPHY WITH
CONTINUOUS TRANSDUCER VIBRATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/238.891, filed on Oct.
8, 2015, and eatitled “SYSTEMS AND METHODS FOR
ULTRASOUND ELASTOGRAPHY WITH CONTINU-
OUS TRANSDUCER VIBRATION.”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under DK106957 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] The field of the invention is systems and methods
for ultrasound elastography. More particularly, the invention
relates to systems and methods for processing data acquired
using ultrasound elastography.

[0004] Ultrasound shear wave elastography (“SWE”) has
emerged as a new ultrasound imaging technique that can
noninvasively and quantitatively assess tissue mechanical
properties, which are strong biomarkers for the state of
tissue health. Typically, in SWE shear waves are induced in
tissues and the propagation of the shear waves is detected
with pulse-echo ultrasound. The detection of the shear
waves is then used to calculate parameters related to tissue
mechanical properties, including shear wave propagation
speed, dispersion (i.e., frequency dependency), shear wave
attenuation, shear modulus, shear viscosity, Young’s modu-
lus, storage modulus, loss modulus, loss tangent, and
mechanical relaxation time.

[0005] Conventional ultrasound SWE uses an acoustic
radiation force (“ARF”) to generate shear waves in the
tissue. ARF requires transmission of long-duration push
pulses from the ultrasound transducer, which demands a
long period of cooling time before the next transmission to
avoid potential probe and tissue heating. This fundamentally
limits the frame rate of ultrasound SWE (e.g., to about 1 Hz).
ARF also has high power supply requirements to the ultra-
sound system, which makes it challenging to be imple-
mented in mid and low-end ultrasound scanners.

[0006] To address these limitations, an ultrasound elastog-
raphy technique with continuous vibration of the ultrasound
transducer the techniques described in co-pending U.S.
Provisional Application Ser. No. 62/072,167). This tech-
nique generates shear waves through continuous vibration of
the transducer, and detects the generated shear wave signal
with the same transducer. Because this technique does not
use ARF for shear wave generation, it allows for continuous
high frame-rate shear wave imaging and convenient imple-
mentation with mid and low-end ultrasound systems.
[0007] The continuous vibration of the transducer, how-
ever, also introduces challenges for shear wave signal pro-
cessing. One major challenge is correcting the acquired data
for motion of the transducer, and another major challenge is
motion signal alignment when imaging with a line-by-line
scanning ultrasound system.
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SUMMARY OF THE INVENTION

[0008] The present invention overcomes the aforemen-
tioned drawbacks by providing a method for measuring a
mechanical property of an object using an ultrasound system
having a transducer. A continuous vibration is provided to
the ultrasound transducer, whereby vibration of the ultra-
sound transducer induces at least one shear wave in the
object. Motion data are then acquired from the object using
the ultrasound transducer. The motion data are indicative of
the at least one shear wave propagating within the object. A
compression profile that is indicative of a deformation of the
object caused by the continuous vibration of the ultrasound
transducer is then estimated and used to produce corrected
data by demodulating, separating, or otherwise removing the
compression profile from the acquired motion data. The
corrected data are then processed to calculate a mechanical
property of the object.

[0009] Tt is another aspect of the invention to provide a
method for measuring a mechanical property of an object
using an ultrasound system having a transducer. A continu-
ous and periodic vibration is provided to the ultrasound
transducer, whereby vibration of the ultrasound transducer
induces at least one shear wave in the object. Motion data are
then acquired from the object using the ultrasound trans-
ducer. The motion data are indicative of the at least one shear
wave propagating within the object, and are acquired at time
points selected to mitigate motion errors attributable to
deformations in the object caused by the continuous and
periodic vibration. The motion data are then processed to
calculate a mechanical property of the object.

[0010] It is another aspect of the invention to provide a
method for measuring a mechanical property of an object
using an ultrasound system having a transducer. Shear
waves are induced in an object and motion data are acquired
from the object using an ultrasound transducer in a pulse-
echo mode. The motion data are indicative of the shear
waves propagating within the object. The motion data are
then corrected for errors caused by time delays between data
acquisitions at different locations in the object, and the
corrected data are processed to calculate a mechanical
property of the object.

[0011] The foregoing and other aspects and advantages of
the invention will appear from the following description. In
the description, reference is made to the accompanying
drawings that form a part hereof and in which there is shown
by way of illustration a preferred embodiment of the inven-
tion. Such embodiment does not necessarily represent the
full scope of the invention, however, and reference is made
therefore to the claims and herein for interpreting the scope
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1is a block diagram of an example ultrasound
system that implements a continuous vibration of the ultra-
sound transducer to induce shear waves in an object.
[0013] FIGS. 2A-2C illustrate examples of inducing shear
waves and additional deformations in an object using con-
tinuous vibration of an ultrasound transducer.

[0014] FIG. 3 is a flowchart setting forth the steps of an
example method for acquiring motion data in response to a
continuously vibrating ultrasound transducer and correcting
the acquired data for effects of the transducer vibration.
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[0015] FIGS. 4A-4B illustrate examples of estimating a
compression profile from k-space data generated from
acquired motion data.

[0016] FIG. 5 illustrated an example of implementing
pulse-echo motion detection near peaks (circles) and valleys
(squares) of a sine signal representative of a continuous
transducer vibration.

[0017] FIG. 6 illustrates a schematic plot of motion signal
alignment methods. The time alignment of motion detection
is illustrated within zone 1. The proposed zone- to-zone
alignment method is depicted for zone 2. The solid squares
indicate the actual pulse echo events. The hollow circles
indicate data points interpolated in time. The gray squares
with dashed outlines indicate time-shifted motion signal data
points based on the zone-to-zone alignment.

[0018] FIG. 7 illustrates an example of shear wave signal
alignment using a phase-shift technique.

[0019] FIG. 8 illustrates a schematic plot of an aliasing
correction method for low PRF, single imaging zone tissue
motion detection. The upper panel shows the relationship
between the actual sampling point and the sine wave signal.
The lower panel shows the time-shifted sampling points that
recover a non-aliasing sine signal.

[0020] FIG. 9 depicts a k-space representation of propa-
gating shear waves and a non-propagating compression
profile.

DETAILED DESCRIPTION OF THE
INVENTION

[0021] Described here are systems and methods for pro-
cessing data acquired using ultrasound elastography, in
which shear waves are generated in a subject using continu-
ous vibration of the ultrasound transducer. The systems and
methods described here can effectively remove motion arti-
facts associated with vibration of the ultrasound transducer,
and can also remove the data sampling misalignment caused
when a line- by-line imaging mode is used to acquire data,
as is done by many conventional ultrasound scanners.
[0022] Thus, the systems and methods described here
provide techniques for transducer motion correction and for
aligning motion signals detected by line-by-line scanning
ultrasound systems.

[0023] Referring first to FIG. 1, an example system 10 for
inducing shear waves in an object 20 is illustrated. In this
system, the transducer 12 is mechanically vibrated by an
actuator 14, which causes the transducer 12 to oscillate in
the axial direction (e.g., the z-direction in FIG. 1). As one
example, the actuator 14 can be a mechanical actuator, such
as a voice coil actuator. As the transducer 12 moves in the
axial direction, shear waves 16 are induced within the object
18. Shear waves 16 can also be produced from mode
conversion of compressional waves. The produced shear
waves 16 are then detected by the same ultrasound trans-
ducer 12 operating in a pulse-echo mode to provide quan-
titative measurements of mechanical properties of the
object.

[0024] The actuator 14 is coupled to the ultrasound trans-
ducer 12. As one example, the actuator 14 can be attached
directly to the outer surface of the transducer 12. For
illustration purposes, the actuator 14 is attached to one side
of transducer 12 in FIG. 1. In some applications, however,
it may be preferred to align the actuator co-axially with the
transducer 12 so that the transducer motion is primarily axial
with minimal transverse and azimuthal motions. This setup
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eliminates the need for a separate vibration source, and
therefore allows for a convenient single-handed operation.
The vibration is preferably continuous to allow continuous
updating of measurements.

[0025] The ultrasound transducer 12 can be vibrated axi-
ally along the beam axis of ultrasound, or in other directions
depending on the desired imaging application. The ultra-
sound system used for shear wave detection can be operated
to detect a single A-line, multiple A-lines through parallel
beam forming, or an entire 2D area or 3D volume with plane
wave imaging and software beam forming, such as is done
in a Verasonics® ultrasound scanner.

[0026] The continuous vibration applied to the ultrasound
transducer 12 by the actuator 14 can contain multiple
frequencies, and the detected shear waves can thus be
processed to resolve frequency dependent properties of the
object. For example, the processing may use a bandpass
filter along the time dimension to select only one frequency
at a time, and the subsequent processing would be identical
to that as if data were collected with a single vibration
frequency. Multi-frequency vibrations can speed up acqui-
sition for dispersion analysis. With continuous vibration and
continuous shear wave detection and processing, elastogra-
phy measurements can be updated continuously in a sub-
stantially real-time manner.

[0027] When the transducer 12 is vibrating in the axial
direction, such as when the vibration is normal to the active
surface 20 of the transducer 12, the motion of the transducer
12 will contaminate the shear wave signals detected in the
object 18. This signal contamination is present because
ultrasound motion detection uses the transducer 12 as a
non-moving reference coordinate, but this assumption is
violated when the transducer 12 is oscillating due to external
vibration. Therefore, motion of the transducer 12 that is
caused by the actuator 14 needs to he corrected for in order
to properly measure mechanical properties from the detected
shear waves.

Transducer Motion Correction

[0028] 1In one aspect of the disclosure, systems and meth-
ods for correcting transducer motion during continuous
transducer vibration are provided. In ultrasound, measure-
ments of tissue motion are made by comparing the time
shift, T, of ultrasound echo signals between two pulse-echo
events. Because the ultrasound propagation speed, ¢, in soft
tissues is a constant (commonly assumed to he c=1540 m/s),
this time shift can he converted to tissue displacement as,

i

_ . 6]
d=5

[0029] where the factor of two accounts for round trip
distance in pulse-echo ultrasound detection. The mean tissue
particle velocity, v, can also be calculated by,

[0030] where & is the time interval between the two
pulse-echo events. Sometimes, compounding from multiple
pulse-echo events is used to form a single set of echoes to
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improve signal-to-noise ratio (“SNR”). In such situations,
compounded pulse- echo events may each he composed of
multiple transmit-receive processes. As used herein, the term
“motion” can include displacement, velocity, acceleration,
and so on.

[0031] As illustrated below in FIGS. 2A-2C, and as
described above, motion detection in ultrasound uses the
ultrasound transducer as the reference coordinate. When
vibrating the transducer itself in continuous transducer
vibration, however, the transducer is in motion to produce
shear waves. This has several effects. First, the reference
coordinate of motion detection is moving, which adds a
constant motion offset to all imaged pixels or voxels at a
given time instant. Second, the transducer physically pushes
on the tissue and causes a compressional deformation in the
tissue. Tissue motion due to this effect changes with the
location of each imaged pixel or voxel, even at the same time
instance. Third, the vibrating transducer produces shear
waves in tissue, which is the signal that is used to estimate
tissue mechanical properties. Therefore, it is important to
remove motions due to the first two effects in order to
recover motions due to shear waves for accurate calculation
of tissue mechanical properties.

[0032] FIG. 2A shows illustrates a uniform compression,
dz, applied by an ultrasound transducer 12 at the top surface
of a tissue object 18. The displacement resulting from the
deformation of the tissue is dependent on both position and
material properties of tissue. As an example, the black line
50 in FIG. 2B shows the change in displacement along the
depth (e.g., z-direction) after compression by the continu-
ously vibrating transducer at a time point, t;. The displace-
ment is measured at a stationary reference point set at the top
of the uncompressed object. Tissue compression measured
by the transducer is shown as the solid grey line 52 in FIG.
2B, because the transducer surface is used as a reference
coordinate here. The total tissue motion measured by the
transducer, including deformation due to compression and
shear waves caused by the transducer vibration, is illustrated
as the dashed line 54 in FIG. 2B.

[0033] The deformation and shear wave motion at a sec-
ond time point, t,, are shown at FIG. 2C. In this example
illustrated in FIG. 2C, the deformation 52 due to transducer
compression is smaller (i.e., there is a smaller dz) and the
shear wave has propagated through the medium, noted by
the phase shift along the z-direction for the total motion
signal 54.

[0034] Referring now to FIG. 3, flowchart is illustrated as
setting forth the steps of an example method for correcting
transducer motion during continuous transducer vibration.
The method generally includes acquiring data from an object
using a transducer that is vibrating to generate shear waves
in the object awhile the data are being acquired from the
object, as indicated at step 302. The acquired data indicate
the total, observed motion in the object. After the data are
acquired, a compression, or deformation, profile represen-
tative of the transducer vibration during data acquisition is
estimated, as indicated at step 304. The compression profile
can be estimated according to a number of different proce-
dures, which are described below in more detail. Using the
estimated compression profile, the effects of transducer
motion are demodulated, separated, or otherwise removed
from the acquired data, as indicated at step 306. As one
example, the transducer motion can be removed from the
data by subtracting the compression profile from the
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acquired data. From the corrected data, mechanical propet-
ties of the object can be estimated, as indicated at step 308.

Estimating the Compression Profile Using Curve
Fitting

[0035] As one example method for estimating the com-
pression profile, a curve fitting procedure can be imple-
mented. In this approach, the compression profile can be
estimated by fitting the total motion (depicted as the dashed
line in FIG. 2B) to a known function. As an example, the
known function can include one or more of the following: an
exponential, a polynomial, a power law, a spline, a Flamant
solution, and a Boussinesq solution. In some embodiments,
to account for local changes in material properties, multiple
functions can be used to estimate the compression profile in
multiple spatial windows at different depths. The spatial
window can be a one-dimensional, two-dimensional, or
three-dimensional window.
[0036] To improve the estimation of the compression
profile, the measured total motion can be denoised prior to
the curve-fitting procedure. As an example, denoising can be
implemented using filtering or regularization methods.
[0037] The methods described here can be extended to
higher-dimensional images using various approached, in one
example, the previously described fitting methods can be
extended to multi-dimensional counterparts allowing for
axial, lateral, and temporal estimation of the compression to
be conducted for one or more frames. The term “frame” can
refer to a two-dimensional (“2D”) ultrasound echo data set
obtained at a given time, and multiple frames can be
obtained at the same 2D plane over time. In another
example, the fit is performed along a single 1D profile
repeated at each lateral position, which allows for removing
the effects of the transducer motion from the entire imaged
frame. In other implementations, a single deformation pro-
file can be applied to each lateral position within the image
in order to further reduce the computational time. This
process can also he repeated on each frame of an acquisition
(i.e., applied to different time instances) to correct transducer
motion from the entire acquisition over time.
[0038] Inthe curve-fitting example described above, trans-
ducer motion is estimated along the compression direction
from a single lateral location and a single frame. Like any
acquisition technique, all measurements will contain some
error. As such, utilizing information from multiple spatial
locations and multiple frames will reduce random errors and
provide better estimates of the true compression profile. This
can be done in at least two ways.
[0039] In one method, multiple total observed motion
signals measured at several adjacent lateral positions are
combined using a mean, weighted mean, median, or similar
technique in order to obtain a less noisy total motion
measurement for curve fitting and subtraction.
[0040] In another method, the compression profile from
each frame is estimated, the estimated profiles are combined
into a single compression profile, and the combined profile
is subtracted from each frame to remove compression
effects. While each frame will be acquired at a different time
point, and will compress the tissue to different degrees, it can
be assumed, as a first-order approximation, that the com-
pression profiles will be amplitude scaled versions of one
another.
[0041] Thus, it is possible to normalize all of the indi-
vidual compression profiles of different frames at each
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lateral location such that the profiles will be combined (such
as using averaging) into a single compression profile for
each lateral location where random noise is suppressed. The
combined compression profile can be scaled by, and fit to,
individual frames and then subtracted to obtain the true
shear wave motion at that lateral position. The same process
can be repeated for all lateral positions to obtain shear wave
signals over a 21) area for further processing. Note that these
two techniques are not mutually exclusive and can be used
in conjunction with one another.

Estimating the Compression Profile Using
Reference Data

[0042] As another example method for estimating the
compression profile, a reference compression profile can be
obtained and implemented. In this approach, a quasi-static
compression is applied to the object and a reference com-
pression profile is estimated by pulse-echo detection using
the same ultrasound transducer. The quasi- static compres-
sion can he achieved with manual compression or by vibrat-
ing the transducer at a frequency much lower than that
typically used in shear wave imaging (e.g., 1 Hz).

[0043] It can be assumed that motions due to shear waves
are negligible in this situation; thus, the measured motion
profile should he due only to transducer compression. As a
first-order approximation, compression profiles at different
compression levels, dz, should be scaled versions of each
other. Thus, one reference compression profile obtained at a
single compression level should he sufficient. Alternatively,
multiple compression profiles can be obtained at different
compression levels, and can he scaled and combined to form
a single reference compression profile with a higher signal-
to-noise ratio (“SNR™) using similar processes as those
described above with respect to combining compression
profiles for curve fitting.

[0044] The reference compression profile can be scaled, fit
to the measured total tissue motion, and subtracted from the
total tissue motion to obtain the true shear wave motion. The
spatial and temporal averaging techniques described above
with respect to curve fitting can also be used in the reference
compression method to improve SNR.

Estimating the Compression Profile Using a
Computational Model

[0045] As another example method for estimating the
compression profile, a compression profile modeling can be
implemented. In this approach, the compression profile can
be obtained from finite element method (“FEM”) simulation
or analytical solutions. Once the modeled compression
profile is known, it can be scaled, fit, and subtracted from the
measured total tissue motion as described above. As a first
approximation, the object can be assumed to be homoge-
neous. For a homogenous medium, the compression profile
from a fiat surface transducer should not change with the
shear modulus of the medium. Therefore, a typical shear
modulus, such as 1 kPa, can be used for such modeling. For
objects containing heterogeneous materials or tissues, com-
pression profiles from homogeneous assumptions can be
used to obtain the first order solution of the 2D elasticity
image of the object. This image can then be used to run
another FEM simulation to obtain a more accurate compres-
sion profile for better reconstruction of the true 2D elasticity
image of the object.
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Estimating the Compression Profile Using Adaptive
Estimation

[0046] As another example method for estimating the
compression profile, an adaptive estimation method can be
implemented. In this approach, the compression profile can
be estimated by applying spatial mean, weighted mean,
median or similar techniques to the measured total motion in
a series of small spatial windows along the depth axis (i.e.,
the z-axis). The spatial window can be a one-dimensional,
two-dimensional, or three-dimensional window. It is con-
templated that shear waves will be cyclic over the depth
direction and will diminish when applying the averaging
process. Thus, after the averaging process it is contemplated
that the compression profile will remain. Similar to the curve
fitting method described above, these adaptive methods can
incorporate information from multiple spatial locations and
temporal instances to increase the accuracy and precision of
the estimated compression profile. This can be done by
applying either multidimensional convolution techniques
with specialized kernels, such as Gaussian or Laplacian
kernels, or other multidimensional filters, such as median or
bilateral filters.

Removing the Compression Profile in k-Space

[0047] Insome situations it is not necessary to estimate the
compression, but instead the compression can be directly
decoupled from the shear waves. If multiple frames are
acquired across the full motion path of the transducer, such
that motion is obtained in both the depth direction (e.g,,
z-direction) and lateral direction x- direction) at multiple
time points (e.g., frames), the propagating shear wave signal
can be separated from the compression. This can be done by
utilizing the differences in the k-space representation of
propagating waves and non--propagating motion.

[0048] As shown in FIG. 9, for a wave propagating in the
depth direction (e.g., the z-axis), the spectral representation
in the k-space k_-f plane (where k denotes the wavenumber
in the depth direction and f denotes the temporal frequency)
will contain two conjugate symmetric peaks 90, 92. The first
peak 90 is located at the point corresponding to the positive
wavenumber and temporal frequency of the signal, and the
second peak 92 is radially symmetric to the first and is
located at the point corresponding to the negative wavenum-
ber and negative temporal frequency. Thus, the k-space
representation of the propagating signal will occur in non-
adjacent quadrants of the k_-f plane, and is not conjugate
symmetric across the k -axis. Given that, as a first-order
approximation, the compression profile will be amplitude
scaled, but non- propagating, the spectral information 94
associated with the compression profile in k-space will be
conjugate symmetric across the k_-axis. A representation of
the k-space for a propagating wave and non-propagating
compression is shown in FIG. 9.

[0049] Because the compression profile is conjugate sym-
metric across the k -axis, while the propagating waves do
not share this same property, the shear waves can be
decoupled from the compression by utilizing this difference
in symmetry. One method to accomplish this is to represent
each point in k-space as k(f, k ), where f,, and k ,; repre-
sent one of the temporal frequencies and wavenumber pairs
defining a single point in k-space. The complex conjugate of
k(f,,, -k ) can be added to all points, k(f,,, k_y), defined in
k-space, and the shear wave motion can then be recovered
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by applying the inverse Fourier transform on the k-space
data. To restore the wave propagation the quadrants that did
not originally contain the shear wave signal can be attenu-
ated or set to zero before applying the inverse Fourier
transform. While this method was described here for waves
propagating in 1D space and 1D time, it will be appreciated
by those skilled in the art that this method can be readily
extended to 2D space, 3D space, and so on.

Estimating the Compression Profile from k-Space

[0050] As another example method for estimating the
compression profile, the compression profile can be esti-
mated from k-space. In this approach, a Fourier transform is
applied along the depth direction (e.g., the z-axis) of the
observed signal, u(z), at a given frame to obtain the fre-
quency domain representation U(k ). This frequency domain
representation can be referred to as k-space. For a given
pixel in k-space with coordinate k_, the distance to the origin
of k-space is representative of the spatial frequency of that
pixel.

[0051] It can be assumed that the compression profile is
slowly increasing and smooth. Thus, the deformation signal
in k-space will also retain smoothness. However, the k-space
components of the shear wave will be at distinct points in
k-space corresponding to the wavelength in image space.
This results in increased amplitudes at one or more values of
k, associated with the frequencies of those shear wave
components. When the k-space combined spectrum of the
compression and shear wave signals are evaluated together,
the spectrum will be smoothly varying with one or more
amplitude discontinuities due to the shear wave motion
signal. By removing the k-space components corresponding
to the shear wave signal through the use of mean, weighted
mean, median, or other filtering methods, an estimate of the
frequency components corresponding to the compression
profile can be obtained. The estimated compression profile
can be produced by performing an inverse Fourier transform
to convert the k- space signal back to image space. The
spatial averaging or frame averaging approaches described
above can be used to improve the SNR of the compression
profile estimation. Alternatively, this method can he
extended to higher dimensions when using 2D/3D spatial
region and/or including temporal dimension by using mul-
tiple frames.

[0052] This process is generally illustrated in FIG. 4A,
where a sinusoidal shear wave signal has been added to a
compression profile simulated using a FEN simulation of an
elastic material (black dots). Using the Fourier transform to
convert to k-space, the resulting spectrum has a single
frequency component corresponding to the shear wave at 50
m™ (FIG. 4B, solid line). Applying a sliding median filter
with 10 m™* sliding window (applied from 10-200 m™)
leads to the filtered spectra (F1G. 4B, dashed with dots). The
filtered spectrum has no peak corresponding to the shear
wave signal, and when transformed back to image space
provides an estimate of the compression profile due to
transducer motion (FIG. 4A, solid line).

Ultrasound Detection at Peaks or Valleys of Sine
Wave

[0053] In some embodiments, the compression profile is
not estimated, but rather the data acquisition is altered to
minimize the effects of the transducer motion. Particularly,
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for a transducer vibrating sinusoidally, pulse-echo detection
made at time instances near the peaks or valleys of the sine
signal may suppress tissue deformation due to the transducer
compression.

[0054] As shown in FIG. 5, when the two pulse echo
events of motion detection are made at times t, and t,
symmetric to the peak of the sine wave (i.e., the time from
t, to the peak of the sine wave is equal to the time from the
peak of the sine wave to t,), the transducer will be at the
same compression position, dz, at both times t, and t,. By
acquiring data at these times, tissue deformation is not
detected because the pulse-echo only detects relative motion
between times t, and t,. As a result, only propagating shear
waves are detected using this acquisition.

[0055] Similarly, detection at valleys of the sine wave (the
squares in FIG. 5) can also be implemented to suppress
tissue deformation due to transducer compression. The
method is valid for different time intervals between the pulse
echo events, as long as they are placed symmetric to the peak
or valley of the sine wave. However, because the detected
motion is an averaged motion between these two pulse echo
events, the time interval, At=t,~t,, should not be too large in
order to provide sufficient time resolution for shear wave
detection. Note that the sine signal is periodic; therefore,
detection events at one or more whole cycles apart from t,,
such as t; in FIG. §, are identical to the detection event at t,.
This allows more flexibility in pulse-echo timing.

[0056] In the cases where detections do not occur when
the transducer is at the same position, it is possible to obtain
an image with the effects of transducer motion minimized.
This can be done by utilizing other detections to recover or
estimate the motion when the detections were symmetric
about the peak or valley of the motion profile. This can be
performed using interpolation, parametric fitting, or phase
shifting methods.

Using a Motion Sensor to Measure Transducer
Motion

[0057] As another example method for estimating the
compression profile, the compression profile can be esti-
mated from data acquired with motion sensors that are
coupled to or integrated with the ultrasound transducer. In
this approach, motion sensors for measuring acceleration,
velocity, displacement, and so on can be coupled to or
integrated within the ultrasound transducer to measure its
vibration. This approach provides certain additional advan-
tages. As one example, the vibration response of the trans-
ducer may have a phase delay compared to the sine signal
that is used to drive the actuator that vibrates the transducer.
In these instances, a sensor measuring the motion of the
transducer can provide accurate synchronization for ultra-
sound detection at the peaks or valleys of the sine wave as
described above. As another example, the transducer motion
measured by motion sensors may be used to properly scale
the deformation profiles in the motion subtraction methods
described above. Thus, it is contemplated that using motion
sensors to measure the motion of the transducer can be used
alone or in combination with the methods described above.
[0058] As an alternative to using a motion sensor, the
motion of a stationary target detected by the moving trans-
ducer can also be used to estimate the position of the
transducer, and to improve the accuracy of synchronization
for ultrasound detection at the peaks or valleys of the sine
wave as described above. As an example, the stationary
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target can be a non-moving bone or a tissue target at a deep
position (where shear waves are fully attenuated) in the field
of view of the transducer.

Correction of Time Delay in Ultrasound Motion
Detection

[0059] In another aspect of the disclosure, systems and
methods for correcting time delays in ultrasound motion
detection are provided. After shear waves are generated in
tissues, the shear waves can be detected using pulse-echo
motion detection, as described above. To produce a 2D
image of mechanical properties of tissue, simultaneous
detection of tissue motion over a large 2D area with high
temporal resolution is desired. This can be achieved by
“plane wave” imagers, where echoes from every pixel
within the 2D detection area can he reconstructed from a
single transmission of a plane ultrasound wave.

[0060] However, most commercial ultrasound scanners do
not use plane wave imaging, but instead still use a sequential
line-by-line scanning approach, where multiple pulse-echo
events are required to cover a 2D detection area. Line-by-
line scanners thus have a significantly lower imaging frame
rate than plane wave imagers. In addition, with line-by-line
scanners, the time delay between each imaging line within
the 2D imaging area needs to be accounted for in order to
correctly calculate the mechanical properties of tissues from
detected shear waves. Several techniques for addressing this
challenge for detecting shear waves with line-by-line scan-
ners are described below.

[0061] As shown in FIG. 6, a transducer 12 implemented
in a line-by-line scanner can be operated to sequentially and
periodically fire detection beams in a first zone of the
transducer 12 (e.g., zone 1) following an order.

[0062] V,—»V,»V,— . .. V,—»V >V,—».. .V,
[0063] where V is the imaging vector each containing n
imaging A-lines that can be parallel beamformed during one
pulse-echo event; N is the total number of imaging vectors
within each imaging zone; and M is the number of pulse-
echo events acquired at each imaging vector position. The
solid black squares in FIG. 6 represent the time instances of
pulse-echo events, and the number next to each black square
indicates the time sequence of each pulse-echo event.
[0064] Assuming that the pulse repetition frequency for
the pulse-echo events is PRF,, then the upper limit of PRF,
is controlled by the imaging depth. The effective pulse
repetition frequency at each vector is,

prr, = PR, &)
N
[0065] It is often desirable to maintain a high PRF_, such

as 1 kHz; therefore, N should be small enough to sustain a
high PRF,. Reducing the number of imaging vectors, how-
ever, will reduce the size of each zone; thus, with smaller
values of N, multiple zones may be required to cover a large
2D detection area.

[0066] As shown in FIG. 6, the sequential tracking pro-
ceeds to another zone (e.g., zone 2) of the transducer 12 after
all of the M samples have been collected for each vector in
the preceding zone (e.g., zone 1). The same tracking
sequence is repeated until all of the M samples have been
collected for each vector in zone 2. Detection events for
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zone 2 are also represented by the black solid squares under
zone 2. This process can be repeated until data in all zones
are collected.

[0067] There are two problems with motion signals
detected using the sequential tracking method as shown in
FIG. 6. First, the detection events are not aligned in time
within each zone. Second, there is a time delay,

N-M )

Ar= ;
PRF,

[0068] between temporally adjacent zones (e.g., zone 1
and zone 2). As explained above, proper calculation of tissue
mechanical properties requires that motion signals over the
entire 2D imaging area should have the same time grid (i.e.,
should be time aligned).

[0069] Methods for aligning shear wave signals within
each zone, such as the time interpolation described in
co-pending U.S. Provisional Patent Application Ser. No.
62/072,167, can be used to correct for non-aligned motion
signals. In time interpolation, echoes from each vector over
different pulse-echo events are first used to calculate tissue
motion, which includes motion due to shear waves and
deformation from transducer compression. Therefore, in
time interpolation techniques, tissue motion is measured at
the black solid squares. Interpolation in time at each vector
position (indicated as white circles in zone 1 of FIG. 6) can
align tissue motion signal within each zone.

Motion Signed Alignment: Phase Shift Signed to a
Common Time Grid

[0070] As one example, motion signals can be aligned to
a common time grid by applying appropriate phase shifts to
the misaligned motion signals. Because tissue motion is a
sine wave of known frequency, it allows additional methods
to align the motion signal. Assume tissue motion, detected
by vector V| in zone 1 as,

M\(ty=Dy & (5%

[0071] where D, is the motion amplitude at vector V, and
o is the frequency of continuous vibration from the ultra-
sound transducer. The tissue motion detected by vector V,,
in zone 2 will be,

jw\:r+ }C/R—AF/IO) (6)

i

My41(D) = Dyyy-€

[0072] where D, is the motion amplitude at vector V,, ,,
and (N-M)/PRF, is the time delay between vector V, and
V- Aphase shift of exp(joo((N-M)/PRF,)) can he applied
to the signal in Eqn. (6) so that the time is aligned with that

in Eqn. (5),

N NM
Dyt -ejw(HPm'B) . eijw(PRTE) = Dyp - e @

[0073] This phase shift method can he used to align
vectors within each zone, and to align vectors across zones.

[0074] An example of the zone-to-zone time alignment
method described above is shown in FIG. 7. In this example,
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a 50 Hz continuous vibration was used to produce continu-
ous shear waves inside a tissue-mimicking homogeneous
phantom. The PRF, for shear wave detection was 500 Hz,
the parallel beamforming capability was 4, total number of
imaging vectors was 64, the number of imaging zones was
2, and the number of temporal samples for each vector was
24. Before alignment, the zone-to-zone discontinuity of the
shear wave signal along the lateral dimension can be seen.
After within-zone alignment by time interpolation, the
sequential tracking delay within each imaging zone was
corrected, as can be seen by careful observations of the slope
of the shear wave signal. However, the zone-to-zone dis-
continuity still exists, as predicted in Eqn. (6). After zone-
to-zone time alignment, it can be seen that the zone-to-zone
discontinuity was successfully removed (i.e., a continuous
vibration can be clearly appreciated across different imaging
7ones).

Motion Signal Alignment: Parametric Fitting

[0075] As another example of aligning motion signals, the
detected tissue motion at a given pixel over multiple time
points (frames) can be fit to a sine time function to estimate
the amplitude and phase of the sine wave signal as a function
of time. Once the amplitude and phase of the sine time-
function is known, motion signals at any time point can be
calculated. The amplitude and phase parameters of the sine
signal at each pixel can thus be estimated, and the motion
signal at all pixels at a commonly aligned time grid can then
be calculated. This method can be used to time-align pixels
detected with different vectors within each zone or across
zones.

Motion Signal Alignment: Synchronization Using
27 Shift of the Sine Motion Signal

[0076] As yet another example, motion signals can be
aligned based on the cyclic nature of tissue motions pro-
duced by continuous sinusoidal vibration of the transducer,
in these instances, the motion signal at each spatial location
is temporally repeated with a period of T. The period, T, is
determined by the angular frequency, w, of the continuous
vibration,

. ®
w
[0077] therefore, the sine motion signal repeats itself over

a phase difference of 2, or a time period of T. The motion
signals from two imaging zones can thus be time-aligned by
careful design of the time delay, At, in FIG. 6, such that,

2% @
Ar=k-T=k-—fork=123 ...

[0078] Thus, by selecting the time delay according to Equ.
(9), the motion signals from different imaging zones are
“automatically” aligned without the need of further time
alignment.

[0079] Based on Eqns. (4) and (9), the vibration frequency,
w; the detection PRF,; the number of temporal samples, M;
and the number of imaging vectors within each zone, N, can
all he fine-tuned to fulfill the condition described in Eqn. (9).
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[0080] Alternatively, a “wait time,” &, can be added
between the detection zones such that,

AI:N'M +&. (10
PRF,
[0081] As a result, the wait time, e, can he conveniently

adjusted to meet the requirement of Eqn. (9), or, the detec-
tion events for each zone can by initiated by an external
trigger signal that is synchronized to a fixed phase over
different cycles of the sine vibration signal. Note that
within-zone alignment is still necessary to remove the
time-delay induced by within-zone sequential tracking.

Motion Signal Alignment Within Zone Processing

[0082] As can be seen in FIG. 7, after within-zone align-
ment, tissue motion signals within each imaging zone are
aligned and ready to be used for calculation of mechanical
properties. In some instances, however, instead of aligning
motion signals across different imaging zones, tissue
mechanical properties can be calculated within each indi-
vidual zone, and then the estimates from different zones can
be combined into a final map. In this way, discontinuities of
the motion signal across zones would not matter. If there are
small discontinuities in the final mechanical property map
between zones, a spatial filter (e.g., a median filter) can be
used to smooth the final mechanical property map. This
approach is suitable for continuous transducer vibration
shear waves because the primary shear wave propagation
direction is top-to-bottom, away from the transducer. This
propagation direction is primarily within zone with little
across-zone, propagation, and thus makes calculation of
tissue mechanical properties within each zone feasible.

Motion Signal Alignment Single Imaging Zone
Detection

[0083] Another solution to the motion signal alignment
problem is to avoid using multiple imaging zones (i.e., to use
only a single imaging zone). Using a single imaging zone
generally requires a large number of imaging vectors (i.e., a
large value of N) to cover a sufficiently large imaging area.
The challenge of this approach, however, is that the PRF,
will be too low if N is very large. Low PRF_ can be
problematic in terms of causing aliasing, especially for
transient and broadband shear waves produced by acoustic
radiation force.

[0084] However, for continuous tissue motion produced
by transducer vibration, the aliasing can be corrected for by
taking advantage of the cyclic nature of the sine wave used
to drive the continuous vibration of the transducer. As
illustrated in FIG. 8, the detection PRF, and the vibration
frequency, w, can be carefully selected such that by shifting
the pulse-echo events (represented as circles in FIG. 8) by
integer multiple numbers of sine cycles, the non-aliased
motion signal can be reconstructed.

[0085] In the example shown in FIG. 8, PRF,=0.80/2xn
which causes aliasing. By shifting data samples 2, 3, 4, and
5 by one cycle, two cycles, three cycles, and four cycles,
respectively, the original sine signal can be reconstructed
without aliasing. This can be done for each imaging vector
within the single imaging zone to obtain non-aliased shear
wave signals. After this step, additional time alignments
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across different vectors, as described above, can then be used
to account for delays among vectors.

[0086] After correcting for effects of transducer motion
(e.g., using the methods described above) and time delay in
ultrasound pulse-echo motion detection, 2D shear wave
signals at a common time grid can be used to calculate
mechanical properties of tissue using standard elastography
processing methods, such as Local Frequency Estimation
(“LFE”), time-of-flight, direct inversion, and other methods.
[0087] It is assumed that the ultrasound transducer is
vibrating at a single frequency in the examples given above.
The methods described here can also he readily extended to
situations where the continuous transducer vibration con-
tains multiple sinusoidal frequencies, or a chirp signal. As
such, mechanical properties can be measured over multiple
frequencies.

[0088] The techniques above have been described for 2D
elastography imaging using a 1D-linear ultrasound array
transducer. These techniques are also applicable to single
element, 1D curved array, 1.5D array, 1.75D array, and 2D
array transducers. For single element transducers, the meth-
ods can he scaled down to 1D elastography. For 2D arrays,
the methods can be extended to 3D elastography imaging.
The correction of transducer motion and delay in ultrasound
motion detection can also be combined together. The meth-
ods described here can also be used for measuring mechani-
cal properties of tissues and non-tissue materials such as
polymers.

[0089] The present invention has been described in terms
of one or more preferred embodiments, and it should be
appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated, are
possible and within the scope of the invention.

1. A method for measuring a mechanical property of an
object using an ultrasound system having a transducer, the
steps of the method comprising:

(a) providing a continuous vibration to the ultrasound
transducer, whereby vibration of the ultrasound trans-
ducer induces at least one shear wave in the object;

(b) acquiring motion data from the object using the
ultrasound transducer, wherein the motion data are
indicative of the at least one shear wave propagating
within the object;

(¢) estimating a compression profile indicative of a defor-
mation of the object caused by the continuous vibration
of the ultrasound transducer;

(d) producing corrected data by separating the compres-
sion profile from the acquired motion data; and

(e) processing the corrected data to calculate a mechanical
property of the object.

2. The method as recited in claim 1, wherein the com-
pression profile is estimated by fitting the acquired motion
data to a function that approximates the deformation of the
object caused by the continuous vibration of the ultrasound
transducer.

3. The method as recited in claim 2, wherein the function
is based on at least one of an exponential, a polynomial, a
power law, a spline, a Flamant solution, or a Boussinesq
solution.

4. The method as recited in claim 1, wherein the com-
pression profile is estimated by providing reference data
indicative of the deformation of the object caused by the
continuous vibration of the ultrasound transducer.
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5. The method as recited in claim 4, wherein the reference
data represents a quasi-static compression of the object.

6. The method as recited in claim 1, wherein the com-
pression profile is estimated by a numerical simulation of
deformations of a simulated object caused by continuous
vibrations.

7. The method as recited in claim 1, wherein the com-
pression profile is estimated by adaptively estimating the
compression profile from the acquired motion data.

8. The method as recited in claim 1, wherein the com-
pression profile is estimated by Fourier transforming the
motion data to k-space, identifying spectral information
associated with the compression profile in k-space, and
Fourier transforming the identified spectral information to
produce the estimate of the compression profile.

9. The method as recited in claim 1, wherein step (c)
includes Fourier transforming the acquired motion data to
produce k-space data having spectral information indicative
of the compression profile, and wherein step (d) includes
identifying spectral information in the k-space data not
indicative of the compression profile and Fourier transform-
ing the identified spectral information to produce the cor-
rected data.

10. The method as recited in claim 1, wherein the com-
pression profile is estimated by a motion sensor coupled to
the ultrasound transducer.

11. The method as recited in claim 1, wherein the com-
pression profile is removed from the motion data by sub-
tracting the estimated compression profile from the motion
data.

12. A method for measuring a mechanical property of an
object using an ultrasound system having a transducer, the
steps of the method comprising:

(a) providing a continuous and periodic vibration to the
ultrasound transducer, whereby vibration of the ultra-
sound transducer induces at least one shear wave in the
object;

(b) acquiring motion data from the object using the
ultrasound transducer, wherein the motion data are
indicative of the at least one shear wave propagating
within the object and wherein the motion data are
acquired at time points selected to mitigate motion
errors attributable to deformations in the object caused
by the continuous and periodic vibration; and

(c) processing the motion data to calculate a mechanical
property of the object.

13. The method as recited in ¢laim 12, wherein the motion
data are acquired at time points that are symmetric about at
least one of a peak or a valley in the continuous and periodic
vibration.

14. The method as recited in claim 13, wherein the time
points are

15. The method as recited in claim 12, wherein the time
points are selected based on data representative of the
continuous and periodic vibration that is received from a
motion sensor coupled to the ultrasound transducer.

16. The method as recited in claim 12, wherein the time
points are selected based on data representative of the
continuous and periodic vibration that is received by detec-
tion of motion from a position of a stationary target.

17. A method for measuring a mechanical property of an
object using an ultrasound system having an ultrasound
transducer, the steps of the method comprising:
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(a) providing a continuous vibration to the ultrasound
transducer, whereby vibration of the ultrasound trans-
ducer induces at least one shear wave in the object;

(b) acquiring motion data from the object using the
ultrasound transducer in a pulse-echo mode, wherein
the motion data are indicative of the shear waves
propagating within the object;

(c) correcting the motion data for errors caused by time
delays between data acquisitions at different locations
in the object; and

(d) processing the corrected data to calculate a mechanical
property of the object.

18. The method as recited in claim 17, wherein correcting
the motion data includes shifting signals in the motion data
detected at the different locations to a common time grid
using at least one of time interpolation, phase shifts based on
a sine function, parametric fitting, and a 2m-shift of a sine
function.

19. The method as recited in claim 17, wherein step (b)
includes acquiring motion data using multiple detection
zones of the ultrasound transducer, and wherein step (c)
includes at least one of correcting for time delays within
each detection zone or correcting time delays across differ-
ent detection zones.
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20. The method as recited in claim 17, wherein the
ultrasound transducer is at least one of a single element
transducer, a 1-dimensional array transducer, 1.5-dimen-
sional array transducer, 1.75-dimensional array transducer,
and 2-dimensional array transducer.

21. The method as recited in claim 17, wherein acquiring
the motion data includes performing a data acquisition over
at least one of one, two, or three spatial dimensions.

22. The method as recited in claim 1, wherein the ultra-
sound transducer is at least one of a single element trans-
ducer, a 1-dimensional array transducer, 1.5-dimensional
array transducer, 1.75-dimensional array transducer, and
2-dimensional array transducer.

23. The method as recited in claim 1, wherein acquiring
the motion data includes performing a data acquisition over
at least one of one, two, or three spatial dimensions.

24. The method as recited in claim 12, wherein the
ultrasound transducer is at least one of a single element
transducer, a 1-dimensional array transducer, 1.5-dimen-
sional array transducer, 1.75-dimensional array transducer,
and 2-dimensional array transducer.

25. The method as recited in claim 12, wherein acquiring
the motion data includes performing a data acquisition over
at least one of one, two, or three spatial dimensions.
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