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TISSUE VISCOELASTIC ESTIMATION
FROM SHEAR VELOCITY IN ULTRASOUND
MEDICAL IMAGING

BACKGROUND

[0001] The present embodiments relate to tissue charac-
terization using ultrasound imaging.

[0002] Tissue of a patient may be characterized by mea-
suring tissue response to stress. Tissue displacement is
caused by a wave generated from a stress, such as an
acoustic force radiation impulse (ARFI). The tissue response
to the wave is tracked over time, providing an indication of
elasticity. A variety of tissues, including liver, are more
appropriately modeled as viscoelastic media rather than
elastic media. The primary characteristic of shear wave
propagation in viscoelastic media is that the media has a
complex wave number corresponding to a frequency-depen-
dent shear wave speed and shear wave attenuation.

[0003] The current state of the art for estimating viscoelas-
tic properties of tissue using ARFI-based shear wave imag-
ing is performed by estimating phase velocities in the
Fourier domain. To estimate the phase velocities, the tissue
displacement signal is divided into small frequency bands,
and the shear wave speed is then independently estimated in
each of the frequency bands. The amount of signal in each
of these bands is low, and therefore the estimates are prone
to noise and have not been demonstrated to be practical in
vivo.

SUMMARY

[0004] By way of introduction, the preferred embodiments
described below include methods, instructions and systems
for viscoelastic estimation with ultrasound. Shear wave
speed is measured for different locations in a region of
interest. For each location, the shear wave speed is estimated
without frequency band division. A distribution of shear
wave speeds in the region of interest is matched to a
modeled distribution corresponding to a particular value of
the viscoelastic property.

[0005] Ina first aspect, a method is provided for viscoelas-
tic estimation by an ultrasound imaging system. A pushing
pulse is transmitted from a transducer. The pushing pulse
generates a shear wave in tissue of a patient. The ultrasound
imaging system tracks tissue displacements at a plurality of
locations in a region of interest. The tissue displacements are
in response to the shear wave. Shear wave speeds of the
shear wave in the tissue of the patient are determined as a
function of lateral distances from an origin of the shear wave
in the tissue of the patient from the tissue displacements. A
viscoelastic parameter is estimated as a function of a distri-
bution of the shear wave speeds. An image showing of the
estimate of the viscoelastic parameter is generated.

[0006] In a second aspect, a method is provided for
viscoelastic estimation by an ultrasound imaging system.
The ultrasound imaging system measures shear wave veloci-
ties at different locations in tissue of a patient. The shear
wave velocities of the different locations are matched with
a reference. The reference is labeled with a value of a
viscoelastic property. The value of the viscoelastic property
assigned to the tissue of the patient is transmitted.

[0007] Inathird aspect, a system is provided for viscoelas-
tic estimation with ultrasound. An ultrasound scanner is
configured to transmit an acoustic radiation force pulse from
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a transducer into tissue and to scan the tissue as it responds
to the acoustic radiation force pulse. An image processor is
configured to measure velocities for the tissue response for
a plurality of locations from the scan and determine a value
of a viscoelastic property of the tissue based on a spatial
variance of the velocities. A display is configured to display
an image showing the value of the viscoelastic property of
the tissue.

[0008] The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims. Further aspects and advantages
of the invention are discussed below in conjunction with the
preferred embodiments and may be later claimed indepen-
dently or in combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like
reference numerals designate corresponding parts through-
out the different views.

[0010] FIG. 1 is a flow chart diagram of one embodiment
of a method for viscoelastic estimation by an ultrasound
imaging system;

[0011] FIG. 2 shows two example displacement profiles;
[0012] FIG. 3 shows an example spatial distribution of
shear wave speed in an elastic medium;

[0013] FIG. 4 shows an example spatial distribution of
shear wave speed in a viscoelastic medium; and

[0014] FIG. 5 is a block diagram of one embodiment of a
system for viscoelastic estimation with ultrasound.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0015] Tissue viscoelastic properties may be quantified
utilizing travel-distance-based shear wave speeds. Rather
than estimating phase velocities, the quantification relies on
group velocity (i.e, shear wave speed without Fourier
analysis or separation by frequency). Traditional shear wave
speed imaging provides group velocity measures where
information at various frequencies are mixed together, pro-
viding a higher signal level. Rather than interpreting the
shear wave speed as a function of frequency, the group
velocity is used.

[0016] To provide information about the viscoelastic prop-
erties of the tissue, the shear wave tracking region is divided
into multiple sub regions defined by the starting distance
from the shear wave source and the total propagation
distance. The shear wave speed is then estimated for each of
these sub regions. The resulting set of speeds is correlated
back to viscoelastic models to determine one or more
viscoelastic properties of the tissue.

[0017] Due to the increase in signal-to-noise ratio as
compared to determining speed as a function of frequency,
the sensitivity and/or specificity of estimation of the vis-
coelastic property is improved. This may allow implemen-
tation in ultrasound scanners used with patients, assisting
physicians in non-invasive evaluation of fibrosis detection,
steatosis quantification, differentiation of benign and malig-
nant breast cancers, and/or compensation for increased shear
wave speed estimates caused by tissue compression.
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[0018] FIG. 1 shows a method for viscoelastic estimation
by an ultrasound imaging system. Due to attenuation of a
shear wave in viscoelastic tissue, velocities of different
distances from the origin of the shear wave have different
values. In general, a spatial distribution of estimates of shear
wave speeds in a region of interest of a patient is matched
to a modeled distribution with a known value of the vis-
coelastic characteristic. That known value is the value used
for the patient.

[0019] The acts are performed with an ultrasound imaging
system, such as the system described for FIG. 5. A trans-
ducer and/or beamformers are used to acquire data, and a
image processor estimates displacements from the data and
shear wave speeds from the displacements. The image
processor estimates the viscoelastic parameter. The ultra-
sound imaging system outputs the value of the viscoelastic
parameter. Other devices, such as a computer or detector,
may be used to perform any of the acts.

[0020] Additional, different or fewer acts may be provided
in the method of FIG. 1. For example, act 38 is not provided.
As another example, other acts than acts 32 and 34 are used
to measure the shear wave speed.

[0021] The acts are performed in the order described or
shown (e.g., top to bottom or numerical). Other orders may
be provided, such as by repeating the acts for another region
of interest or repeating act 30 to expand the region for which
the viscoelastic parameter is estimated in act 36.

[0022] In act 30, the ultrasound system measures shear
wave velocities at different locations in tissue of a patient.
The velocities are measured based on a travel distance and
timing of a shear wave propagating from an origin to
different locations in a region of interest. Shear wave veloc-
ity imaging is performed with separate values of shear wave
velocity being measured for different locations.

[0023] The shear wave velocities are based on tissue
displacements. The ultrasound system acquires tissue dis-
placements over time (i.e., displacement profiles), but tissue
displacement as a function of location for each of different
times may be used. An ARFI (e.g., pushing pulse or acoustic
radiation impulse excitation) or other source of stress gen-
erates a shear wave in tissue. As the shear wave propagates
through the tissue, the tissue displaces. By scanning the
tissue with ultrasound, the data for calculating the displace-
ments over time is acquired. Using correlation or other
similarity measure, the displacements represented by the
scans acquired at different times are determined.

[0024] Acts 32 and 34 provide one example of acquiring
tissue displacements. Additional, different, or fewer acts
may be provided for acquiring tissue displacements.

[0025] Inact 32, abeamformer generates electrical signals
for focused ultrasound transmission and a transducer con-
verts the electrical signals to acoustic signals for transmit-
ting the pushing pulse from the transducer. ARFI is used. An
acoustic excitation is transmitted into a patient. The acoustic
excitation acts as an impulse excitation for causing displace-
ment. For example, a 400 cycle transmit waveform with
power or peak amplitude levels similar or lower than
B-mode transmissions for imaging tissue is transmitted as an
acoustic beam. In one embodiment, the transmission is a
shear wave generating sequence applied to the field of view.
Any ARFI or shear wave imaging sequence may be used.
Other sources of stress may be used, such as a thumper
(mechanical impact or vibration source).
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[0026] The transmission is configured by power, ampli-
tude, timing, or other characteristic to cause stress on tissue
sufficient to displace the tissue at a focal location. For
example, a transmit focus of the beam is set relative to a field
of view or region of interest (ROI) to cause the generated
shear wave displacement throughout the field of view or
ROL

[0027] The impulse excitation generates a shear wave at a
spatial location. Where the excitation is sufficiently strong,
the shear wave is generated. The shear wave propagates
transversly through tissue more slowly than the longitudinal
wave propagates along the acoustic wave emission direc-
tion, so the type of wave may be distinguished by timing
and/or direction. The displacement of the tissue due to the
shear wave is greater at locations closer to the focal location
at which the wave is generated. As the wave travels, the
magnitude of the wave attenuates.

[0028] In act 34, tissue displacements are tracked. The
ultrasound system, such as an image processor of the sys-
tem, tracks the displacements in response to the pushing
pulse. For each of a plurality of locations, the displacement
caused by the propagating shear wave is tracked. The
tracking is axial (i.e., tracking displacements one-dimen-
sionally along a scan line), but may be two or three-
dimensional tracking.

[0029] The tracking is over time. The tissue displacements
for each location are found for any number of temporal
samplings over a period during which the wave is expected
to propagate by the location. By tracking at multiple loca-
tions, tissue displacement profiles of displacement over time
for the different locations are provided.

[0030] The period for tracking may include times prior to
the transmission of the pushing pulse and/or shear wave
reaching each given location. Similarly, the period for
tracking may include times after the tissue relaxes or the
entire shear wave has propagated past each location. While
the shear wave propagates past the locations, the tissue is
scanned.

[0031] A transducer and beamformer acquire echo data at
different times to determine the displacement of the tissue.
The displacement is detected with ultrasound scanning.
Ultrasound data is obtained. At least some of the ultrasound
data is responsive to displacement caused by the shear wave
or pressure. A region, such as a region of interest, entire field
of view, or sub-region of interest, is scanned with ultra-
sound. The region is monitored to detect the wave. The echo
data represents the tissue when subjected to different
amounts of pressure at different times. The region is any
size, such as 5x5 mm in lateral and 10 mm in axial. For
example, B-mode scans are performed to detect tissue
displacement. Any sampling or beamformer resolution may
be used, such as measuring on a linear grid with sample
locations every 0.25 mm. Doppler, color flow, or other
ultrasound mode may be used to detect displacement.
[0032] For a given time, ultrasound is transmitted to the
tissue or region of interest. Any now known or later devel-
oped displacement imaging may be used. For example,
pulses with 1-5 cycle durations are used with an intensity of
less than 720 mW/cm®. Pulses with other intensities may be
used. The scanning is performed for any number of scan
lines. For example, eight or sixteen receive beams distrib-
uted in two-dimensions are formed in response to each
transmission. After or while applying stress, B-mode trans-
missions are performed repetitively along a single transmit
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scan line and receptions along adjacent receive scan lines. In
other embodiments, only a single receive beam or other
numbers of receive beams are formed in response to each
transmission. Additional transmit scan lines and correspond-
ing receive line or lines may be used. Any number of
repetitions may be used, such as about 120 times or over 15
ms.

[0033] The B-mode intensity may vary due to displace-
ment of the tissue over time. For the monitored scan lines,
a sequence of data is provided representing a time profile of
tissue motion resulting from the stress. By performing the
transmitting and receiving multiple times, data representing
the region at different times is received. By repetitively
scanning with ultrasound, the position of tissue at different
times is determined.

[0034] The displacement is detected for each of multiple
spatial locations. For example, the velocity, variance, shift in
intensity pattern (e.g., speckle tracking), or other informa-
tion is detected from the received data as the displacement
between two times. An ongoing or sequence of displace-
ments may be detected for each of the locations.

[0035] In one embodiment using B-mode data, the data
from different scans is axially correlated as a function of
time. For each depth or spatial sampling position, a corre-
lation over a plurality of depths or spatial sampling positions
(e.g., kernel of 64 depths with the center depth being the
point for which the profile is calculated) is performed. For
example, a current set of data is correlated multiple times
with a reference set of data. The location of a sub-set of data
centered at a given location in the reference set is identified
in the current set. Different relative translations between the
two data sets are performed.

[0036] The reference is a first or other set of data or data
from another scan. The reference set is from before the
stress, but may be from after the stress. The same reference
is used for the entire displacement detection, or the reference
data changes in an ongoing or moving window.

[0037] The level of similarity or correlation of the data at
each of different offset positions is calculated. The transla-
tion with a greatest correlation represents the displacement
or offset for the time associated with the current data being
compared to the reference.

[0038] Any now known or later developed correlation may
be used, such as cross-correlation, pattern matching, or
minimum sum of absolute differences. Tissue structure and/
or speckle are correlated. Using Doppler detection, a clutter
filter passes information associated with moving tissue. The
velocity of the tissue is derived from multiple echoes. The
velocity is used to determine the displacement towards or
away from the transducer. Alternatively, the relative or
difference between velocities at different locations may
indicate strain or displacement.

[0039] FIG. 2 shows two example displacement profiles of
displacements over time for two adjacent locations. The
displacement of the tissue starts from a steady state from
prior to the shear wave arriving, then the displacement
increases to a maximum, and after which the displacement
decays back to the steady state. Other displacement profiles
are possible. Any number of sample positions may be
measured for displacement, such as measuring every quarter
millimeter in the 10x5 mm region of interest. The displace-
ment profile is determined at each sample point or data from
two or more sample points are combined to give a displace-
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ment profile for a sub region. Displacement for each sample
point and for each sample time is measured.

[0040] The displacements over time and/or space are used
for calculation. In one embodiment, the displacements for
different depths are combined, leaving displacements spaced
in azimuth and/or elevation. For example, the displacements
for a given scan line or lateral location are averaged over
depth. As an alternative to averaging, a maximum or other
selection criterion is used to determine the displacement for
a given lateral location. Displacements for only one depth
may be used. Displacements for different depths may be
used independently.

[0041] The tracking region is divided into multiple sub
regions (e.g., 1 mmxl mm). Each of the sub region is
defined by the starting distance from the shear wave source
(i.e., focal position) and the total propagation distance from
the focal position to the sub region. Each sub region includes
only one or more sample positions.

[0042] The entire receive signal is used for tracking.
Rather than separating receive signals for separate tracking
by frequency and/or estimating the shear wave speed from
displacement profiles separated by frequency, the tracking
uses the group shear wave speed. The receive signals and/or
displacements are not separated by frequency, providing
more robust estimation of shear wave speed.

[0043] Returning to act 30, the image processor deter-
mines the shear wave speeds of the shear wave in the tissue.
A separate shear wave speed is estimated for each location,
such as each sub-region or as a function of lateral distance
from an origin of the shear wave. Where the sub-region
includes multiple sample points, the arrival time of the shear
wave is determined at each sample point individually. A
linear regression between arrival time and lateral position is
performed, and the slope of the linear regression is estimated
as the shear wave speed. The arrival time is determined from
the displacements. The shear wave speed is computed across
multiple sample points in the sub-region. Other combination
functions may be used, such as calculating shear wave speed
for each sample point and then combining the shear waves
speeds of the same sub-region (e.g., average, median, maxi-
mum, or minimum selection). The resulting shear wave
speed as a function of location or sub-region provides a
distribution of shear wave speed in the tissue. This distri-
bution varies due to the viscoelastic characteristic of the
tissue.

[0044] The displacements for a given sample point may be
used for more than one estimate of shear wave speed. For
example, the same ROI is divided into different sub regions,
such as 1 mmx1 mm sub regions and 2 mm by 2 mm sub
regions. Different starting and ending sample points define
a given sub region. The shear velocity is determined in each
of the sub regions individually. Alternatively, the velocity
between the start and end locations of the sub region is
calculated, such as finding a phase shift in the displacement
profiles relative to the distance from the start to the end of
the sub region.

[0045] The shear wave speed is based on the displace-
ments as a function of time and/or location. The value of the
shear wave speed for each sub region or location is estimated
from the displacement profile or profiles. To estimate the
value in one embodiment, the peak or maximum amplitude
in the displacement profile is determined. Based on a dis-
tance of the location (i.e., sub region center, end point or
start point) from the source of the stress (e.g., ARFI focal
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position or shear wave origin), a difference in time between
application of the stress and the peak amplitude indicates a
velocity. In an alternative approach, the displacement pro-
files from different locations are correlated to find a delay or
phase difference between the locations. This phase shift may
be used to calculate the velocity between the locations
associated with the correlated profiles. In other embodi-
ments, analytic data is calculated from the displacement
profile and phase shift is used to determine the elasticity. A
difference in phase over time of the displacements of dif-
ferent sub regions or a zero crossing of the phase for a given
sub region indicates a velocity. In yet another embodiment,
the displacement as a function of location for a given time
indicates a location of maximum displacement. The distance
from the shear wave origin to that location and the time
provide the velocity. This is repeated for other times to find
the maximum velocity at each location.

[0046] A shear wave speed is provided for each sub
region. With different sized sub regions, different shear wave
speeds are provided. For example, sub regions of one size
are used to determine shear wave velocities for the sub
regions, and sub regions of another size use the same data to
determine other shear wave velocities for those sub regions.
Any number of sizes of sub regions may be used. FIGS. 3
and 4 show two examples of simulated shear velocities from
the same data determined with various azimuth start and end
locations for each sub region. Different sub regions are
provided for different determination of the shear velocity
from travel distance from the ARFI focal position or
between edges of the sub regions. Alternatively, the shear
wave speeds for one set of sub regions provide the distri-
bution (i.e., a field of velocities in a 2D or 3D region for each
location with a same sample size (e.g., | mmx1 mm)).
[0047] 1In act 36 of FIG. 1, the image processor estimates
a viscoelastic parameter. Any viscoelastic parameter may be
estimated, such as the viscosity, Young’s modulus, or com-
plex modulus. Any parameterization of viscoelastic behavior
of tissue may be used. Other characteristics of the tissue,
such as the elasticity, may be estimated in the same way. The
other characteristics are estimated independently of or
simultaneously with the viscoelastic parameter.

[0048] The estimate is for the region of interest. The
distribution of shear wave speeds by location of the sub
regions is used to estimate a value of the viscoelastic
parameter for the region or ROI. The variance of the
velocities or shear wave speeds in the distribution indicates
the value of the viscoelastic characteristic of the tissue. If the
tissue is purely elastic, then all the speeds estimated in the
sub regions are identical. FIG. 3 shows the shear wave
speeds as being similar, indicating a mostly elastic tissue. As
the viscosity of the tissue increases, the sub regions will
have more widely varying shear wave speed estimates. FIG.
4 shows variance in the shear wave speeds, indicating the
tissue as viscoelastic. In viscoelastic media, due to trans-
verse (e.g., shear) wave attenuation, the estimated shear
wave speed depends on the starting azimuth location for
estimation as well as the propagation distance from the shear
wave origin or across the sub region. By estimating the
transverse shear wave speed with multiple start and end
azimuth locations, information about the viscoelastic prop-
erties of the media may be derived.

[0049] The value of the viscoelastic parameter is estimated
using the distribution. The variance in the distribution may
be measured as a statistical value, such as a standard
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deviation or other indication of variability. This calculation
may be related to the value of the viscoelastic parameter by
look up table, empirically determined function, or by a
machine-leamt classifier.

[0050] In another embodiment, the distribution is matched
with a reference. A viscoelastic model is used to create
distributions for the tissue of interest (e.g., liver). Any
viscoelastic model may be used, such as Voigt or Maxwell
models of elasticity and viscosity. Other models include a
standard linear solid model with the viscoelastic parameter
between the 0 frequency and infinite frequency stiffness
parameters. The model simulates the shear wave speeds
given different values of the viscoelastic parameter. The
values of the other parameters of the model are constant or
also vary, such as being based on the tissue of interest. The
simulation provides reference distributions or fields of shear
wave speeds for corresponding or respective values of the
viscoelastic parameter. Alternatively, the reference distribu-
tions are created empirically, such as with measurements
performed with phantoms having different known values of
the viscoelastic parameter or comparisons of measured shear
wave velocities with tissue having known values of the
viscoelastic parameter (e.g., a database based on resected or
biopsied tissue). By imaging viscoelastic phantoms that
correspond to different viscoelastic values, references for
different values of the viscoelastic property are created.
Other references and corresponding values of viscoelastic
parameters may be created by interpolation.

[0051] The references labeled with different values of the
viscoelastic parameter are used to match with the spatial
distribution of velocities measured for the patient. Any
matching may be used, such as a correlation. A level of
correlation between the measured distribution for the patient
and each or some of the references may be used. Any search
pattern or criterion may be used, such as selecting a next
reference to check based on a direction and/or amount of
difference between a previous correlation or between a set of
previous correlations. Any measure of correlation may be
used, such as cross-correlation or minimum sum of absolute
differences.

[0052] The set of speeds is correlated back to the vis-
coelastic models, whether empirical or computationally
simulated, to determine the viscoelastic property or proper-
ties of the tissue. If the tissue is purely elastic, then all the
speeds estimated in the sub regions are identical. As the
viscosity of the tissue increases, the sub regions will have
more widely varying shear wave speed estimates. The
reference with a greatest match (e.g., highest correlation) to
the distribution of velocities for the patient is selected. The
label of the value or values of the viscoelastic parameter and
any other parameters (e.g., elasticity) from the matching
reference are assigned to the patient. The labeled value from
the reference is the estimated value of the viscoelastic
parameter for the patient.

[0053] In act 38, the image processor transmits the value
of the viscoelastic property assigned to the tissue of the
patient. The transmission is to a display, memory, or net-
work. For example, the transmission is an output from or
within the ultrasound imaging system.

[0054] In one embodiment, an image is output. The value
for the ROI is provided on a shear wave velocity image,
B-mode image, or other ultrasound image. For example, a
shear wave velocity image has color modulated based on
shear velocity as a function of location in the ROL The shear
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wave velocity image is overlaid on a B-mode image cover-
ing a larger field of view than the ROI or shear wave velocity
image. The value of the viscoelastic parameter is provided as
a text annotation over or adjacent to the shear wave velocity
and/or B-mode image. Alternatively, the brightness, tent,
hue, or color map is based on the value of the viscoelastic
parameter. In other embodiments, other types of elasticity
imaging, no shear or elasticity image, and/or different types
of ultrasound imaging are provided.

[0055] Inanother embodiment, the value for the viscoelas-
tic parameter is output as text, a number, or coded in a graph.
For example, the user selects a location on a B-mode image.
In response, the ultrasound system calculates the value for
the viscoelastic parameter of interest for an ROI about that
selected location. A numerical, textual, and/or graphical
representation of the calculated value is overlaid on the
B-mode image, displayed independently, or otherwise com-
municated to the user (e.g., added to a report).

[0056] FIG. 5 shows one embodiment of a system 10 for
viscoelastic estimation with ultrasound. The system 10
implements the method of FIG. 1 or other methods. The
system 10 includes a transmit beamformer 12, a transducer
14, a receive beamformer 16, an image processor 18, a
display 20, and a memory 22. Additional, different or fewer
components may be provided. For example. a user input is
provided for user interaction with the system, such as to
select a location for which a measurement is to occur or to
designate placement of an ROI.

[0057] The system 10 is a medical diagnostic ultrasound
imaging system or ultrasound scanner. The system 10 is
configured to transmit an acoustic radiation force impulse
from the transducer 14 into tissue and to scan the tissue at
a plurality of locations as the tissue responds to a shear wave
created by the acoustic radiation force impulse. The
response to the shear wave is tracked by the ultrasound
scanner. In alternative embodiments, the system 10 includes
a front-end scanner and a back-end processor, such as a
personal computer, workstation, PACS station, or other
arrangement at a same location or distributed over a network
for real-time or post acquisition imaging. The scanning
components (e.g., transmit beamformer 12, transducer 14,
and receive beamformer 16) are part of a different device
than the memory 22, image processor 18, and/or display 20.
The back-end may acquire data from a memory or from
transfer over a network. The front-end provides the data to
the memory or network.

[0058] The transmit beamformer 12 is an ultrasound trans-
mitter, memory, pulser, analog circuit, digital circuit, or
combinations thereof. The transmit beamformer 12 is oper-
able to generate waveforms for a plurality of channels with
different or relative amplitudes, delays, and/or phasing.
Upon transmission of acoustic waves from the transducer 14
in response to the generated electrical waveforms, one or
more beams are formed. A sequence of transmit beams are
generated to scan a region. Sector, Vector®, linear, or other
scan formats may be used. In alternative embodiments, the
transmit beamformer 12 generates a plane wave or diverging
wave for more rapid scanning. The same region is scanned
multiple times. For shear imaging, a sequence of scans along
the same lines is used.

[0059] The same transmit beamformer 12 may generate
impulse excitations (ARFI or pushing pulse) and acoustic
beams for tracking. Electrical waveforms for ARFI are
generated, and then electrical waveforms for tracking are
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generated. In alternative embodiments, a different transmit
beamformer is provided for generating the ARFI than for
tracking. The transmit beamformer 12 causes the transducer
14 to generate acoustic energy. Using delay profiles across
channels, the transmit beamformer 12 steers the pushing
pulse to the desired focal position or positions and scans the
ROI for tracking displacements.

[0060] The transducer 14 is an array for generating acous-
tic energy from electrical waveforms. For an array, relative
delays focus the acoustic energy. A given transmit event
corresponds to transmission of acoustic energy by different
elements at a substantially same time given the delays. The
transmit event may provide a pulse of ultrasound energy for
displacing the tissue. The pulse is an impulse excitation or
tracking pulse. Impulse excitation includes waveforms with
many cycles (e.g., 500 cycles) but that occurs in a relatively
short time to cause tissue displacement over a longer time
due to shear wave propagation. A tracking pulse may be
B-mode transmission, such as using 1-5 cycles. The tracking
pulses are used to scan a region of a patient undergoing a
change in stress.

[0061] The transducer 14 is a 1-, 1.25-, 1.5-, 1.75- or
2-dimensional array of piezoelectric or capacitive mem-
brane elements. A wobbler array may be used. The trans-
ducer 14 includes a plurality of elements for transducing
between acoustic and electrical energies. Receive signals are
generated in response to ultrasound energy (echoes) imping-
ing on the elements of the transducer 14. The elements
connect with channels of the transmit and receive beam-
formers 12, 16.

[0062] The receive beamformer 16 includes a plurality of
channels with amplifiers, delays, and/or phase rotators, and
one or more summers. Each channel connects with one or
more transducer elements. The receive beamformer 16 is
configured by hardware or software to apply relative delays,
phases, and/or apodization to form one or more receive
beams in response to each imaging or tracking transmission.
Receive operation may not occur for echoes from the
impulse excitation used to displace tissue. The receive
beamformer 16 outputs data representing spatial locations
using the receive signals. Relative delays and/or phasing and
summation of signals from different elements provide beam-
formation. In alternative embodiments, the receive beam-
former 16 is a processor for generating samples using
Fourier or other transforms.

[0063] In coordination with the transmit beamformer 12,
the receive beamformer 16 generates data representing a
ROI at different times. After the ARFI, the receive beam-
former 16 generates beams representing locations along one
or a plurality of lines at different times. By scanning the ROI
with ultrasound, data (e.g., beamformed samples) is gener-
ated. By repeating the scanning, ultrasound data represent-
ing the region at different times after the impulse excitation
is acquired.

[0064] The receive beamformer 16 outputs beam summed
data representing different sample positions. Dynamic
focusing may be provided. The data may be for different
purposes. For example, different scans are performed for
B-mode or tissue data rather than for shear ultrasound
imaging. Alternatively, the B-mode data is also used to
determine a viscoelastic parameter value. As another
example, data for shear imaging is acquired with a series of
shared scans, and B-mode or Doppler scanning is performed
separately or using some of the same data. The ultrasound or
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echo data is from any stage of processing, such as beam-
formed data before detection or data after detection.
[0065] The memory 22 is a non-transitory computer read-
able storage media. For example, the memory 22 is a cache,
bufter, RAM, removable media, hard drive or other non-
transitory computer readable storage media. Computer read-
able storage media include various types of volatile and
nonvolatile storage media.

[0066] The memory 22 is configured by the image pro-
cessor 18, a controller, or a memory processor to store and
provide data. The memory 22 stores any of the data used to
estimate the value for the viscoelastic parameter. For
example, the ultrasound data (beamformed data and/or
detected data), displacements, displacement profile, veloci-
ties, and/or model information are stored. The memory 22 is
configured to store a plurality of spatial distributions of
shear wave speed for different values of the viscoelastic
property. The distributions may be formed as part of a
look-up table, matrix of a machine-learnt classifier, or sepa-
rate flelds to be used as references. Fach distribution is
labeled with the respective value of the viscoelastic param-
eter. The memory 22 stores the measured distribution of
velocities for the patient and/or correlation values of the
measured distribution with multiple of the reference distri-
butions.

[0067] The image processor 18 operates pursuant to
instructions stored in the memory 22 or another memory for
estimating a viscoelastic characteristic of tissue of a patient.
The instructions for implementing the processes, methods
and/or techniques discussed herein are provided on the
computer-readable storage media or memories. The func-
tions, acts or tasks illustrated in the figures or described
herein are executed in response to one or more sets of
instructions stored in or on computer readable storage
media. The functions, acts or tasks are independent of the
particular type of instructions set, storage media, processor
or processing strategy and may be performed by software,
hardware, integrated circuits, firmware, micro code and the
like, operating alone or in combination. Likewise, process-
ing strategies may include multiprocessing, multitasking,
parallel processing, and the like. In one embodiment, the
instructions are stored on a removable media device for
reading by local or remote systems. In other embodiments,
the instructions are stored in a remote location for transfer
through a computer network or over telephone lines. In yet
other embodiments, the instructions are stored within a
given computer, CPU, GPU or system.

[0068] The image processor 18 includes a B-mode detec-
tor, Doppler detector, pulsed wave Doppler detector, corre-
lation processor, and/or Fourier transform processor for
detecting and processing information for display from beam-
formed ultrasound samples.

[0069] In one embodiment, the image processor 18
includes one or more detectors and a separate processor. The
separate processor is a control processor, general processor,
digital signal processor, application specific integrated cir-
cuit, field programmable gate array, network, server, group
of processors, graphics processing unit, digital signal pro-
cessor, analog circuit, digital circuit, combinations thereof,
or other now known or later developed device for estimating
a viscoelastic parameter. For example, the separate proces-
sor is configured by hardware, firmware, and/or software to
perform any combination of one or more of the acts 30-38
shown in FIG. 1.
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[0070] The image processor 18 is configured to measure
velocities for the tissue response for a plurality of locations
from the scan. For example, the beamformed data or
detected data are axially correlated with a reference to
determine an amount of displacement of the tissue for a
given time. The velocities are derived from the displace-
ments.

[0071] The locations are sample positions of the receive
beamformer 16 or sub regions of a ROI. Any sub region may
include one or more sample positions. Where more than one
sample position is included, the displacements from the
multiple positions are used to estimate the shear wave speed
for the sub-region (e.g., estimate from linear regression of
arrival time given by the displacements). Alternatively, the
velocities determined for the different sample positions of a
sub region are averaged. Other combinations functions may
be used, such as a median, maximum, or minimum.

[0072] The image processor 18 is configured to measure
the velocities for different sub regions. For example, differ-
ent starting and ending positions of the sub regions are used,
providing velocities for different overlapping sub region
arrangements (see FIGS. 3 and 4). Alternatively, a single
division of the ROI into sub regions in a regular or irregular
pattern is used.

[0073] The velocities are measured as shear wave speed.
The shear wave generated in response to the acoustic
radiation force caused time varying displacement at different
locations. The image processor 18 calculates the velocity for
each sub region from the distance from the origin of the
shear wave to the center or other location of the sub region
and the time of detection of the shear wave at the sub region
based on the displacements as compared to the time of shear
wave creation. Velocity across the sub region (i.e., from a
start to an end of the sub region) may be used in other
embodiments. A distribution of velocities for the region of
interest is created.

[0074] The image processor 18 is configured to determine
a value of a viscoelastic property of the tissue based on a
spatial variance of the velocities. A measure of the variance
itself and/or correlation of the spatial variance of the veloci-
ties with models or references generated from an empirical,
phantom, or simulation (mathematical) model is used. The
spatial variance maps to a value of the viscoelastic property.
For example, the models or references correspond to respec-
tive values of the viscoelastic property. The value from the
best matching or an interpolated value from the values of the
two best matching models or references of spatial variance
provide the value of the viscoelastic property for the tissue
of the patient.

[0075] The image processor 18 is configured to generate
one or more images. The image includes a color modulated
region and/or alphanumeric text representing or based on the
value of the viscoelastic property, such as an annotation on
an image of a 2D or 3D representation of the tissue. For
example, a shear wave velocity image is generated. Other
elastography images may be generated, such as a shear
modulus, strain, or strain rate image. The image is presented
as an overlay or region of interest within a B-mode image.
The viscoelastic property annotation is on, over, or adjacent
to the spatial representation of the tissue. Alternatively or
additionally, the value of the viscoelastic property is dis-
played as text, numerically, and/or in a graph separate from
any spatial representation of the tissue, such as in a report.
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[0076] The display 20 is a CRT, LCD, projector, plasma,
or other display for displaying a value, two-dimensional
images, or three-dimensional representations. The two-di-
mensional images represent spatial distribution in an area,
such as a plane. The three-dimensional representations are
rendered from the data representing spatial distribution in a
volume. The display 20 is configured by the image processor
18 or other device by input of the signals to be displayed as
an image. The display 20 displays an image representing the
calculated value for an ROI. The image shows the value of
the viscoelastic property of the tissue.

[0077] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded
as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that
are intended to define the spirit and scope of this invention.

1 (We) claim:

1. A method for viscoelastic estimation by an ultrasound
imaging system, the method comprising:

transmitting, from a transducer, a pushing pulse, the

pushing pulse generating a shear wave in tissue of a
patient;

tracking, by the ultrasound imaging system, tissue dis-

placements at a plurality of locations in a region of
interest, the tissue displacements being in response to
the shear wave,

determining a plurality of shear wave speeds as a function

of lateral distances from an origin of the shear wave in
the tissue of the patient, the determining being from the
tissue displacements;

estimating a viscoelastic parameter as a function of a

distribution of the shear wave speeds; and

generating an image showing of the estimate of the

viscoelastic parameter.

2. The method of claim 1 wherein transmitting the push-
ing pulse comprises transmitting an acoustic radiation force
impulse.

3. The method of claim 1 wherein tracking comprises
determining the tissue displacements axially along a scan
line over time, resulting in tissue displacement profiles over
time for each of the locations.

4. The method of claim 3 wherein determining the shear
wave speed comprises determining as a function of a phase
shift in the displacement profiles.

5. The method of claim 1 wherein transmitting comprises
transmitting the pushing pulse to a focal position, wherein
tracking comprises tracking with the locations spaced later-
ally from the focal location, and wherein determining the
shear wave speed comprises determining a shear wave
velocity based on a distance from the focal position to the
location and a time from the transmitting to a peak of the
displacements at the location.

6. The method of claim 1 wherein estimating the vis-
coelastic parameter comprises estimating a viscosity of the
tissue at the region of interest.

7. The method of claim 1 wherein estimating the vis-
coelastic parameter comprises correlating the distribution
with references.
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8. The method of claim 7 wherein the references comprise
fields of velocities formed using different values of the
viscoelastic parameter in a viscoelastic model.
9. The method of claim 8 wherein the viscoelastic model
comprises a Voigt, Maxwell or standard linear solid model.
10. The method of claim 1 wherein estimating comprises
estimating from a variance of the distribution.
11. The method of claim 1 wherein tracking comprises
tracking from received signals without frequency separation.
12. The method of claim 1 wherein generating the image
comprises generating a B-mode image of the tissue with an
alphanumeric text annotation of the estimate.
13. A method for viscoelastic estimation by an ultrasound
imaging system, the method comprising:
measuring, by the ultrasound imaging system, shear wave
velocities at different locations in tissue of a patient;

matching the shear wave velocities of the different loca-
tions with a reference, the reference labeled with a
value of a viscoelastic property; and

transmitting the value of the viscoelastic property

assigned to the tissue of the patient.

14. The method of claim 13 wherein measuring comprises
measuring the velocities based on travel distance and timing
of the shear wave from a first location to the different
locations.

15. The method of claim 13 wherein matching comprises
correlating a spatial distribution of the shear wave velocities
with the reference and a plurality of other references, the
other references labeled with other values of the viscoelastic
property, the reference having a greatest correlation.

16. The method of claim 13 wherein matching comprises
matching with a viscoelastic model.

17. A system for viscoelastic estimation with ultrasound,
the system comprising:

an ultrasound scanner configured to transmit an acoustic

radiation force pulse from a transducer into tissue and
to scan the tissue as the tissue responds to the acoustic
radiation force pulse;

an image processor configured to measure velocities for

the tissue response for a plurality of locations from the
scan and determine a value of a viscoelastic property of
the tissue based on a spatial variance of the velocities;
and

a display configured to display an image showing the

value of the viscoelastic property of the tissue.

18. The system of claim 17 further comprising a memory
configured to store a plurality of spatial distributions of
shear wave speed for different values of the viscoelastic
property, the spatial distributions including a spatial distri-
bution for the value of the viscoelastic property, and wherein
the image processor is configured to determine the value
based on correlation of the spatial variance of the velocities
with the spatial distributions.

19. The system of claim 17 wherein the image processor
is configured to measure the velocities as shear wave speed,
the tissue response being to a shear wave generated by the
acoustic radiation force pulse.

20. The system of claim 17 wherein the image processor
is configured to measure the velocities based on distances
from a focus of the acoustic radiation force pulse to the
locations and timing of the tissue response.
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