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(7) ABSTRACT

For tissue property estimation with ultrasound, multiple
different types of measurements are performed by an ultra-
sound system, including scatter measurements and shear
wave propagation measurements. The tissue property, such
as liver fat fraction, is estimated using a combination of
these different types of measurements.
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TISSUE PROPERTY ESTIMATION WITH
ULTRASOUND MEDICAL IMAGING

RELATED APPLICATIONS

[0001] The present patent document claims the benefit of
the filing date under 35 U.S.C. § 119(e) of Provisional U.S.
Patent Application Ser. No. 62/482,606, filed Apr. 6, 2017,
which is hereby incorporated by reference.

BACKGROUND

[0002] The present embodiments relate to ultrasound
imaging. A tissue property, such as liver fat fraction, is
measured using ultrasound.

[0003] Nonalcoholic fatty liver disease (NAFLD) is the
most common liver disease in American adults and children.
NAFLD is characterized by excess hepatic fat accumulation
as well as hepatic fibrosis. Fat fraction may be measured as
an indicator of NAFLD. Fat fraction in the liver or other
tissues, such as breast tissue, and/or other tissue properties
(e.g., degree of fibrosis) provide diagnostically useful infor-
mation.

[0004] Magnetic resonance imaging (MRI) accurately
measures the proton density fat fraction (PDFF) as a bio-
marker of hepatic fat content. However, MRI is not widely
available and expensive. Ultrasound imaging is more readily
available and less expensive. An ultrasound-based technique
to quantify liver fat may advance clinical care. In one
approach, ultrasound-based shear wave imaging is used to
estimate fat fraction. This approach may not fully address
the complexities of tissue.

SUMMARY

[0005] By way of introduction, the preferred embodiments
described below include methods, instructions, and systems
for tissue property estimation with ultrasound. Multiple
different types of measurements are performed by an ultra-
sound system, including scatter measurements and shear
wave propagation measurements. The tissue property, such
as liver fat fraction, is estimated using a combination of
these different types of measurements.

[0006] In a first aspect, a method is provided for tissue
property estimation with an ultrasound scanner. The ultra-
sound scanner generates a measure of scattering in tissue
and a measure of shear wave propagation from a scan of a
patient by the ultrasound scanner. The tissue property of the
tissue of the patient is estimated from both the measure of
scattering and the measure of shear wave propagation. An
ultrasound image includes an indication of the tissue prop-
erty as estimated.

[0007] In a second aspect, a system is provided for tissue
property estimation. A beamformer is configured to transmit
and receive sequences of pulses in a patient with a trans-
ducer. The sequence of pulses is for a scatter parameter and
for a shear wave parameter. An image processor is config-
ured to estimate a value for the tissue property from a
combination of the scatter parameter and the shear wave
parameter. A display is configured to display the value of the
tissue property.

[0008] In a third aspect, a method is provided for tissue
property estimation with an ultrasound system. The ultra-
sound system determines a plurality of scattering parameters
of tissue and a shear wave parameter of the tissue. The tissue

Oct. 11,2018

property is estimated from the scattering parameters and the
shear wave parameter. The tissue property is displayed.
[0009] 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

[0010] 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.

[0011] FIG. 1 is a flow chart diagram of one embodiment
of a method for estimating a tissue property with ultrasound,
and

[0012] FIG. 2 is a block diagram of one embodiment of a
system for estimating a tissue property with ultrasound.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0013] Quantitative ultrasound (QUS) is used for screen-
ing, diagnosing, monitoring, and/or predicting health con-
ditions. The complexity of human tissue may be measured
using multiple QUS parameters for accurate characterization
of that tissue. For example, liver fat fraction is estimated
using a multi-parametric approach that combines quantita-
tive parameters extracted from the received signals of dif-
ferent wave phenomena, such as scattering and attenuation
of longitudinal waves, propagation and attenuation of shear
waves, and/or propagation and attenuation of on-axis waves
from acoustic radiation force impulse (ARFI).

[0014] In one embodiment, a tissue property (e.g., liver fat
fraction) is estimated by transmitting and receiving a
sequence of pulses to estimate scattering parameters, and by
transmitting and receiving a sequence of pulses to obtain
shear wave parameters. The estimation may also include
transmitting and receiving a sequence of pulses 1o estimate
parameters from axial displacements caused by acoustic
radiation force impulses (ARFI). The QUS parameters are
estimated and combined to estimate the tissue property.
Other information may be included in the estimation of the
tissue property, such as non-ultrasound data (e.g., blood
biomarker).

[0015] FIG. 1 shows a method for tissue property estima-
tion with an ultrasound scanner or system. Tissue reactions
to different types of waves or wave phenomena are mea-
sured. The combination of the measures of these different
reactions is used to estimate the tissue property.

[0016] The method is implemented by the system of FIG.
2 or a different system. A medical diagnostic ultrasound
scanner performs the measurements by acoustically gener-
ating the waves and measuring the responses. An image
processor of the scanner, computer, server, or other device
estimates from the measurements. A display device, net-
work, or memory is used to output the estimated tissue
property.

[0017] Additional, different, or fewer acts may be pro-
vided. For example, acts 33 and/or 38 are not provided. As
another example, acts 36 and 37 are alternatives or may be
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used together, such as averaging results from both. In
another example, acts for configuring the ultrasound scanner
and/or scanning are provided.

[0018] The acts are performed in the order described or
shown (e.g., top to bottom or numerically), but may be
performed in other orders. For example, acts 30, 32, and 33
are performed simultaneously, such as using the same trans-
mit and receive pulses, or are performed in any order.
[0019] In act 30, an ultrasound scanner generates a mea-
sure of scattering in tissue from a scan of a patient. The
measure of scatter measures a tissue response to a longitu-
dinal wave transmitted from an ultrasound scanner. The
scattering or echo of the longitudinal wave impinging on the
tissue is measured.

[0020] Any measure of scatter may be used. Example
scatter parameters include sound speed, sound dispersion,
angular scattering coefficient (e.g., backscatter coeflicient),
frequency-dependent attenuation coeflicient, attenuation
coeflicient slope, spectral slope of the normalized log-
spectrum, spectral intercept of the normalized log-spectrum,
spectral midband of the normalized log-spectrum, effective
scatterer diameter, acoustic concentration, scatterer number
density, mean scatterer spacing, nonlinearity parameter
(B/A), and/or ratio of coherent to incoherent scattering.
[0021] More than one measure may be performed. For
example, the ultrasound system determines values for two or
more scattering parameters of the patient tissue. In one
embodiment, the acoustic attenuation coefficient, backscat-
ter coeflicient, and/or spectral slope of a logarithm of the
frequency-dependent backscatter coeflicient are measured.
[0022] To measure the scatter, the ultrasound scanner
scans the tissue with ultrasound. A sequence of transmit and
receive events is performed to acquire the signals to estimate
the quantitative ultrasound scatter parameters. In one
embodiment, a one, two, or three-dimensional region is
scanned by a B-mode sequence (e.g., transmit a broadband
(e.g., 1-2 cycle) transmit beam and form one or more
responsive receive beams). Any scan format may be used,
such as linear, sector, or vector. The transmit and receive
operations may be repeated for each scan line. Narrow band
pulses (e.g., 3 or more cycles) may be transmitted and
received at distinct center frequencies with or without over-
lapping spectra. Narrow band transmit pulses may be used
in a single or in multiple transmit and receive events. The
transmit pulses and corresponding receive beams may be
formed at different steering angles, such as sampling a same
location of tissue from different directions. Different steer-
ing may be performed just for transmit or just for receive.
Different transmit beams may have different transmit powers
and/or F numbers. The single transmit or multiple transmits
may be focused, unfocused, or use a plane wave. Any scan
sequence may be used.

[0023] Repetition with or without different transmit and/or
receive settings may be used to measure the scatter once or
to measure the scatter differently. Where multiple measures
of the same scatter parameter are provided for a same
location, the measures may be averaged or combined. Mea-
sures from different locations, such as adjacent locations or
locations within a given range, may be averaged. For
example, the measure of scatter is a frequency dependent
measure averaged from multiple transmissions to a same
location. Changes in the power spectra as a function of
depth, angle, and/or frequency may be measured. As another
example, estimates of the attenuation coefficient from dif-
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ferent transmit and/or receive angles are averaged to reduce
variance or used to quantify the angular dependence of
attenuation.

[0024] In one embodiment, the scanning to measure is
adaptive. The transmissions and/or receptions may be adap-
tive. For example. results of one measure are used to set the
amplitude, angle, frequency, and/or F# for subsequent trans-
missions.

[0025] In one example, the attenuation coefficient is mea-
sured. The reference-phantom method is used, but other
measures of the attenuation coefficient may be used. Acous-
tic energy has an exponential decay as a function of depth.
A measure of acoustic intensity as a function of depth before
or without depth gain correction is performed. To remove
system effects, the measurement is calibrated based on
measures of acoustic intensity as a function of depth in a
phanton. The measurement may be subject to less noise by
averaging over a one, two, or three-dimensional region. The
beamformed samples or acoustic intensity may be converted
to the frequency domain, and the calculation performed in
the frequency domain.

[0026] In another example, the backscatter coeflicient is
measured. The acoustic attenuation is determined. This
acoustic attenuation is used to determine a reference cali-
bration. By calibrating for the acoustic attenuation, the
scattered energy is provided as the backscatter coefficient.
The calculation may be performed in the frequency domain,
providing measures as a function of frequency.

[0027] The spectral slope of the logarithm of the fre-
quency-dependent backscatter is measured from the back-
scatter coefficient. The log of the backscatter coeflicient is
determined as a function of the frequency. A line is fit (e.g.,
least squares) to the log of the backscatter as a function of
frequency to determine the spectral slope.

[0028] In act 32, the ultrasound scanner generates a mea-
sure of shear wave propagation in the tissue from the scan
of the patient. For shear wave imaging, an acoustic radiation
force impulse (ARFI or pushing pulse) is transmitted to
tissue. The impulse causes displacement of the tissue at a
location, resulting in generation of a shear wave. The shear
wave travels generally transversely to the transmit beam of
the pushing pulse. By tracking tissue displacement at one or
more laterally spaced locations, the shear wave passing
those locations may be detected. The time for the shear wave
to travel from the origin to the later location and the distance
between the locations provides a shear wave speed.

[0029] Any shear wave parameter may be determined. For
example, a shear wave speed or velocity in tissue is mea-
sured. Other shear wave parameters include angular and/or
frequency-dependent shear wave speed, angular and fre-
quency-dependent shear wave attenuation, angular and/or
frequency-dependent storage modulus, angular and/or fre-
quency-dependent loss modulus, viscosity, and/or angular
and/or frequency-dependent acoustic absorption coefficient.
[0030] The acoustic absorption coefficient is from absorp-
tion of the acoustic pulse, not from absorption of the shear
wave. The acoustic absorption is determined as Focal/c,
where F is the radiation force, 1 is the intensity of ARFI push
pulse, ¢ is the acoustic sound speed, and a is the acoustic
absorption coefficient.

[0031] To measure shear wave, a pushing pulse or ARFI is
transmitted to a focal location in the tissue. A reference scan
for a resting state tissue position is performed before the
pushing pulse or after the tissue returns to a resting state. The
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change in position or displacement of tissue at one or more
locations spaced from the focal location are measured over
time. Tracking scans are repetitively performed. Using cor-
relation or another measure of similarity, the axial, 2D, or
3D shift of tissue from a reference time compared to a
current tracking time is determined. The time of the maxi-
mum displacement indicates the time of the shear wave.
Other timing may be used, such as the beginning or end of
displacement. The time for the shear wave to reach the
tracking location and the distance from the tracking location
to the focal location of the pushing pulse provides the shear
wave velocity. Other approaches may be used, such as
solving for shear wave velocity at multiple locations by
determining a shift in displacement profile (displacement as
a function of time) for different tracking locations or solving
from displacements as a function of location.

[0032] The measurement of the shear wave parameters
may be a function of frequency and/or angle. By transmit-
ting pushing pulses in beams from different angles and/or at
different frequencies, the measurement is repeated. Spatio-
temporal displacement profiles are used in the time or
frequency domain to determine the measure. The results
from the different angles may be used to determine an
angular dependent measure.

[0033] The shear wave parameter may be measured at
different locations. The measurement may be based on tissue
displacement to one or a single pushing pulse. The mea-
surement may instead be based on tissue displacement to
multiple pushing pulses. The measurement is repeated for
different regions using different pushing pulses.

[0034] To measure the shear wave parameter, both push-
ing pulse and tracking transmissions occur. The displace-
ments are measured by receiving acoustic response to the
tracking transmissions and not the pushing pulse transmis-
sions. The same scan used for measuring the scattering
parameter may be used to measure the shear wave param-
eter. For example, the reference scan prior to transmitting
the pushing pulse and used for tracking is used to measure
the scatter. In other embodiments, the scan for the shear
wave parameter uses different transmissions and/or recep-
tions than for the scattering parameter. The scan for mea-
surements is divided into separate sequences of transmit and
receive events for the different measurements.

[0035] The pushing pulse has a relatively long duration as
compared to the tracking pulses, such as tens, hundreds or
thousands of cycles for the pushing pulse and one-to-three
cycles for the tracking transmissions. Where repetition is
provided, different focal locations, frequencies, angles, pow-
ers, and/or F numbers may be used for the pushing pulses.
[0036] The same measurement may be repeated for a same
location and/or different locations. Different frequency, F
number, angle, power, focal locations, and/or other differ-
ences may be used for any repetition. The resulting measures
may be used together to determine another measure or may
be combined, such as averaged to reduce noise.

[0037] The ultrasound scanner may adapt the scanning for
the shear wave parameter measurement. For example, for an
estimate of the attenuation coefficient of the shear wave, the
push pulse adapts. The center frequency, duration, F-num-
ber, or other characteristic of the push pulse is changed for
a later transmission. The focus is tighter or weaker. The
displacement to create the shear wave is larger or lesser. As
another example, for an estimate of the absorption coefli-
cient with an ARFI push pulse, another push pulse is
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transmitted with a tighter focus or longer duration. The
change may improve signal-to-noise ratio (SNR) and/or
reduce variability in the measurements.

[0038] The adaptation is based on any information. For
example, the displacement profile is compared to a reference
or calibration profile. As another example, an amount of
displacement of a maximum, mean, or median displacement
is determined. The information may indicate a need for a
stronger or higher intensity pushing pulse or may indicate
that lesser intensity pushing pulses is needed, allowing for a
shorter cool down time.

[0039] Inact 32, the ultrasound scanner generates an ARFI
measure of axial displacement of the tissue. An ARFI
transmission causes tissue to displace along an axis or scan
line of the transmit beam. Rather than tracking a shear wave,
the tissue displacement along the axis caused by the ARFI or
in response to a longitudinal wave generated by the ARFI is
tracked over time.

[0040] Any ARFI measure may be used. For example, the
attenuation of the longitudinal wave of the ARFI pulse may
be estimated from displacements tracked at locations spaced
from the focal point of the ARFI. The measures may be at
the focal point or other locations along the axial scan line.
[0041] To measure, the ARFI is transmitted along a scan
line. Tracking scans are performed after transmission of the
ARFI. The acoustic echoes from the tracking transmissions
along the scan line are received. The received data is
correlated with a reference from prior to or after ARFI-
caused displacements. The amount of displacement as a
function of time, location, transmit angle, and/or transmit
frequency is determined. The amount of maximum displace-
ment, displacement as a function of depth, and/or displace-
ment as a function of time is used to calculate the ARFI
measure.

[0042] The same measurement may be performed at other
times and/or locations. The results from the repetition may
be used to derive yet another measure or may be averaged.
[0043] The transmissions may adapt, such as adapting an
F number, frequency, duration, power, and/or angle. The
adaption may be in response to any measure, such as a
magnitude of a maximum displacement.

[0044] Other measures may be used. Response of tissue to
different types of waves and/or scanning are measured. One
or more measures of a same type are used. For a given
measure, a single instance, average, or distribution (e.g.,
standard deviation over time, duration, frequency, angle,
and/or space) are performed. Any number of the same or
different types of measures may be performed.

[0045] 1In act 34, the ultrasound scanner or other image
processor estimates the tissue property of the tissue of the
patient from different measures. The measures from two or
more different wave phenomena are used. The values of two
or more measures are used to estimate the tissue property.
For example, both a measure of scattering and a measure of
shear wave propagation are used to estimate the tissue
property. In another example, a measure of on-axis displace-
ment (e.g., ARFI measure) is used with the measure of
acoustic scattering and/or measure of shear wave propaga-
tion.

[0046] Other information may be used for estimating the
tissue property. For example, clinical information for the
patient is used. The clinical information may be the medical
history, age, body-mass index, sex, fasting or not, blood
pressure, diabetic or not, and/or a blood biomarker measure.
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Example blood biomarkers include alanine aminotransferase
(ALT) level, aspartate aminotransferase (AST) level, and/or
alkaline phosphatase (ALP) level. Any information about
the patient may be included.

[0047] Any tissue property may be estimated. For
example, the fat fraction of tissue is estimated. The fat
fraction of the liver, breast, or other tissue is diagnostically
useful. The fat fraction in a liver of the patient assists in
diagnosis of NAFLD. Other diagnostically useful tissue
properties include inflammation, density, fibrosis, and/or
nephron characteristic (count and/or diameter). The tissue
property is binary, such as existing or not, or is an estimate
along a scale (i.e., level or magnitude of the tissue property).
Only one tissue property is estimated in one embodiment. In
other embodiments, two or more different tissue properties
are estimated from the same or different measures.

[0048] Acts 36 and 37 represent two different embodi-
ments for estimating in act 34. The different embodiments
are alternatives. Other embodiments may be used. Both or
multiple embodiments may be used, such as determining a
value for a tissue property in two ways and then averaging
the results or selecting the result most likely to be accurate.
[0049] The value of the tissue property is estimated. In the
embodiment of act 36, a machine-learnt classifier estimates
the tissue property. The machine-trained classifier provides
a nonlinear model. Any machine learning and resulting
machine-learnt classifier may be used. For example, a sup-
port vector machine, probabilistic boosting tree, Bayesian
network, neural network, or other machine learning is used.
[0050] The machine learning learns from training data.
The training data includes various examples, such as tens,
hundreds, or thousands of samples, and the ground truth.
The examples include the input data to be used, such as
values for scattering and shear wave propagation param-
eters. The ground truth is the value for the tissue property of
each example. In one embodiment, the machine learning is
to learn to classify the fat fraction based on scattering and
shear wave propagation parameters. The ground truth for the
fat fraction is provided with a magnetic resonance (MR)
scan providing proton density fat fraction (PDFF). The
MR-PDFF provides a percentage of fat for a location or
region. The percentage of fat is used as the ground truth so
that the machine learning learns to classify the percentage of
fat from input values for the ultrasound parameters. Other
sources of ground truth may be used for a given tissue
property, such as from biopsies, modeling, or other mea-
surements.

[0051] In one embodiment, the machine learning trains a
neural network. The neural network includes one or more
convolution layers that learn a filter kernel to distinguish
between the values of a tissue property. The machine train-
ing learns what weighted combination (e.g., convolution
using learnt kernel) of input values indicates the output. The
resulting machine-learnt classifier uses the input values to
extract the distinguishing information and then classifies the
tissue property based on the extracted information.

[0052] The training provides one or more matrices. The
matrix or matrices relate the input information to the output
class. Hierarchal training and a resulting classifier may be
used. Different classifiers may be used for different tissue
properties. Multiple classifiers may be used for a same tissue
property and the results averaged or combined.

[0053] Inthe embodiment of act 37, a linear model is used
instead of or in addition to a machine-learnt model. A
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predetermined or programmed function relates the input
values to the output values. The function and/or weights
used in the function may be determined experimentally. For
example, the weights are obtained by a least square mini-
mization using MR-PDFF values.

[0054] Any linear function may be used. For example, the
value of the tissue property is estimated from one or more
scatter parameters and one or more shear wave propagation
parameters. Any combination of addition, subtraction, mul-
tiplication, or division may be used.

[0055] In one embodiment, two or more functions (e.g.,
weighted combinations of measures) are provided. One of
the functions is selected based on the value of one of the
parameters. For example, the ultrasound-derived fat fraction
(UDFF) estimation includes two functions, represented as
weighted combinations:

UDFF=aP +bP>+cP3+ . . . d for P,

iimin

<P<P,

UDFF=0P | +pPotcy+ . . . d or Prpin<Pr<Prmax

where d and 3 are constants, a, b, ¢, o, and } are weights, and
P is a measure of a parameter. One parameter P, ; is used to
determine which function to select. The possible functions
include two or three other parameters and weights. Addi-
tional, different, or fewer numbers of functions, parameters
in a function, weights, and/or constants may be used. Dif-
ferent selection criteria may be used. The selection param-
eter may be of one type and the weighted parameters of each
function of another type. Alternatively, different types (e.g.,
scattering and shear wave propagation) are included as
weighted parameters regardless of the type or types of
parameters used for selection.

[0056] In one example, AC is the acoustic attenuation
coeflicient (e.g., a scattering parameter), BSC 1s the back-
scatter coefficient (e.g., a scattering parameter), and SS is the
spectral slope of the logarithm of the frequency-dependent
backscatter coefficient (e.g., also a scattering parameter).
SWS is the shear wave speed (e.g., a shear wave propagation
parameter). Two functions based on scattering parameters
are used, where the function for a given estimation is
selected based on the shear wave propagation parameter, as
represented as:

13
UDFF = S5AC + 114BSC - 42 for SWS < =2
N

UDFF = =3.855 +425B5C = 9.4 for SWS> 1.3m/s

The weights and constants are based on minimizing a
difference from the fat fraction provided by MR-PDFF.
Expert selected or other weights and/or constants may be
used.

[0057] Inact38. the ultrasound scanner or a display device
displays the estimated tissue parameter. For example, an
image of the fat fraction is generated. A value representing
the estimated fat fraction is displayed on a screen. Alterna-
tively or additionally, a graphic (e.g., curve or icon) repre-
senting the estimated fat fraction is displayed. Reference to
a scale or other reference may be displayed. In other
embodiments, the fat fraction as a function of location is
displayed by color, brightness, hue, luminance, or other
modulation of display values in a one, two, or three-
dimensional representation. The tissue property may be
mapped linearly or non-linearly to pixel color.
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[0058] The tissue property is indicated alone or with other
information. For example, shear wave imaging is performed.
The shear wave velocity, modulus or other information
determined from tissue reaction to a shear wave is displayed.
Any shear imaging may be used. The displayed image
represents shear wave information for the region of interest
or the entire imaging region. For example, where shear
velocity values are determined for all the grid points in a
region of interest or field of view, the pixels of the display
represent the shear wave velocities for that region. The
display grid may be different from the scan grid and/or grid
for which displacements are calculated.

[0059] The shear wave information is used for a color
overlay or other modulation of display values. Color, bright-
ness, luminance, hue, or other display characteristic is
modulated as a function of the shear wave characteristic,
such as the shear wave velocity. The image represents a two-
or three-dimensional region of locations. The shear data is in
a display format or may be scan converted into a display
format. The shear data is color or gray scale data, but may
be data prior to mapping with gray scale or color scale. The
information may be mapped linearly or non-linearly to the
display values.

[0060] The image may include other data. For example,
shear wave information is displayed over or with B-mode
information. B-mode or other data representing tissue, fluid,
or contrast agents in the same region may be included, such
as displaying B-mode data for any locations with shear wave
velocity below a threshold or with poor quality. The other
data assists the user in determining the location of the shear
information. In other embodiments, the shear wave charac-
teristic is displayed as an image without other data. In yet
other embodiments, the B-mode or other image information
is provided without shear wave information.

[0061] The additional estimated value of the tissue prop-
erty is displayed substantially simultaneously with the shear
wave, B-mode, color or flow mode, M-mode, contrast agent
mode, and/or other imaging. Substantially accounts for
visual perception of the view. Displaying two images
sequentially with sufficient frequency may allow the viewer
to perceive the images as being displayed at a same time.
The component measures used to estimate the tissue prop-
erty may also be displayed, such as in a table.

[0062] Any format for substantially simultaneous display
may be used. In one example, the shear wave or anatomy
image is a two-dimensional image. The value of the tissue
property is text, a graph, two-dimensional image, or other
indicator of the values of the estimate. A cursor or other
location selection may be positioned relative to the shear or
anatomy image. The cursor indicates selection of a location.
For example, the user selects a pixel associated with an
interior region of a lesion, cyst, inclusion, or other structure.
The tissue property for the selected location is then dis-
played as a value, a pointer along a scale, or other indication.
In another example, the tissue property is indicated in a
region of interest (sub-part of the field of view) or over the
entire field of view.

[0063] In another embodiment, shear wave or B-mode and
fat fraction images are displayed substantially simultane-
ously. For example, a dual-screen display is used. The shear
wave image (e.g., shear wave velocity) and/or B-mode
image are displayed in one area of the screen. The fat
fraction as a function of location is displayed in another area
of the screen. The user may view the different images on the
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screen for diagnosis. The additional information or indica-
tion of the tissue property helps the user diagnose the region.
[0064] In one embodiment, the tissue estimation is pro-
vided as a real-time number or quantitative image. Since the
tissue parameters may be estimated quickly, the value of the
tissue parameter is estimated and output within 1-3 seconds
of starting the scanning. The tissue property may be esti-
mated at different times, such as before, during and/or after
treatment. The estimates from the different times are used to
monitor progression of the disease and/or response to
therapy. For example, a percent change in the value of the
tissue property over time is calculated and output.

[0065] FIG. 2 shows one embodiment of a system 10 for
tissue property estimation from measures responsive to
different types of waves. 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 beam-
former 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.

[0066] The system 10 is a medical diagnostic ultrasound
imaging system. In alternative embodiments, the system 10
is 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.

[0067] The transmit and receive beamformers 12, 16 form
a beamformer used to transmit and receive using the trans-
ducer 14. Sequences of pulses are transmitted and responses
received based on operation or configuration of the beam-
former. The beamformer scans for measuring scatter, shear
wave, and/or ARFI parameters.

[0068] The transmit beamformer 12 is an ultrasound trans-
mitter, memory, pulser, analog circuit, digital circuit, or
combinations thereof. The transmit beamformer 12 is opet-
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 two or three-dimensional region. Sector,
Vector®, linear, or other scan formats may be used. The
same region may be scanned multiple times using different
scan line angles, F numbers, and/or waveform center fre-
quencies. For flow or Doppler imaging and for shear imag-
ing, a sequence of scans along the same line or lines is used.
In Doppler imaging, the sequence may include multiple
beams along a same scan line before scanning an adjacent
scan line. For shear imaging, scan or frame interleaving may
be used (i.e., scan the entire region before scanning again).
Line or group of line interleaving may be used. In alternative
embodiments, the transmit beamformer 12 generates a plane
wave or diverging wave for more rapid scanning.

[0069] The same transmit beamformer 12 generates
impulse excitations or electrical waveforms for generating
acoustic energy to cause displacement. Electrical waveforms
for acoustic radiation force impulses are generated. In alter-
native embodiments, a different transmit beamformer is
provided for generating the impulse excitation. The transmit
beamformer 12 causes the transducer 14 to generate pushing
pulses or acoustic radiation force pulses.

[0070] 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
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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 may be an impulse excita-
tion, tracking pulse, B-mode pulse, or pulse for other mea-
sures. 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. 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.

[0071] The transducer 14 is a 1-, 1.25-, 1.5-, 1.75- or
2-dimensional array of piezoelectric or capacitive mem-
brane elements. The transducer 14 includes a plurality of
elements for transducing between acoustic and electrical
energies. Receive signals are generated in response to ultra-
sound energy (echoes) impinging on the elements of the
transducer 14. The elements connect with channels of the
transmit and receive beamformers 12, 16. Alternatively, a
single element with a mechanical focus is used.

[0072] 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.

[0073] The receive beamformer 16 may include a filter,
such as a filter for isolating information at a second har-
monic or other frequency band relative to the transmit
frequency band. Such information may more likely include
desired tissue, contrast agent, and/or flow information. In
another embodiment, the receive beamformer 16 includes a
memory or buffer and a filter or adder. Two or more receive
beams are combined to isolate information at a desired
frequency band, such as a second harmonic, cubic funda-
mental or another band.

[0074] In coordination with the transmit beamformer 12,
the receive beamformer 16 generates data representing the
region. For tracking a shear wave or axial longitudinal wave,
data representing the region at different times is generated.
After the acoustic impulse excitation, the receive beam-
former 16 generates beams representing locations along one
or a plurality of lines at different times. By scanning the
region of interest with ultrasound, data (e.g., beamformed
samples) is generated. By repeating the scanning, ultrasound
data representing the region at different times after the
impulse excitation is acquired.

[0075] The receive beamformer 16 outputs beam summed
data representing spatial locations. Data for a single loca-
tion, locations along a line, locations for an area, or locations
for a volume are output. Dynamic focusing may be pro-
vided. The data may be for different purposes. For example,
different parts of a scan are performed for B-mode or tissue
data than for displacement. Alternatively, the B-mode data is
also used to determine displacement. As another example,
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data for different types of measures are acquired with a
series of shared scans, and B-mode or Doppler scanning is
performed separately or using some of the same data.

[0076] The image processor 18 is a B-mode detector,
Doppler detector, pulsed wave Doppler detector, correlation
processor, Fourier transform processor, application specific
integrated circuit, general processor, control processor,
image processor, field programmable gate array, digital
signal processor, analog circuit, digital circuit, combinations
thereof or other now known or later developed device for
detecting and processing information for display from beam-
formed ultrasound samples. In one embodiment, the image
processor 18 includes one or more detectors and a separate
image processor. The separate image processor is a control
processor, general processor, digital signal processor, appli-
cation specific integrated circuit, field programmable gate
array, network, server, group of processors, data path, com-
binations thereof or other now known or later developed
device for calculating values of different types of parameters
from beamformed and/or detected ultrasound data and/or for
estimating a tissue property from the values from the dif-
ferent types of measures. For example, the separate image
processor is configured by hardware, firmware, and/or soft-
ware to perform any combination of one or more of the acts
shown in FIG. 1.

[0077] The image processor 18 is configured to estimate a
value for the tissue property from a combination of different
types of parameters. For example, a measured scatter param-
eter and a measured shear wave parameter are used. The
different types of parameters are measured based on the
transmit and receive sequences and calculation from the
results. The values of the one or more measures of each of
at least two of the types (e.g., scatter, shear wave propaga-
tion, or axial ARFI) of parameters are determined.

[0078] The image processor 18 estimates the tissue prop-
erty based on the different types of parameters or measures
of tissue reaction to different types of wave fronts. The
estimation applies a machine-learnt classifier. The input
values of the measures with or without other information are
used by a leamnt matrix to output a value of the tissue
property. In other embodiments, the image processor 18 uses
a weighted combination of the values of the parameters. For
example, two or more functions are provided. Using the
value of one or more parameters (e.g., shear wave speed),
one of the functions is selected. The selected function uses
the values of the same and/or different parameters to deter-
mine the value of the tissue property. A linear or non-linear
mapping relates values of one or more parameters to the
value of the tissue property. For example, two or more
scatter parameters are used to determine the value of the
tissue property with a shear wave propagation selected
fanction.

[0079] The processor 18 is configured to generate one or
more images. For example, a shear wave velocity, B-mode,
contrast agent, M-mode, flow or color mode, ARFI, and/or
another type of image is generated. The shear wave velocity,
flow, or ARFI image may be presented alone or as an overlay
or region of interest within a B-mode image. The shear wave
velocity, flow, or ARFI data modulates the color at locations
in the region of interest. Where the shear wave velocity,
flow, or ARFI data is below a threshold, B-mode information
may be displayed without modulation by the shear wave
velocity.
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[0080] Other information is included in the image or
displayed sequentially or substantially simultaneously. For
example, a tissue property estimate image is displayed at a
same time as the other image. A value or values of the tissue
property map to display information. Where the tissue
property is measured at different locations, the values of the
tissue property may be generated as a color overlay in the
region of interest in B-mode images. The shear wave veloc-
ity and tissue property data may be combined as a single
overlay on one B-mode image. Alternatively, the value of the
tissue property is displayed as text or a numerical value
adjacent or overlaid on a B-mode or shear wave imaging
image. The image processor 18 may be configured to
generate other displays. For example. the shear wave veloc-
ity image is displayed next to a graph, text, or graphical
indicators of the tissue property, such as fat fraction and/or
degree of fibrosis. The tissue property information is pre-
sented for one or more locations of the region of interest
without being in a separate two or three-dimensional repre-
sentation, such as where the user selects a location and the
ultrasound scanner then presents the tissue property for that
location.

[0081] The image processor 18 operates pursuant to
instructions stored in the memory 22 or another memory for
tissue property estimation from measures of tissue reaction
to different types of waves (e.g., scattering from a transmit-
ted ultrasound, on-axis tissue displacement, and/or a shear
wave caused by tissue displacement). The memory 22 is a
non-transitory computer readable storage media. The
instructions for implementing the processes, methods and/or
techniques discussed herein are provided on the computer-
readable storage media or memories, such as a cache, buffer,
RAM. removable media, hard drive or other computer
readable storage media. Computer readable storage media
include various types of volatile and nonvolatile storage
media. The functions, 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.

[0082] The display 20 is a device, such as a CRT, LCD,
projector, plasma, or other display for displaying one or
two-dimensional images or three-dimensional representa-
tions. The two-dimensional images represent spatial distri-
bution in an area. The three-dimensional representations are
rendered from 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
tissue property for a single location (e.g., averaged from
tissue property estimates including adjacent locations), in a
region of interest, or an entire image. For example, the
display 20 displays a value for fat fraction. The display of
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the tissue property based on the different types of waves
provides more accurate tissue property information for diag-
nosis.
[0083] 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 tissue property estimation with an ultra-
sound scanner, the method comprising:
generating a measure of scattering in tissue from a scan of
a patient by the ultrasound scanner;

generating a measure of shear wave propagation in the
tissue from the scan of the patient by the ultrasound
scanner;

estimating the tissue property of the tissue of the patient

from both the measure of scattering and the measure of
shear wave propagation; and

outputting an ultrasound image including an indication of

the tissue property as estimated.

2. The method of claim 1 wherein generating the mea-
sures from the scan comprises separate transmit and receive
events for the measure of scattering and the measure of shear
wave propagation.

3. The method of claim 1 wherein generating the measure
of scattering comprises generating a measure of frequency-
dependent acoustic attenuation coefficient, a frequency-de-
pendent backscatter coeflicient, or combinations thereof.

4. The method of claim 1 wherein generating the measure
of shear wave propagation comprises generating a shear
wave speed.

5. The method of claim 1 wherein estimating the tissue
property comprises estimating a fat fraction of the tissue.

6. The method of claim 5 wherein estimating the fat
fraction comprises estimating the fat fraction of liver.

7. The method of claim 1 wherein estimating the tissue
property comprises estimating inflammation, density, fibro-
sis, nephron characteristic, or combinations thereof.

8. The method of claim 1 wherein estimating comprises
estimating with a machine-learnt classifier.

9. The method of claim 1 wherein estimating comprises
estimating with a linear model.

10. The method of claim 9 wherein generating the mea-
sure of scattering comprises generating first and second
measures of scattering, and wherein estimating with the
linear model comprises selecting between multiple, different
weighted combinations of the first and second measures of
scattering based on the measure of the shear wave propa-
gation.

11. The method of claim 1 wherein generating the mea-
sure of scatter comprises generating the measure of scatter
as a frequency dependent measure averaged from multiple
transmissions.

12. The method of claim 1 wherein generating the mea-
sures comprises adaptive scanning.

13. The method of claim 1 further comprising generating
a measure of on-axis displacement of the tissue, and wherein
estimating comprises estimating as a function of the measure
of on-axis displacement.
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14. The method of claim 1 wherein estimating comprises
estimating as a function of clinical information for the
patient.

15. A system for tissue property estimation, the system
comprising:

a transducer;

a beamformer configured to transmit and receive
sequences of pulses in a patient with the transducer, the
sequence of pulses being for a scatter parameter and for
a shear wave parameter;

an image processor configured to estimate a value for the
tissue property from a combination of the scatter
parameter and the shear wave parameter; and

a display configured to display the value of the tissue
property.

16. The system of claim 15 wherein the image processor
is configured to estimate the value with a machine-learnt
classifier.

17. The system of claim 15 wherein the image processor
is configured to estimate the value with a weighted combi-
nation of the scatter parameter and the shear wave param-
eter.

Oct. 11,2018

18. The system of claim 17 wherein the weighted com-
bination comprises a function selected based on the shear
wave parameter, the function including the scatter parameter
and another parameter.

19. A method for tissue property estimation with an
ultrasound system, the method comprising:

determining, by the ultrasound system, a plurality of
scattering parameters of tissue;

determining, by the ultrasound system, a plurality of shear
wave parameters of the tissue;

estimating the tissue property from the scattering param-

eters and the shear wave parameters; and

displaying the tissue property.

20. The method of claim 19 further comprising determin-
ing, by the ultrasound system, an acoustic radiation force
impulse parameter from tissue displacement on axis with an
acoustic radiation force impulse, and wherein estimating
comprises estimating the tissue property from the acoustic
radiation force impulse parameter.
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