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SHEAR WAVE DETECTION IN MEDICAL
ULTRASOUND IMAGING

BACKGROUND

[0001] The present embodiments relate to shear wave ultra-
sound imaging. Shear waves traveling through tissue may be
detected. The shear velocity or other characteristics of the
shear wave may indicate diagnostically useful information
about the tissue, such as the stiffness of the tissue. Cysts, dead
tissue, or other abnormally stiff or soft tissue may be detected
using shear wave ultrasound imaging.

[0002] Detecting shear waves propagating in tissue may
suffer from high levels of noise due to motion of the tissue
relative to the transducer probe. Since ultrasound is used, the
acoustic reflections or reverberation may also contribute to
noise in detecting shear waves. Detection of the shear wave
using peak detection in displacement, correlation lag, or other
techniques may be less reliable due to the noise.

BRIEF SUMMARY

[0003] By way of introduction, the preferred embodiments
described below include methods, instructions, and systems
for shear wave detection with ultrasound. The detection of the
shear wave is constrained using prior measurements in a more
controlled environment (e.g., an environment with less
noise). For example, shear waves measured in a phantom are
used to constrain the detection of shear waves in a patient to
avoid false peak detections.

[0004] Inafirstaspect, a method is provided for shear wave
detection with ultrasound. A transducer transmits an acoustic
radiation force excitation into a patient. Ultrasound is used to
measure displacements at a location of tissue within a patient
in response to a shear wave resulting from the acoustic radia-
tion force excitation. A processor determines a maximum
displacement of the displacements. A time range is identified
as a predetermined constraint, from a memory, based on the
maximum displacement. The processor locates a time from
the displacements within the time range and calculates a shear
wave velocity as a function of the time. An indication of the
shear wave velocity is displayed.

[0005] In asecond aspect, a non-transitory computer read-
able storage medium has stored therein data representing
instructions executable by a programmed processor for shear
wave detection with ultrasound. The storage medium
includes instructions for determining a first attribute of dis-
placements over time for a location in a patient, the displace-
ments responsive to a shear wave, looking-up a prior second
attribute as a function of the first attribute, constraining a
search range for the displacements with the prior second
attribute, and detecting the shear wave using the search range.

[0006] Inathirdaspect,asystemisprovided for shear wave
detection with ultrasound. A transducer is configured to trans-
mit an acoustic impulse excitation into a patient and is con-
figured to scan with ultrasound a region of the patient. A
receive beamformer is configured to generate data represent-
ing the region at different times after the acoustic impulse
excitation. The data is generated from the scan with ultra-
sound. A processor is configured to estimate, from the data,
tissue displacements caused by a shear wave induced by the
acoustic impulse excitation, to estimate a characteristic of the
shear wave from the tissue displacements, and to limit a
search of the estimated tissue displacements for estimating
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the characteristic. The search is limited using prior informa-
tion acquired with a same configuration of the acoustic
impulse excitation.

[0007] The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims. Further aspects and advantages of the
invention are discussed below in conjunction with the pre-
ferred embodiments and may be later claimed independently
or in combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] 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 throughout
the different views.

[0009] FIG. 1isa flow chart diagram of one embodiment of
a method for shear wave detection with ultrasound;

[0010] FIG. 2 is a graph showing two example displace-
ment profiles of displacement as a function of time; and
[0011] FIG. 3 is a block diagram of one embodiment of a
system for shear wave detection with ultrasound.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0012] Shear wave detection may be improved by con-
straining the search range. A set of attributes (e.g., displace-
ment magnitude and travel time) of the displacement wave-
form measured in a controlled environment is used to
constrain detection in a patient. An example controlled envi-
ronment is phantoms measured with a same shear wave
inducing excitation transmit configuration. Both confidence
level of the detection and the accuracy of the estimation of the
tissue’s mechanical property or properties may be improved
even with low signal-to-noise displacement data.

[0013] FIG. 1 shows a method for shear wave detection
with ultrasound. The method is implemented by the system of
FIG. 3 or a different system. Additional, different, or fewer
acts may be provided. For example, act 42 is representative,
and techniques other than time detection may be used to
detect the shear wave. As another example, the displaying of
act 46 is optional. The acts are performed in the order
described or shown, but may be performed in other orders.
[0014] Inact 30, an acoustic excitation is transmitted into a
patient. The acoustic excitation acts as an impulse excitation
for causing displacement. For example, a 400 cycle transmit
waveform with power or peak amplitude levels similar or
lower than B-mode transmissions for imaging tissue is trans-
mitted as an acoustic beam. In one embodiment, the trans-
mission is a shear wave generating sequence applied to the
field of view. Any acoustic radiation force impulse (ARFT) or
shear wave imaging sequence may be used.

[0015] The transmission is configured by power, ampli-
tude, timing, or other characteristic to cause stress on tissue
sufficient to displace the tissue at one or more locations. For
example, a transmit focus of the beam is positioned near a
bottom, center of the field of view or region of interest (ROI)
to cause displacement throughout the field of view. The trans-
mission may be repeated for different sub-regions or ROIs.
Any transmit configuration, including aperture, frequency,
focal location, amplitude, F#, or other characteristic may be
used.
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[0016] The excitation is transmitted from an ultrasound
transducer. The excitation is acoustic energy. The acoustic
energy is focused, resulting in a three-dimensional beam pro-
file. The excitation is focused using a phased array and/or
mechanical focus. The excitation may be unfocused in one
dimension, such as the elevation dimension. The excitation is
transmitted into tissue of a patient.

[0017] The impulse excitation generates a shear wave at a
spatial location. Where the excitation is sufficiently strong, a
shear wave is generated. The shear wave propagates through
tissue more slowly than the longitudinal wave propagates
along the acoustic wave emission direction. This difference in
timing is used to isolate the shear wave from a longitudinal
wave, such as sampling at locations at certain times. A time
range covering likely passing (e.g., from arrival through exit
of the shear wave) is sampled for displacements.

[0018] The shear wave propagates various directions,
including a direction perpendicular to the direction of the
applied stress. The displacement of the shear waves is greater
at locations closer to the location at which the shear wave is
generated. As the shear wave travels, the magnitude of the
shear wave attenuates.

[0019] Inact32,adisplacement response to the shear wave
in the patient is detected. The tissue is forced to move in the
patient. For example, the displacement profiles for two loca-
tions are demonstrated in FIG. 2. The excitation causes dis-
placement of the tissue. A shear wave is generated and propa-
gates from the focal region. As the shear wave travels through
tissue, the tissue is displaced. Timing and/or lateral location
are used to distinguish the shear wave from other generated
waves. Longitudinal waves or other causes of displacement
may be used instead of shear.

[0020] The displacement caused by the force or stress is
measured. The displacement is measured over time at one or
more locations. The times used to measure are set to capture
the shear wave rather than a longitudinal wave. The displace-
ment measurement may begin before the stress or impulse
ends, such as using a different frequency or coding. Alterna-
tively, the displacement measurement begins after the
impulse ends. Since the shear, longitudinal or other wave
causing the displacement in tissue spaced from the point or
region of stress takes time to travel, the displacement from a
relaxed or partially stressed state to a maximum displacement
and then to a relaxed state may be measured, as represented in
FIG. 2. A temporal profile of displacement is determined.
Alternatively, the displacement is measured only while the
tissue is relaxing from just before, at or near the likely maxi-
mum.

[0021] The measurement is of the amount or magnitude of
the displacement. The tissue is moved in any direction. The
measurement may be along the direction of greatest move-
ment. The magnitude of the motion vector is determined.
Alternatively, the measurement is along a given direction,
such as perpendicular to the scan line regardless of whether
the tissue is displaced more or less in other directions.

[0022] The displacement is detected with ultrasound scan-
ning. Ultrasound data is obtained. At least some of the ultra-
sound data is responsive to the shear wave. A region, such as
a region of interest, entire field of view, or sub-region of
interest, is scanned with ultrasound. The region is monitored
to detect the shear wave. The region is any size, such as 5 mm
in lateral and 10 mm in axial. For example, B-mode scans are
performed to detect tissue displacement caused by the shear
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wave. Doppler, color flow, or other ultrasound mode may be
used to monitor for the shear wave.

[0023] For a given time, ultrasound is transmitted to the
tissue orregion of interest. Any now known or later developed
displacement imaging may be used. For example, pulses with
1-5 cycle durations are used with an intensity ofless than 720
mW/cm®. Pulses with other intensities may be used. The
monitoring is performed for any number of scan lines. For
example, four or eight receive beams are formed in response
to each transmission. After transmitting the excitation to gen-
erate the shear wave, B-mode transmissions are performed
repetitively along a single transmit scan line and receptions
along four or eight 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 corresponding receive line
or lines may be used. Any number of repetitions may be used,
such as about 120 times. Some of the ultrasound data, such as
at the beginning or end of the repetitions, may not be respon-
sive to the shear wave. Any range of times for measuring
displacements for a given location may be used.

[0024] As theshear wave propagates through the scan lines,
the B-mode intensity may vary due to displacement of the
tissue. For the monitored scan lines, a sequence of data is
provided representing a time profile of tissue motion resulting
from the shear wave. Echoes or reflections from the transmis-
sion are received. The echoes are beamformed, and the beam-
formed data represents one or more locations. To detect the
displacement, ultrasound energy is transmitted to the tissue
undergoing displacement and reflections of the energy are
received. Any transmission and reception sequence may be
used.

[0025] By performing the transmitting and receiving mul-
tiple times, data representing a one, two, or three-dimensional
region at different times is received. The transmission and
reception are performed multiple times to determine change
due to displacement. By repetitively scanning with ultra-
sound, the position of tissue at different times is determined.
[0026] The displacement is detected from the differences
for each spatial location. For example, the velocity, variance,
shift in intensity pattern (e.g., speckle tracking), or other
information is detected from the received data as the displace-
ment.

[0027] In one embodiment using B-mode data, the data
from different scans is correlated as a function of time. For
each depth or spatial location, a correlation over a plurality of
depths or spatial locations (e.g., kernel of 64 depths with the
center depth being the point for which the profile is calcu-
lated) 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 and/or rotations between the two data sets are
performed.

[0028] The reference is a first set of data or data from
another scan. The reference set is from before the ARFI pulse,
but may be from after the ARFI pulse. The same reference is
used for the entire displacement detection, or the reference
data changes in an ongoing or moving window.

[0029] The correlation is one, two or three-dimensional.
For example, correlation along a scan line away and toward
the transducer or along a line perpendicular to the scan line is
used. As another example, the translation is along two axes
with or without rotation. In yet another example, the transla-
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tion is along three axes with or without rotation about three or
fewer axes. The level of similarity or correlation of the data at
each of the different offset positions is calculated. The trans-
lation and/or rotation with a greatest correlation represents
the motion vector or offset for the time associated with the
current data being compared to the reference.

[0030] Any now known or later developed correlation may
be used, such as cross-correlation, pattern matching, or mini-
mum 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 differ-
ence between velocities at different locations may indicate
strain or displacement.

[0031] FIG. 2 shows two example displacement profiles.
The magnitude in distance of the motion vector over time
from the reference data is shown. The period of analysis is
over about 8 milliseconds, but may be longer or shorter (e.g.,
12 milliseconds ata 4.8 kHz samplerate). Other displacement
profiles are possible, such as a profile with multiple peaks due
to noise. Any number of locations may be measured for dis-
placement, such as measuring every millimeter in the 10x5
mm region of interest. Displacement for each location and for
each sample time is measured.

[0032] Inact34, an attribute of the displacements from the
patient is determined. The displacements at different times
for a given location are used. For example, the displacement
profile, a curve fit to the displacements over time, or the
displacements over time without specifically determining the
curve or profile are used.

[0033] A processor determines the attribute. Any attribute
may be used. The attribute relates to the timing, magnitude, or
both. For example, an integral of displacement over time, a
slope of the displacement increase or decrease, or other
attribute is determined. In one embodiment, the maximum
magnitude is determined. The maximum displacement is cal-
culated from the displacement profile. The peak or highest
amount of motion or magnitude of shift of the tissue along a
line, within a plane, or within a volume is calculated for the
peak. The smoothed or filtered displacement curve may be
used for the maximum calculation. In otherembodiments, the
raw or unfiltered displacement curve may be used. Alterna-
tively, the magnitude may be from a given tinme based on a
distance from the focal region to the monitored location.
[0034] FIG. 2 shows a maximum displacement magnitude
of about 1.40 micrometers for one displacement profile and
about 1.65 micrometers for another. This amplitude of the
displacement shows the maximum shift in position caused by
the shear wave plus any offset (inaccuracy) caused by other
undesired sources (e.g., noise sources).

[0035] The maximum displacement over time for each
location is found. The maximum value over the entire or
portion of the profile is identified or determined. The maxi-
mum is within the time range over which displacement is
measured, such as being over 8-12 milliseconds (e.g., FIG. 2
shows about 8 milliseconds). Alternatively, the maximum is
sought over a portion of the sampling time, such as over a first
half (e.g., 4 milliseconds in the FIG. 2 example).

[0036] The temporal profile for a given location indicates
detection of the shear wave at that location. The profile is
examined for a non-noise or single instance of variation. A
peak in the profile, with or without temporal low pass filter-
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ing, indicates the passing of the shear wave front. The greatest
displacement is selected, but the average, initial non-noise
displacement, or other displacement statistic may be used to
indicate the passing. Since noise may be a concern, the timing
of the peak or maximum displacement may not be as accurate
as desired. Similarly, the magnitude may not be as accurate as
desired.

[0037] 1In act 36, another attribute is looked-up from a
memory using the attribute from the displacements measured
in the patient. For example, a time or time range is looked-up
based on the maximum displacement. Other attributes than
time may be looked-up, such as a maximum displacement
(e.g., look-up a prior maximum displacement from the mea-
sured maximum) or detection configuration.

[0038] The other attribute represents prior knowledge. A
phantom or other more controlled environment measure-
ments are made to populate a table. Controlled environments
may include mechanical systems to hold the patient or the
transducer, patients with more ideal imaging anatomy (e.g.,
less fat layers), patients holding their breath, phantoms, or
combinations thereof. Phantoms and mechanically supported
scanning environments provide more control over the mea-
surements.

[0039] Tissue or phantoms mimicking tissue of different
stiffnesses or other properties are measured. For example, a
plurality of different phantoms representing a range of likely
or possible tissue stiffnesses are measured. The resulting time
or a time range based on the resulting time is recorded along
with the maximum displacement. The maximum displace-
ment is used as an index to select the time or time range. A
table associating any attribute to another attribute in the more
controlled environment may be used.

[0040] A table is provided for each possible transmit con-
figuration. Since the characteristics of the ARFI may vary, the
resulting maximum displacement and times may be different
for different transmit configurations. Alternatively, the trans-
mit configuration for measuring from the patient is limited to
configurations similar to or the same as configurations used to
establish the tables. Due to attenuation, different tables may
be provided for different locations. A set of tables is provided
for each location. The tables for the different locations may
have the same or different attribute values. Alternatively, one
or more locations share the same tables.

[0041] Inthe embodiment relating maximum displacement
to time, the time is of the maximum displacement occurring in
the controlled environment (e.g., phantom measurements).
The time is output and used to establish a time range. Any
tolerance may be used. The tolerance is symmetrical or asym-
metrical. Different or equal amounts of time may be added
and subtracted from the time to establish the time range.
Alternatively, the time range is stored in the table and output.

[0042] The time range has a period less than the time over
which displacement is sampled and/or over which the maxi-
mum displacement was searched in the measurements from
the patient. In the example of FIG. 2, displacements are
sampled over 8 milliseconds. The time range output from or
derived from the time output from the table is less, such as
being an order of magnitude less. In one embodiment, the
time range is 0.5 milliseconds in duration. Greater or lesser
ranges may be used.

[0043] The time range represents an expected time or pos-
sible times given the maximum displacement detected in the
patient. The maximum displacement is an indication of the
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tissue stiffness. This indication is used to find the expected
time or times for the peak or passing of the shear wave from
the prior knowledge.

[0044] Inact 38, the expected attribute from the prior infor-
mation (e.g., from phantom measurements) is used to con-
strain the detection of the shear wave in act 40. For example,
an aspect of detection is limited to be at, below, above, or near
a value or within a range. As another example, the technique
used, process flow, steps taken, or variable value used in
detection is set based on the expected attribute. The detection
is configured differently for different expected attributes.
Rather than outputting the expected attribute itself, the table
may include the configuration information.

[0045] In one embodiment, a search range is limited. For
example, the maximum displacement or a peak displacement
over time is to be found. The amplitude of the maximum over
alonger range of time is used to look-up the expected time or
shorter time range for detecting passing of the shear wave.
The expected time or time range is used to limit the search for
the peak to calculate shear wave velocity. The peak or maxi-
mum found in the expected time range may be different than
(e.g., less than) or the same peak found to look-up the
expected time. Due to noise, multiple peaks may occur for the
displacement profile. The time of the occurrence of the peak
in maximum displacement within the limited time range is
used for the shear wave velocity calculation. By limiting the
range, any noise-caused peaks outside the expected range are
not used for detection of the shear wave.

[0046] In act 40, the shear wave is detected. The detecting
is constrained based on the prior information. Due to configu-
ration, search range limiting, a threshold value, or other set-
ting preventing a broader detection, the detection of the shear
wave at a location is constrained. For example, the search
range for the maximum displacement to identify a time of
passing, initiation, maximum, completion, or other aspect of
the shear wave at the location is calculated.

[0047] A processor performs the calculation. The displace-
ment information is used to determine the property without
user input. Once the displacements are acquired, the proces-
sor automatically calculates the property for each location
and/or time as constrained by the prior information.

[0048] The shear wave property is detected from the dis-
placements. The displacements over time and/or space are
used. In one embodiment, the displacements for different
depths are combined, leaving displacements spaced in azi-
muth or along the propagation direction of the shear wave.
For example, the displacements for a given scan line or lateral
location are averaged over depth. Alternatively to averaging,
a maxinum or other selection criterion is used to determine
the displacement for a given lateral location.

[0049] For detecting the shear wave velocity, amplitude
peak detection or correlation lag detection may be used. The
time of passing of the shear wave is located in act 42 from the
displacement profile. For peak detection with the prior infor-
mation limiting the search range, the time of the peak or
maximum displacement (e.g., maximum peak) within the
search range of times is located. The time of occurrence of the
peak displacement is located. The time is an absolute time or
a measure relative to creation of the shear wave. For correla-
tion lag detection with the prior limiting the search range, a
sliding window is used to correlate displacement profiles. The
window slides in time and is limited to within the search range
established with the prior knowledge. The correlation is
between different displacement profiles (i.e., between differ-
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ent locations). The correlation lag associated with the highest
correlation of profiles indicates a delay or travel time between
locations. The search range limits the times for which this
highest correlation between profiles is sought. The delay or
travel time from the highest correlation within the search
range may be extrapolated, accumulated, or otherwise used to
find the time from generation of the shear wave to passing at
a given location.

[0050] Other techniques may be used to detect the peak in
the profile and corresponding time and velocity. For example,
a regression is applied. Since the shear wave peak displace-
ment time is a linear function of distance, a robust linear
regression with automated outlier detection may indicate the
shear wave velocity, or slope. The ultrasound data for all of
the sample points in the region of interest is plotted for dis-
tance as a function of time or by time and distance. The linear
regression is applied to the plot or data, providing a line fit to
the data. The slope of the line indicates the shear wave veloc-
ity. The displacements used in the regression are time limited
and/or the fit is limited to a range of slopes.

[0051] Once the shear wave is detected (e.g., time deter-
mined), the velocity or other characteristic of the shear wave
is determined in act 44. For example, the processor calculates
the shear wave velocity from the time of occurrence of the
shear wave at the location and the distance from the origin of
the shear wave to the location. The travel time is the inverse of
the velocity. Using the distance and the travel time, the veloc-
ity is calculated. The distance is known from the scan line
spacing (i.e., the transmit beam position for generating the
shear wave and the receive beam position for detecting the
shear wave).

[0052] One or more shear wave characteristics are calcu-
lated. Shear wave characteristics include various possible
parameters or properties, such as attenuation, center fre-
quency, or bandwidth. Any characteristic of the shear wave
may be used to detect the shear wave at the location. Tissue
characteristics derived from the shear wave characteristic
may be calculated, such as the Young’s or other modulus.
[0053] The measuring of act 32, determining of act 34,
identifying of act 36, constraining of act 38, detecting of act
40, locating of act 42, and calculating of act 44 are repeated
for other locations. The same shear wave passing through
other locations is detected. The transmission of act 30 and
subsequent acts may be repeated for the same or other loca-
tions. Where the shear wave detection involves displacements
from multiple locations, acts 32 and/or 34 are repeated. Dif-
ferent combinations of acts may be repeated for generating a
single image. Other repetition may be repeated to generate a
sequence of images. Alternatively, no repetition is provided.
[0054] In act 46, an indication of the shear wave velocity,
other shear wave characteristic, or tissue characteristic
derived from the shear wave characteristic is displayed. The
shear wave velocity, modulus or other information deter-
mined from tissue reaction to a shear wave is displayed. Shear
velocity is used as an example below. A value or image that is
a function of the shear wave characteristic is displayed. For
example, an image of shear wave velocity by location in one,
two, or three-dimensional representation is displayed. The
shear velocity as a function of location is displayed by color,
brightness, hue, luminance, or other modulation of display
values in a two-dimensional representation. Any shear imag-
ing 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 deter-
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mined for all of 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.

[0055] The shear wave information is used for a color over-
lay or other modulation of display values. 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.

[0056] 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 infor-
mation. In other embodiments, the shear wave characteristic
is displayed as an image without other data.

[0057] In one embodiment, a value representing the shear
wave velocity is displayed on a screen. Alternatively or addi-
tionally, a graphic (e.g., curve or icon) representing the shear
velocity is displayed. Reference to a scale or other reference
may be displayed. The shear velocity is indicated alone or
with other shear wave information. For example, shear wave
imaging is performed as well as displaying a textual (e.g.,
alphanumeric) value for a location.

[0058] FIG. 3 shows one embodiment of a system 10 for
shear wave detection with ultrasound. The system 10 imple-
ments 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.

[0059] 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.

[0060] The transmit beamformer 12 is an ultrasound trans-
mitter, memory, pulser, analog circuit, digital circuit, or com-
binations thereof. The transmit beamformer 12 is operable to
generate waveforms for a plurality of channels with different
or relative amplitudes, delays, and/or phasing. Upon trans-
mission 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 is scanned
multiple times. For flow or Doppler imaging and for shear
imaging, 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.

[0061] The same transmit beamformer 12 generates
impulse excitations or electrical waveforms for generating
acoustic energy to cause displacement. Electrical waveforms
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for acoustic radiation force impulses are generated. In alter-
native embodiments, a different transmit beamformer is pro-
vided for generating the impulse excitation. The transmit
beamformer 12 causes the transducer 14 to generate pushing
pulses or acoustic radiation force pulses.

[0062] Thetransducer 14 is an array for generating acoustic
energy from electrical waveforms. For an array, relative
delays focus the acoustic energy. A given transmit event cor-
responds to transmission of acoustic energy by different ele-
ments at a substantially same time given the delays. The
transmit event provides a pulse of ultrasound energy for dis-
placing the tissue. The pulse is an impulse excitation or track-
ing 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. A track-
ing pulse may be B-mode transmission, such as using 1-5
cycles. The tracking pulses are used to scan a region of a
patient.

[0063] The transducer 141isa 1-, 1.25-, 1.5-,1.75- or 2-di-
mensional array of piezoelectric or capacitive membrane ele-
ments. The transducer 14 includes a plurality of elements for
transducing between acoustic and electrical energies.
Receive signals are generated in response to ultrasound
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.

[0064] The receive beamformer 16 includes a plurality of
channels with amplifiers, delays, and/or phase rotators, and
one or more summers. Fach 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 excita-
tion used to displace tissue. The receive beamformer 16 out-
puts data representing spatial locations using the receive sig-
nals. Relative delays and/or phasing and summation of
signals from different elements provide beamformation. In
alternative embodiments, the receive beamformer 16 is a
processor for generating samples using Fourier or other trans-
forms.

[0065] The receive beamformer 16 may include a filter,
such as a filter for isolating information at a second harmonic
or other frequency band relative to the transmit frequency
band. Such information may more likely include desired tis-
sue, 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 fundamental or other band.
[0066] In coordination with the transmit beamformer 12,
the receive beamformer 16 generates data representing the
region at different times. After the acoustic impulse excita-
tion, the receive beamformer 16 generates beams represent-
ing locations along 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 scan-
ning, ultrasound data representing the region at different
times after the impulse excitation is acquired.

[0067] The receive beamformer 16 outputs beam summed
data representing spatial locations. Data for a single location,
locations along a line, locations for an area, or locations for a
volume are output. The data may be for different purposes.
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For example, different scans 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, 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.

[0068] The processor 18 is a B-mode detector, Doppler
detector, pulsed wave Doppler detector, correlation proces-
sor, Fourier transform processor, application specific inte-
grated circuit, general processor, control processor, image
processor, field programmable gate array, digital signal pro-
cessor, analog circuit, digital circuit, combinations thereof or
other now known or later developed device for detecting and
processing information for display from beamformed ultra-
sound samples. In one embodiment, the 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 circuit, field
programmable gate array, network, server, group of proces-
sors, data path, combinations thereof or other now known or
later developed device for determining displacement, identi-
fying magnitude of displacement, calculating travel time,
calculating shear wave velocity, calculating one or more other
properties of shear wave propagation, and/or estimating fat
fraction. For example, the separate processor is configured by
hardware and/or software to perform any combination of one
or more of the acts shown in FIG. 1.

[0069] The processor 18 is configured to estimate tissue
displacement induced by the acoustic impulse excitation.
Using correlation, tracking, motion detection, or other dis-
placement measuring, the amount of shift in position of the
tissue is estimated. The estimation is performed multiple
times through a period, such as from prior to the tissue mov-
ing due to the impulse to after the tissue has mostly or com-
pletely returned to a relaxed state (e.g., recovered from the
stress caused by the impulse excitation). The estimation is
performed for each of one or more locations.

[0070] The processor 18 is configured to calculate a shear
wave characteristic, such as the shear wave velocity, from the
tissue displacements. For velocity, the maximum or other
displacement is used to determine a travel time of the shear
wave. Correlation lag using displacements from multiple
locations may be used to find the travel time. The velocity is
calculated using distance and the travel time. Velocity is
determined for any number of locations. Linear regression
may be used to find velocity for multiple locations from the
displacements for those locations.

[0071] In calculating the shear velocity or other character-
istic from the displacements, the processor 18 is configured to
limit the calculation. For example, a search of the estimated
tissue displacements for estimating the characteristic is lim-
ited to a time range. The search is limited using prior infor-
mation. Information from one or more ideal or controlled
scanning situations (e.g., scanning phantoms with different
stiffnesses) is used for later patient imaging. This prior infor-
mation is acquired with a same configuration of the acoustic
impulse excitation as used for imaging the patient or other
less controlled scanning. For example, a table is created. The
table associates or links two or more attributes with each
other, such as time linked with maximum displacement. A
measure of one may be used to find the expected value of the
other. Settings, such as search range limits, are established
based on the expected value. When detection is performed,
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erroneous or noise related information may be removed or not
considered due to the detection constraint.

[0072] The processor 18 is configured to generate one or
more images. For example, a shear wave velocity image is
generated. The shear wave velocity image is presented as an
overlay or region of interest within a B-mode image. The
shear wave velocity modulates the color at locations in the
region of interest. Where the shear wave velocity is below a
threshold, B-mode information may be displayed without
modulation by the shear wave velocity.

[0073] Other information may be included in the image or
displayed sequentially or substantially simultaneously. For
example, a value for shear velocity, modulus, or other infor-
mation for a location is displayed at a same time as the shear
wave velocity image. The processor 18 may be configured to
generate other displays. For example, a graph, text, or graphi-
cal indicators of the shear velocity is displayed.

[0074] The processor 18 operates pursuant to instructions
stored in the memory 22 or another memory for shear wave
detection with ultrasound. The memory 22 is a non-transitory
computer readable storage media. The instructions for imple-
menting 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, firm-
ware, micro code and the like, operating alone or in combi-
nation. Likewise, processing strategies may include multi-
processing, 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.

[0075] The display 20 is a CRT, LCD, projector, plasma, or
other display for displaying two-dimensional images or
three-dimensional representations. The two dimensional
images represent spatial distribution in an area. The three-
dimensional representations are rendered from data repre-
senting spatial distribution in a volume. The display 20 is
configured by the processor 18 or other device by input of the
signals to be displayed as an image. The display 20 displays
an image representing shear for different locations in a region
of interest or an entire image. The display 20 displays one or
more characteristics of the shear wave.

[0076] 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 shear wave detection with ultrasound, the
method comprising:
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transmitting, from a transducer, an acoustic radiation force

excitation into a patient;
measuring, with ultrasound, displacements at a location of
tissue within a patient in response to a shear wave result-
ing from the acoustic radiation force excitation;

determining, by a processor, a maximum displacement of
the displacements for the location;

identifying a time range as a predetermined constraint,

from a memory, based on the maximum displacement;
locating, by the processor, a time from the displacements
within the time range;

calculating, by the processor, a shear wave velocity as a

function of the time; and

displaying an indication of the shear wave velocity.

2. The method of claim 1 wherein measuring the displace-
ments comprises repetitively scanning the locations with the
ultrasound.

3. The method of claim 1 wherein determining the maxi-
mum displacement comprises determining an amplitude of
the maximum displacement, and wherein identifying com-
prises identifying based on the amplitude of the maximum
displacement.

4. The method of claim 1 wherein determining the maxi-
mum displacement comprises determining over a displace-
ment range of time longer than the time range.

5. The method of claim 1 wherein identifying the time
range comprises looking-up from a table of phantom mea-
surements under a same transmit configuration of the acoustic
radiation force excitation.

6. The method of claim 1 wherein identifying the time
range comprises identifying an expected time given the maxi-
mum displacement and assigning a tolerance to the expected
time.

7. The method of claim 1 wherein locating the time com-
prises locating a peak displacement of the displacements
within the time range and locating the time of occurrence of
the peak displacement.

8. The method of claim 1 wherein locating the time com-
prises calculating a correlation lag within the time range.

9. The method of claim 1 wherein calculating the shear
wave velocity comprises calculating the shear wave velocity
as a function of a distance from an origin of the shear wave to
the location and the time or calculating the shear wave veloc-
ity as a function of a distance from the location to another
location and the time.

10. The method of claim 1 wherein displaying the indica-
tion comprises displaying a value that is a function of the
shear wave velocity.

11. The method of claim 1 wherein displaying the indica-
tion comprises displaying an image representing the shear
wave velocity at the location.

12. The method of claim 1 further comprising repeating
measuring, determining, identifying, locating, and calculat-
ing for other locations.
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13. In a non-transitory computer readable storage medium
having stored therein data representing instructions execut-
able by a programmed processor for shear wave detection
with ultrasound, the storage medium comprising instructions
for:

determining a first attribute of displacements over time for
alocation in a patient, the displacements responsive to a
shear wave;

looking-up a prior second attribute as a function of the first
attribute;

constraining a search range for the displacements with the
prior second attribute; and

detecting the shear wave using the search range.

14. The non-transitory computer readable storage medium
of claim 13 wherein determining the first attribute comprises
determining a maximum magnitude.

15. The non-transitory computer readable storage medium
of claim 13 wherein looking-up comprises looking-up a time
from a table of times as a function of the first attribute mea-
sured from a phantom at a transmit configuration.

16. The non-transitory computer readable storage medium
of claim 13 wherein constraining comprises limiting a search
for a time of maximum displacement to displacements in a
range of times.

17. The non-transitory computer readable storage medium
of claim 13 wherein detecting comprises detecting a shear
wave velocity with amplitude peak detection or with correla-
tion lag detection.

18. A system for shear wave detection with ultrasound, the
system comprising:

a transducer configured to transmit an acoustic impulse
excitation into a patient and configured to scan with
ultrasound a region of the patient;

a receive beamformer configured to generate data repre-
senting the region at different times after the acoustic
impulse excitation, the data generated from the scan
with ultrasound; and

a processor configured to estimate, from the data, tissue
displacements caused by a shear wave induced by the
acoustic impulse excitation, to estimate a characteristic
of the shear wave from the tissue displacements, and to
limit a search of the estimated tissue displacements for
estimating the characteristic, the search limited using
prior information acquired with a same configuration of
the acoustic impulse excitation.

19. The system of claim 18 wherein the processor is con-
figured to estimate the tissue displacements at different times
for a location in the region, to estimate the characteristic as a
shear wave velocity, and to limit the search as limiting range
of the different times for a peak of the tissue displacements.

20. The system of claim 18 wherein the processor is con-
figured to limit the search using the prior information
acquired from phantoms with different stiffness.

* #* * #* #®
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