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(57) ABSTRACT

Shear wave dispersion ultrasound vibrometry (SDUV) is
implemented in some embodiments to form, from a single
tracking pulse, in-parallel-directed receive lines (411-426)
for making measurements ofa monochromatic shear wave. In
some embodiments, sampling is performed, over spatial loca-
tions by means of passes over the locations, in an interlaced
pattern (600) for making measurements of the wave. In some
embodiments, measurements are made of the wave and to the
measurements are applied a bank of filters (§724) that are
tuned to respective candidate wave speeds, all without the
need to determine a difference between wave phases at dif-
ferent spatial locations (451-454).
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SPATIALLY-FINE SHEAR WAVE DISPERSION
ULTRASOUND VIBROMETRY SAMPLING

FIELD OF THE INVENTION

[0001] The present invention is directed to measuring a
shear wave and, more particularly, to doing so by Shear Wave
Dispersion Ultrasound Vibrometry (SDUV).

BACKGROUND OF THE INVENTION

[0002] Mechanical changes in living tissue correlate with
pathological changes. As between healthy and pathological
tissue, the shear elastic modulus (stiffness) and viscosity can
vary significantly. With the advent of ultrasound elasticity
imaging development over the past decade, many clinical
studies have shown that tissue visco-elastic properties pro-
vide useful information to physicians for better cancer diag-
nosis and therapy assessment.

[0003] Shear Wave Dispersion Ultrasound Vibrometry
(SDUV) is an acoustic radiation force based technique that
measures tissue shear elasticity and viscosity by characteriz-
ing shear wave speed dispersion, i.e., by frequency. An appli-
cation of this technique is the non-invasive measurement of
liver stiffness to stage liver fibrosis and cirrhosis.

[0004] Interrogation by ultrasound, for purposes of medical
imaging, often makes use of longitudinal waves. In body
tissue, the ultrasound propagates in wave form. In effect,
particles all along the propagation path vibrate, in place, back
and forth, and the vibration occurs in the direction of propa-
gation. The vibrations create compressions and rarefactions.
These are modeled as the peaks and valleys of a sinusoid.
Energy is conveyed to the target and back by means of the
oscillatory particle movements.

[0005] An ultrasound shear (or transverse) wave, by con-
trast, is characterized by back and forth in-place movement
that is perpendicular to the direction of propagation. Oscilla-
tion one way creates the peaks, and the other way creates the
valleys.

[0006] Performing SDUV entails issuing a series of
focused longitudinal-wave push pulses. They are high inten-
sity, narrow bandwidth signals which are fired with a repeti-
tion rate of (say) 100 Hz. After several of these pulses are
fired, each laterally coinciding and in the same direction, they
establish a shear wave which propagates out from the focus
and ina direction perpendicular to that ofthe push pulses. The
focal depth has been selected so that the shear wave travels
through a region of interest (ROI).

[0007] A longitudinal-wave tracking pulse is issued to the
ROI to assess, at the sampling point, the amplitude of the
shear wave. This measurement is used in estimating the phase
of the shear wave at the sampled location.

[0008] To sample another location, another push pulse
issues to the same pushing focus, followed by a tracking pulse
to that location. This second cycle is needed, because the
difference in phase between two points is used in the deter-
mining of elasticity and viscosity.

[0009] Shear waves with frequencies of typically 100 Hz
and harmonics (200 Hz, 300 Hz, 400 Hz), 1.e., components (or
“monochromatic shear waves”), are present because the
envelope of the pushing pulse is a square wave. The speed
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estimations at the different frequencies are used in deriving
tissue shear elasticity and viscosity.

SUMMARY OF THE INVENTION

[0010] Shortcomings of the prior art of record are
addressed hereinafter.

[0011] Onemain challenge associated with detecting radia-
tion-force-induced shear waves using SDUV is the relatively
low amplitude vibration. Axial displacement is on the order of
10 pm. The vibration amplitudes are therefore susceptible to
noise. System electronic noise and patient motion such as
cardiac or respiratory motion will contribute significant noise
to shear wave displacement estimation.

[0012] In addition, fast imaging is required to detect the
shear waves. Vibrations at up to 400 Hz must be recorded,
because higher frequency shear waves are attenuated by the
medium. Accordingly, to safely exceed the Nyquist threshold,
each spatial location must be sampled at greater than 1000 Hz
to prevent aliasing. Since the tracking pulse repetition fre-
quency is limited by the speed of sound in tissue and the depth
of the RO, this limits the number of spatial locations that can
be sampled, using conventional non-multiline detection
sequences.

[0013] Using a multiline beamformer, as proposed herein-
after allows for finer spatial sampling of the displacement
field, and/or spatial sampling in both the elevation and lateral
imaging planes (when using 2D arrays vs. conventional 1D
arrays). Since more information is extracted from each of the
detection pulses, the robustness of the elasticity measures
from SDUYV is increased. As an added benefit, the total time
spent in the procedure can therefore be shortened. This is
advantageous from a patient convenience standpoint, and for
reducing the potential impact of thermal effects from the
repeated delivery of pushes to the excitation point. In addi-
tion, the increased pace of radiofrequency (RF) data acquisi-
tion makes way for the employment of other shear wave
imaging/quantification techniques that require high spatial
resolution with high speed.

[0014] In one version of the present invention, shear wave
dispersion ultrasound vibrometry (SDUV) is performed by
forming, from a single tracking pulse, in-parallel-directed
receive lines for making measurements of a monochromatic
shear wave.

[0015] As an aspect, from at least one other tracking pulse,
the forming is executed so as to overlap resulting receive lines
to increase depth of field.

[0016] More particularly, in some embodiments, the
increasing entails combining from among the overlapped
receive lines to create at least one reconstructed A-line.
[0017] Related other possible aspects involve forming,
from differently-timed ones of the at least one other tracking
pulse, respective pluralities of reconstructed A-lines created
by the combining.

[0018] As a specific embodiment, making measurements
includes making amplitude measurements of the monochro-
matic shear wave.

[0019] What is proposed herein is implementable as an
apparatus for performing shear wave dispersion ultrasound
vibrometry (SDUV), configured for forming, from a single
tracking pulse, a plurality of in-parallel-directed receive lines
for making measurements of the monochromatic shear wave.
[0020] Such apparatus may be characterized in that the
tracking pulse, and at least one laterally-offset tracking pulse,
are focused to a common depth, the apparatus being config-
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ured for, based on echo data from the pulses focused to that
depth, reconstructing a shallower transmit focus.

[0021] Or, in an alternative or supplemental aspect, the
apparatus is configured for such forming for at least one other
tracking pulse and so as to overlap receive lines, and further
configured for interpolating pulse firing times, to, in deter-
mining phase difference, correct for intersample wave propa-
gation.

[0022] In one form, a computer software product for per-
forming shear wave dispersion ultrasound vibrometry
(SDUV) includes a computer readable medium embodying a
computer program that includes instructions executable by a
processor to form, from a single tracking pulse, in-parallel-
directed receive lines for making measurements of a mono-
chromatic shear wave.

[0023] Further, in some versions, performing shear wave
dispersion ultrasound vibrometry (SDUV) comprises, over a
plurality of locations by means of a plurality of passes over
the locations, sampling in an interlaced pattern for making
measurements of a monochromatic shear wave.

[0024] In a specific variant of these versions, the locations
sampled in one from among the plural passes interleave with
locations sampled in a next one from among said plural
passes.

[0025] As a possible aspect, results of the sampling at a
given one of the locations over multiple passes are compared
to areference A-line to determine displacement of the mono-
chromatic shear wave at that location.

[0026] Analogously, in some aspects a device for perform-
ing shear wave dispersion ultrasound vibrometry (SDUV) is
configured for, over a plurality of locations by means of a
plurality of passes over the locations, sampling in an inter-
laced pattern for making measurements of a monochromatic
shear wave.

[0027] What is proposed herein likewise can take the form
of amethod for performing shear wave dispersion ultrasound
vibrometry (SDUV), which includes making measurements
of a monochromatic shear wave and applying, to the mea-
surements, a bank of filters that are tuned to respective can-
didate speeds of the wave, without the need to determine a
difference between phases of the wave at different spatial
locations.

[0028] In afurther aspect, a low-pass filter may be used on
the measurements, to reduce noise in preparation for the
applying.

[0029] In yet another aspect, the filters in the bank are
two-dimensional, one dimension being spatial location and
the other dimension being time.

[0030] In an additional aspect, a device for performing
shear wave dispersion ultrasound vibrometry (SDUV) is con-
figured for making measurements of a monochromatic shear
wave and applying, to the measurements, a bank of filters that
are tuned to respective candidate speeds of the wave, all
without the need to determine a difference between phases of
the wave at different spatial locations.

[0031] As further, additional aspects, apparatus and devices
described above may be implemented as one or more inte-
grated circuits.

[0032] Details of the novel, fine-spatial-sampling method-
ology for SDUYV are set forth further below, with the aid of the
following drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1 is a schematic diagram exemplary of two
consecutive SDUV samples;
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[0034] FIG. 2 is a timeline of an example representative of
sequential SDUV tracking;

[0035] FIG. 3 is a flow chart corresponding to the timeline
of FIG. 2;
[0036] FIG. 4 is a schematic, transmit-receive diagram

illustrating, by example, SDUV sample acquisition using
retrospective dynamic transmit (RDT) as implemented on a
16x multiline beamformer;

[0037] FIG. 5is a schematic diagram demonstrating, in an
RDT context, a possible placement of a detection beam trans-
mit focus;

[0038] FIG. 6 is a graphical rendition of an exemplary
interlaced sampling scheme; and

[0039] FIG. 7 is a flow chart representative of particular
embodiments as examples of how to determine tissue shear
elasticity and viscosity.

DETAILED DESCRIPTION OF EMBODIMENTS

[0040] A general discussion is first had of one version of
SDUYV with faster sampling. What follows, in this context and
starting with FIG. 4, is further exemplary development
related to finer spatial sampling.

[0041] FIG. 1 depicts, by way of illustrative and non-limi-
tative example, a relation between two consecutive SDUV
samples. An ultrasound pushing probe 104 is shown, along
with first and second tracking pulses 108, 112 issued at
respective sampling times t1, t2, by an ultrasound tracking
probe (not shown). The pushing probe 104 sends out a series
of focused pushing pulses (or “pushes™) 114 to establish a
shear wave 115, a frequency component of which (or “mono-
chromatic shear wave”) is represented by a first trace 116.
Tissue vibrates along the y-direction and the shear wave 115
propagates along the x-direction.

[0042] Two separate probes can be used for pushing and
tracking respectively. However, this type of bulky configura-
tion is not practical for clinical applications.

[0043] In addition, in the case of separate single-element
transducers, it requires repeated firing of the push pulses in
order to measure the shear wave phase delay at different
lateral positions, resulting in repeated tissue heating.

[0044] If, on the other hand, tracking is implemented with
an array transducer, the need for repeated pushes is alleviated
in accordance with the proposal herein.

[0045] Moreover, one single array transducer can serve
both functions of pushing and tracking. A dual-purpose single
array transducer would make the system more compact and
easier to control. However this configuration needs more
hardware and software support to ensure it is feasible to
generate acoustic radiation force and image the resulting
shear wave 115 by a single transducer. The single transducer
can be a single-row array (1D transducer) or multiple-row
array (1.75 or 2D transducer) that allows for lateral and eleva-
tion push and/or tracking pulse locations.

[0046] Advanced 2D array technology will allow tracking
pulses to be sent in 3D dimensions; however, the following
discussion relates to tracking tissue motion in the axial-lateral
plane. The same treatment applies to the axial-elevation
plane, without loss of generality.

[0047] The tracking pulses 108, 112 are targeted to respec-
tivelocations 120,124 spatially separated by an inter-location
distance 128 of Ar. The distance 128 is typically in the milli-
meter range, because the shear wave 115 attenuates with
propagation distance. An amplitude (or displacement) 132, as
represented on the y-axis 136, is measured. Based on the
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amplitude 132, a phase 140 of @, at the location 120 can be
derived, provided the Nyquist threshold is met regarding sam-
pling frequency. The Nyquist threshold can be met by suffi-
cient frame rate, i.e., multiple sampling passes over the loca-
tion 120 with sufficient frequency.

[0048] FIG. 2 depicts one example of sequential SDUV
tracking. Before any push pulses 114 vibrate the region of
interest (ROI), reference tracking pulses 202, 204, 206, 208
issue, targeted to respective sampling locations X, X,, X5, X,.
The locations X,, X,, X3, X, are aligned radially out from a
point X, i.e., in a propagation direction of the shear wave 115
to be created by the push pulses. The reference tracking pulses
202, 204, 206, 208 are each followed respectively by their
echoes 210, 212, 214, 216. Then, the shear wave 115 is
established atalocation x,, i.e., the site of the excitation point.
This is done by an initial series (not shown in FIG. 2) of push
pulses 218 that are fired at a push frequency 219 which might
typically be approximately 100 Hz. A tracking-sequence-
initiating onset of the push pulses 218 can issue once the wave
115 has been established. A pass 220 of tracking pulses 222,
224, 226, 228 follows, steered, serially, pulse-by-pulse. The
tracking pulses 222, 224, 226, 228 are targeted to the respec-
tive sampling locations X, X,, X5, X,. Bach of the pulses 222,
224,226,228 1s followed by its respective echo 230, 232, 234,
236, from which the respective receive A-line is then beam-
formed. The pass 220 issues at a same-location tracking fre-
quency 238 of 2 KHz. Accordingly, 20 passes (i.e., “frames™)
220 can follow the push 218. Also, the same-location tracking
frequency 238 of 2 kHz allows phase measurement of com-
ponents 116 of frequencies of up to about 1 kHz, the Nyquist
threshold. Each of the tracking pulses 222,224, 226, 228 can
serve to simultaneously provide measurement of each of the
frequency components, within the inherent limits of the
Nyquist threshold.

[0049] Regular B-mode imaging is utilized, i.e., the track-
ing pulses 222, 224, 226, 228 are electronically focused and
steered back and forth laterally at different locations X, X,,
X3, X, between two adjacent pushing pulses 218. Receive
A-lines at different locations X, X5, X5, X, are therefore
formed sequentially.

[0050] The number of transmission lines within each
B-mode frame should be limited so that the sampling PRF
(pulse repetition frequency) for the shear wave 115 is high
enough. As seen in FIG. 2, for example, for each location x,,
X,, X3, X4, the same-location tracking frequency 238 is 2 KHz
(PRF,), while the transmission A-line frequency 242 is 8 KHz
(PRF;). This is merely illustrative. If the highest harmonic
measured is 400 Hz, this indicates that the detection pulses
(laterally identically in a given direction) should be fired at a
minimum rate of say 1000 Hz (allowing a small margin over
Nyquist). In this case, PRF, would be set to 1 kHz. Therefore
it will be possible to transmit beams to 8 kHz/1 kHz=8 loca-
tions.

[0051] Merely a single push/tracking sequence 240 is
needed to obtain all of the SDUV information needed for
shear wave speed estimation. Faster data acquisition is a key
requirement to advance the technique of SDUV from a single-
point “virtual biopsy” tool to a possible real-time imaging
modality. Notably too, the heat generated in the tissue and
transducer can be decreased while maintaining the number of
lateral locations X,, X, X3, X, . . . observed for shear wave
tracking. The faster data acquisition can also further reduce
noise in shear wave displacement estimation, especially
therefore avoiding large temporal-scale noise such as respi-
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ratory motion that tissue might otherwise experience over the
course of different push/tracking sequences 240.

[0052] FIG. 3 is a flow chart corresponding to the timeline
of FIG. 2. Focus 1s set to the first location x, (step S304). A
current tracking reference pulse 202 is emitted (step S308).
Its echo 210 follows (step S312). If there are more locations
(ie, X,, X5, X,) to be measured (step S316), the focus is
steered to the next location (step S320), and processing
returns to the tracking reference pulse emitting step S308
with that next location as the current location. On the other
hand, if there are no further locations to be measured (step
S316), the push pulse 218 is fired successively to establish the
shear wave 115 (step S324). The focus is then set to the first
location %, (step S328). The current tracking pulse 222 is
emitted (step S330), and its echo 230 returns (step S332). If
there are more tracking pulses (i.e., 224, 226, 228) to issue in
the current pass 220 (step S333), the focus is set to the cor-
responding next location (step S334) and processing returns
to the tracking pulse emitting step S330 with the next location
as the current location. Otherwise, if there is no next tracking
pulse to be emitted, query is made as to whether another pass
is to be made over the locations X, X5, X, X, (step S336). Ifa
next pass is to be made, that next pass is made the current pass
(step S340), and processing returns to the beginning of the
next pass 220 at the step S328. If, however, there is no next
pass 220 to be made (in the current push/tracking sequence
240), sampling is completed. A single push/tracking
sequence 240 suffices, in the instant proposed technique, to
provide all of the sampling needed for SDUV determination
of shear wave speed and, in practical embodiments. for cal-
culation of tissue elasticity and viscosity.

[0053] FIG. 4 represents one example of an SDUV sample
acquisition scheme 400 using retrospective dynamic transmit
(RDT), as implemented on a 16x multiline beamformer, i.e.,
a beamformer that forms 16 receive lines from one transmit
beam (or “transmit” for short).

[0054] With a multiline beamformer, SDUV sampling will
still be sequential, but by group of spatial locations. To each
group, a transmission beam is issued. If the ROI is located at
adifferent depth than the focus of the transmission beam, then
the transmission beam will be broader than at the focus and
will insonify the group of spatial locations. Alternatively, the
beam can be weakly focused at the same depth as the RO,
with a breadth that is sufficient to insonify the group of spatial
locations.

[0055] From the echoes of a transmission beam created
from a single tracking pulse 404, 16x beamforming circuitry
forms 16 in-parallel-directed receive lines 411-426 for mak-
ing measurements of the monochromatic shear wave 116. As
indicated by a diagonal, sub-aperture tracking line 427, the
first eight receive lines 411-418 are on one side of the center
of the transmit, and the second eight receive lines 419-426 are
on the other side.

[0056] Other tracking pulses 428, 429, 430, and the first
tracking pulse 404, are all differently-timed. If the transmis-
sion A-line (or “tracking pulse”) PRF 242 is set equal to 10
kHz for example, the single tracking pulse 404 issues 100 ps
before the next tracking pulse 428. 100 ys later, the next pulse
429 fires, and so on.

[0057] Each of the tracking pulses 404, 428, 429, 430 is
formed by a respective then-currently active sub-aperture of
the tracking probe. The active sub-aperture is a subset of the
transducer elements that are currently active to transmit ultra-
sound. Thus, for example, after the tracking pulse 404 fires,
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the currently active sub-aperture shifts (e.g., one or more
elements on one side of the aperture are excluded and one or
more elements on the other side are included). When the next
tracking pulse 428 then fires, it occurs from the shifted sub-
aperture. The spatial distance between adjacent apertures is
referred to hereinafter as a transmit spacing 434, which, in the
current example, is 0.5 mm. The focal point of the tracking
pulse also shifts by the transmit spacing 434 between con-
secutive tracking pulses.

[0058] The 16 in-parallel-directed receive lines 411-426
(i.e., dynamically-formed receive lines that are spatially par-
allel) are formed from the echo data received after the trans-
mit 404. Each of the receive lines 411-426 is formed by a
receive sub-aperture. The receive sub-aperture is a subset of
the transducer elements that contribute to a given receive line.
[0059] The spatial distance between the receive lines 411-
426 is referred to hereinafter as a receive spacing 438. In this
example, itis 0.125 mm, or one quarter of the 0.5 mm transmit
spacing 434.

[0060] Making the receive spacing 438 a fraction of the
transmit spacing 434 allows for more dense sampling, as will
be discussed in more detail below.

[0061] All of the acquired echo radiofrequency data is
saved in temporary storage. Retention of acquired data will
continue as the sub-aperture shifts and eventually assumes its
final positionin the transducer array, i.e., so that an entire pass
of data is acquired. In addition, data will be retained pass-to-
pass.

[0062] Dueto the shift in sub-aperture between the firing of
the first tracking pulse 404 and the next tracking pulse 428,
the last twelve receive lines 415-426 of that first pulse spa-
tially overlap, respectively, with the first twelve receive lines
of that next pulse. Likewise, due to the sub-aperture shift with
each succeeding tracking pulse, the last twelve receive lines
of the tracking pulse 428 overlap with the first twelve receive
lines of the next tracking pulse 429, and so on.

[0063] By the time the fourth tracking pulse 430 fires,
respective receive lines of all four tracking pulses 404, 428,
429, 430 overlap and can be combined to form four recon-
structed A-lines 441-444.

[0064] The first reconstructed A-line 441, for example, is
formed from the first receive line 423, combined with the
three respective receive lines of the immediately-subsequent
tracking pulses 428-430. The combining occurs in accor-
dance with retrospective dynamic transmit (RDT). The effect
of RDT focusing can be analyzed using the virtual transducer
approximation proposed by Passman and Ermert in 1996. See
C. Passmann & H. Ermert, “A 100-MHz ultrasound imaging
system for dermatologic and ophthalmologic diagnostics,”
IEEE Trans. Ultrasonics, Ferroelectrics and Frequency Con-
trol, vol. 43, no. 4, pp. 545-52 (1996). This technique is
further discussed in commonly-assigned U.S. Patent Publi-
cation Number 2009/0069693 to Burcher et al., entitled “Ret-
rospective Dynamic Transmit Focusing for Spatial Com-
pounding,” (hereinafter “the ’693 publication”). The
disclosures of both publications are hereby incorporated
herein by reference in their entirety.

[0065] The first reconstructed A-line 441 is for measuring
the shear wave 115 at a spatial location 451. Likewise, the
immediately-subsequent reconstructed A-lines 442-444,
which are laterally offset from the first reconstructed A-line
441, are for measuring the shear wave 115 at respective spa-
tial locations 452-454.

[0066] Although here four receive lines are combinable per
reconstructed A-line, fewer receive lines can be combined.
The number that are actually combined depends on the depth
of the ROI and its consequent insonification coverage by
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tracking pulse. Also, the instant example is not limitative.
Thus, the aperture shift may be to an extent that more or fewer
receive lines are combinable to form a reconstructed A-line.
[0067] By virtue of the combining,. depth of field (DOF),
the region over which the transmit is well-focused, and sig-
nal-to-noise ratio (SNR) are increased. In comparing the
reconstructed A-line 441 to any of the receive A-lines from
which it is reconstructed, the length over which its spatial
resolution is useful has been increased by the greater DOF
afforded by RDT.

[0068] A-line reconstruction based on potentially four
receive lines begins with the first four reconstructed A-lines
441-444, and proceeds with each new tracking pulse. Thus,
the next tracking pulse allows for the formation of four new
reconstructed A-lines at respective spatial locations. Like-
wise, for the rest of the frame, each succeeding tracking pulse
leads to the formation of a respective plurality of recon-
structed A-lines, that plurality being, in the current example,
made up of four reconstructed A-lines.

[0069] The shear wave 115 is therefore finely sampled,
without a reduction in the pace by which tracking pulses
issue.

[0070] Itis noted that non-RDT embodiments are possible,
where they receive focal locations are not staggered overlap-
ping but merely adjoin one another. The shear wave 1151s still
finely sampled without a reduction in the pace of tracking
pulse issuance. The number of in-parallel-directed receive
lines per tracking pulse may be four, for example—two on
one side of the tracking beam and two on the other side.
[0071] FIG. 5 demonstrates, in an RDT context, a possible
placement of a focus 504 of a detection beam 508 formed by
the tracking pulse 404. A region of interest (ROI) 512, as
indicated by the square outline, is where a shear wave 516 is
present. In order to ensure that insonification by the detection
beam 508 spans the locations to be sampled by means of the
receive lines to be acquired, it would be advantageous to place
the focus 504 deep to the ROI 512. A physical focus position
shown in FIG. 5 is at 70 mm, a common depth 518 for
transmits insonifying a given point in the ROl and therefore to
be RDT-combined. Although the detection beam 508 is wide
at the depth 520 of the ROI 512, the RDT reconstructed
detection beam will, at that depth, be narrow—having the
same width as at the (physical) focus 504. In effect and by
way of example, from among the temporally-initial tracking
pulse 404, and at least one laterally-offset tracking pulse
428-430 forming a transmit to be RDT-combined with that of
the temporally-initial tracking pulse, at least some are
focused to a common depth 518. A shallower transmit focus,
to the depth 520, is reconstructed based on echo data from
those of the pulses 404, 428, 429, 430 focused to the common
depth 518.

[0072] This also allows the use of a larger transmit aperture
524, which may increase the total power that can be transmit-
ted in the detection beam 508. More power affords greater
sensitivity to the minute wave amplitude displacements 132,
on the order of about 10 pm.

[0073] Alternatively, the focus 504 of the detection beam
508 may be placed shallow to the ROI 512.

[0074] There are additional considerations when applying
RDT to SDUV.
[0075] Firstly, RDT assumes that the tissue does not move

between transmit events. If displacement does occur, then it
will reduce the coherence between the combined transmits
and lead to signal cancellation. This would therefore appear
to be incompatible with SDUYV, since the tissue is being
displaced by the shear wave. However, in practice the dis-
placements 132 are of such small magnitude (typically <10
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um) that this is a small fraction of the wavelength of the
tracking pulse (e.g. 300 um at 5 MHz). Therefore, the shear
wave displacements 132 will not cause any significant loss in
coherence during the transmit reconstruction.

[0076] Secondly, even with non-multiline sequences 220,
because the beams at different lateral locations X, X,, X3, X,
are fired consecutively, the displacement estimates at differ-
ent lateral locations are sampled at different times t1,12 . . ..
[0077] With reference back to FIG. 1, and, assuming for
example a non-multiline sequence, for simplicity of demon-
stration, if the sampling times t1, 12 were simultaneous, return
data, i.e., echo data, from the tracking pulse 112 would have
suggested a phase 142 corresponding to sampled point 148 on
the first waveform 116.

[0078] However, the sampling times t1, {2 are not simulta-
neous if tracking pulses are sequentially fired for these two
locations 120, 124. (Likewise, a reconstructed A-line subse-
quent, in the frame, to the reconstructed A-line 444 would be
a sample of the wave 115 at a different time.)

[0079] Infact, by thetimet,, the shear wave component 116
has propagated forward, as a waveform having a frequency
component represented by a second trace 144.

[0080] Thecorresponding sampled phase 152 of @,, on the
second trace 144, differs from the phase 140 of @, , on the first
trace 116, by a phase difference of AD=D, D, .

[0081] As seen from FIG. 1, AD is less than the difference
between the phases 140, 142 that simultaneous tracking
pulses would have fetched.

[0082] As further seen from FIG. 1, A® is smaller by an
intersample-delay-based phase correction 156 of wAt, “w”
representing the angular frequency of the monochromatic
shear wave 116, with “At” signifying the delay between the
taking, at the respective sampling times t1, t2, of the two
samples.

[0083] Yet it is the difference between the phases 140, 142
that, along with  and Ar, define the propagation speed of the
shear wave frequency component 116.

[0084] That difference is calculated by adding, to the phase
difference AD, the intersample-delay-based phase correction
156 of wAt.

[0085] The speed of the monochromatic shear wave 116 is
given by the following forniula:

_ wAr (formula 1)
&lw) = Ad + wAr
[0086] A derivation of the formula 1 is as follows:

[0087] c (w)=A1, where c, is propagation speed, A is the
wavelength, “w” represents the angular frequency of the
monochromatic shear wave 116 and f'is the wave’s frequency.
[0088] Also, w=2xf, and Ar=AAD/2rt, where AD represents
the phase difference, for a given moment, between the two
samples taken simultaneously.

[0089] All parameters are assumed to be positive.
[0090] Substituting values yields
_ whr
Cx(w) = A_¢
[0091] To account for the intersample delay between the

two differently-timed samples taken at the times t1, {2, the
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intersample-delay-based phase correction 156 of wAt is
added to AD to arrive at formula (1), as explained above in
connection with FIG. 1.

[0092] The same phenomenon occurs with an RDT
sequence, and must be taken into account when extracting
amplitude information based on A-lines directed differently
and acquired at different times, e.g., the reconstructed A-line
444 and a reconstructed A-line later acquired in the frame.
[0093] To account for this in the application of formula 1,
when RDT combines transmits to interpolate intermediate
transmit locations (as disclosed in the *693 publication), the
sampling time (as well as the sampling location) is interpo-
lated between transmits. In other words, in the case of pulse
firing times, and in the case of the transmit locations upon
firing (e.g., those along the sub-aperture tracking line 427 for
transmits used in the reconstruction), they are interpolated by
the same RDT interpolation weightings. Thus, At and Ar can
be computed for substitution into formula (1).

[0094] Itisnoted that formula (1) assumes tracking, i.e., the
emission of tracking pulses, in the (radial) outward direction
of shear wave propagation. If tracking is performed in the
reverse direction, the “+” sign in the denominator becomes a
“~” sign. By analogous reasoning, if the tracking direction
alternates with passes 220, the A® calculation for a pair of
spatial locations 120, 124 can be averaged with the same
calculation made based on an adjoining pass, so that the
denominator is simply A®D,, ...

[0095] Formula (1) also assumes the two differently-lo-
cated samples were acquired at different times.

[0096] In the non-RDT, non-multiline example illustrated
in FIGS. 2 and 3, differently-located samples are acquired at
different times.

[0097] In a non-RDT, multiline embodiment, the receive
lines of a given transmit are not differently timed. So, the
intersample-delay-based phase correction 156 of wAt is omit-
ted from the denominator of formula (1) for those speed
calculations, if any, based on receive lines of a given transmit.
However, formula (1) is otherwise used, as is.

[0098] In an RDT context, a reconstructed A-line subse-
quent, in the frame, to the reconstructed A-line 444 would be
a sample of the wave 115 at a different time. Likewise, the
reconstructed A-lines 441-444 will generally have different
sampling times, the latter being based on the respective inter-
polations of transmit firing times. Those respective interpo-
lations each use different interpolation weights which are
proportional to the transmit field strength at the target location
along the A-line to be reconstructed. Typically, then, the first
reconstructed A-line 441 will have an earlier sampling time
than the immediately-subsequent reconstructed A-line 442
for purposes of the speed calculation. So, formula (1) is
applicable as is.

[0099] FIG. 6 exemplifies an interlaced sampling scheme
600. It does not rely on a multiline beamformer or RDT. For
simplicity it will therefore be described for a basic beam-
former capable of forming only a single receive line per
tracking pulse 222. The x-axis 604 is lateral position, in
millimeters, from the first sampling location x1. The y-axis
608 is the time transpired since the first tracking pulse 222. A
motion field 612 of measured displacements 616, whose mag-
nitudes are not shown, is represented. The observations 616
are indicated for several sampling passes over the sampling
locations x1,x2, x3,x4 .. ..

[0100] Thepresentinventors have observed that it would be
desirable to create a sample scheme in which samples that
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ordinally match an appropriately-spaced-apart pattern, (e.g.,
1%,4% 7% 107 . . ), “ride” the propagation wave phase-wise
in-place, or approximately so. Each of the respective dis-
placements 616 would, accordingly, be nearly the same,
thereby reducing sampling artefacts. Such a device is particu-
larly beneficial when faced with tight PRF and other imple-
mentation constraints.

[0101] As previously noted, the rate of temporal sampling
is limited by the maximum frequency of the shear waves. To
sample a 400 Hz shear wave well requires a temporal sam-
pling rate of at least 1000 Hz. In turn, the total sampling rate
(over all locations) is bound by the maximum PRF 242 per-
mitted by the imaging depth. The maximum PRF 242 may be,
as mentioned above in connection with an example, 10 kHz,
which dictates that at most 10 spatial locations can be
sampled without risking the emergence of sampling artefacts
such as aliasing.

[0102] To summarize, it is desirable to sample many lateral
locations X, X,, X3, X, to increase the number of measure-
ments for robustness. The number of lateral positions is lim-
ited by the maximum PRF 242 as noted just above, although
the PRF should be large enough to allow for enough locations
to be sampled without sampling artefacts.

[0103] It is also of benefit that the lateral locations be as
close to the excitation point X, as possible to avoid attenuation
of the shear wave amplitude which makes it hard to measure
the amplitude, although the first lateral location x, is limited
in its closeness to the excitation point, due to near-field
effects. The closeness between locations x,, X,,, is con-
strained, however, by other engineering considerations.
[0104] Theinterlaced sampling scheme 600, in which sam-
pling in one pass is location-wise interleaved with sampling
in the next pass, takes advantage, firstly, of the fact that the
motion field to be measured is highly structured: it consists of
shear waves 116 with a limited range of speeds.

[0105] Secondly, the nature of the two axes 604, 608, relat-
ing to position and time, respectively, is such that sampling
consecutive locations x,, X,, |, X,,, . . . implies a constant
tracking-pulse translation speed. This is seen in FIG. 6 from
the first row 620 of observations. Since they imply a line of
constant slope, a constant tracking-pulse translation speed is
implicit. In this context and with regard to the constant track-
ing-pulse “translation,” if the beam is steered in a non-parallel
manner, the “translation” can be considered to occur between
lateral locations X, X,, ;-

[0106] However, the above design criteria call for a higher
translation speed than any of the monochromatic wave speeds
C,.

[0107] A slower, constant tracking-pulse translation speed
is, nevertheless, discernible by confining scrutiny to the sam-
pling of two consecutive locations x,, X,,, by means of sepa-
rate passes 220. This is exemplified by the slanted line 624,
characterized in that samples of interest at the two locations
X;, X;,; are in consecutive passes 220.

[0108] The same phenomenon ofhigher- and slower-speed
patterns exists for a non-interlaced motion field, i.e., a field in
which in each pass 220 consecutive locations x,, x,,, are
sampled without skipping locations

[0109] However, interlacing the sampling is a tool by which
to craft more different constant tracking-pulse translation
speeds, thereby increasing the potential to achieve a match (or
near match as seen from the line 624) with the speed of the
targeted shear wave 116. The need for such a technique arises
because of the difficulty in otherwise manipulating param-
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eters to alter the translation speed, given the above-discussed
design constraints. Notably, too, interlacing the sampling
results in the same number of samples. Also, it does not
adversely impact the tracking pulse PRF 242, which remains
constant.

[0110] As seen from FIG. 6, the motion field 612 is seg-
mentable into observation lines parallel to the central, slanted
line 624.

[0111] The consequent reduction of sampling artefacts can
serve to mitigate any potential side effects of finer spatial
sampling.

[0112] FIG. 7 shows particular embodiments as examples
of how to determine tissue shear elasticity and viscosity. A
first component 116, e.g., the fundamental, of a shear wave
115 is selected as the current component (step S704).
[0113] Echo RF data, which, in the RDT context, consists
of the temporally-initial reconstructed A-lines 441-444, the
ones subsequent in the frame, and ones in other frames, are
acquired, in accordance with the multiline sample acquisition
scheme 400 for example (step S708). For each of the spatial
locations 451-454 . . . , the reconstructed A-lines at that
location are each compared to the corresponding recon-
structed reference A-line to determine the displacement 132
of the current wave component 116 at that location. A number
of known approaches, such as cross-correlation or Doppler
approaches can be used to calculate the displacements 132.
[0114] Likewise, in non-RDT, multiline and non-multiline
contexts, same-located samples are compared (step S712).
[0115] Because of the finer sampling in accordance with
the methods proposed herein, application is made, optionally,
in some embodiments, of a low-pass filter (LPF) to the mea-
surements 132 to reduce noise in the measurements. The LPF
can be a two-dimensional filter for acting in the location and
time dimensions 604, 608. An example of such a filter would
be an anisotropic filter, such as a Gaussian kernel:

kg=exp(~(Plo2+210,2),

[0116] where “r” represents location, “t” represents time,
and o, and o, control the size of the filter in the spatial
and temporal dimensions respectively.

[0117] If the motion field 612 consists of a single shear
wave 116, then a contour on the motion field with constant
displacement (i.e., since the interlaced scheme 600 is
arranged, by appropriate intersample spacings on the axes
604, 608, to result in the slanted line 624 of essentially con-
stant displacements 616) is a straight line which slopes, down
and to the right, and whose slope or “gradient” is determined
by the speed of the shear wave 116.

[0118] The motion field 612 can be represented by a two-
dimensional matrix of displacements 616, one dimension
being location and the other being time. Similarly, the expres-
sion on the right side of formula (1) is evaluated to create
another two-dimensional matrix, the two matrices being con-
volved to reduce noise in the measurements 616.

[0119] An alternative filter is a steered filter:

ks=exp(-(u?loy> 1 /0,2),

formula (2)

formula (3)
u=r+csxt

V=r—Ccsxt

[0120] where cs is the angle of the filter (which represents
a speed), “u” is in a direction aligned with the contours of

waves propagating forward with a speed cs, and “v” is in a
reverse direction aligned with the contours of hypothetical
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waves that could be imagined to be propagating backward,
i.e., toward the excitation point x,, with a speed cs. Sizing
parameters 0, 0, control the size of the filter in the two
directions, u and v. Typically, o will be larger than o, so that
more smoothing is applied in the v direction than the u direc-
tion.

[0121] If the motion field 612 consists of a single shear
wave 116 propagating forward with speed cs, then lines of
constant v will lie along contours on the motion field with
constant displacement. The filter kernel ks in formula (3) will
be aligned with the motion field 612. The angle of the filter is,
in this context, given by the a priori speed of the shear wave
116. Optionally, the filter angle can be adjusted iteratively
using the current estimate of the shear wave speed.

[0122] Convolving the kernel ks with the measurements
132 will smooth more in the parallel direction to the contour
than in the perpendicular direction. Therefore for a given
amount of noise reduction, it will tend to preserve the struc-
ture of the motion field 612 better than an isotropic filter (step
S716).

[0123] An alternative to determining a difference between
phases of the shear wave 116 at different spatial locations x,,
X;, as in accordance with formula (1), is to apply a bank of
two-dimensional filters, each tuned to a specific candidate
wave speed.

[0124] If the filter bank is to be applied (step S720), a
number of filters are used, covering the expected range of
wave speeds. The motion field 612 is convolved with each of
the filters (in turn, or in parallel). The filter with the largest
output is taken as the best estimate of wave speed. The process
can be iterated, making the estimate more accurate by tuning
the filters to a more closely spaced selection of wave speeds,
around the current estimate.

[0125] As an example, a motion field is represented in the
form:

d(nty=d(nArmAr)

[0126] where“r” is the lateral position, “t” is the acquisition
time, and “n” and “m” are sample indices, Ar is the lateral
sampling interval and At is the time between displacement
samples at the same lateral position.

[0127] The motion field in this example features, for sim-
plicity of demonstration, a regular, evenly-spaced grid, in
which initial values of “t” (like “r”") are implicitly initially
zero. This, then, corresponds to sampling in a non-interlaced
pattern, rather than in the interlaced sampling scheme 600.
However, this example can be adapted to the interlaced sam-
pling scheme by appropriately modifying formula (4) above,
and formulas (5) and (6) below.

formula (4)

[0128] Continuing with the example, a filter which corre-
sponds to a wave speed of c; has an in-phase kernel:

ki(c,, nt)=sin(2n/A* (nAr-c; *mAt); formula (5)
and a quadrature kernel:

kq (e, nH)=cos(2n/h* (nAr-c,, *mAL)) formula (6)
Here A, is the wavelength of the shear wave 116.
The output of the filter is given by

P =(E ki ey 50 HE, At ik (Cnit)) formula (7)

[0129] Ana priori estimate of c; is used in formulas (5) and
(6) to derive the kernels of a first filter. The kernels are then
applied to formula (7) to yield a first output. Other filters in the
bank are generated by varying the value of ¢; in formulas (5)
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and (6), and recalculating y(c,,) in formula (7). The speed of
the shear wave 116 is given by the value of ¢, for which y(c,,)
has the maximum value.

[0130] Improvedresults may be obtained by windowing the
kernel. This mitigates the bias caused by the truncation result-
ing from the finite extent of the kernels and sampled data (step
S724).

[0131] With reference again to step S720, if, instead of the
filter bank, a phase-difference-based wave speed calculation
is to be made, input parameters to the calculation are derived.
Specifically, the phases ® are determined for the displace-
ments 132. This can be done by Nyquist reconstruction based
on the displacements 132 observed at a given spatial location
451, 452, 453, 454 . . . | and is performed for each of the
different spatial locations. Phase differences AQ=D,-®, are
calculated pair-wise to estimate the phase difference Ad to be
substituted into formula (1). These phase difference calcula-
tions are performed for respective samples acquired at differ-
ent times, as, for example, in the case of the temporally-first
reconstructed A-line 444 and any subsequent one in the
frame. The calculated phase differences A® for differently-
timed samples are corrected respectively using the inter-
sample-delay-based phase correction 156 of wAt. At least
some of'the pairs selected may be relatively far apart spatially,
to improve accuracy of the calculations. Least-squares analy-
sis can be used on the phase differences (corrected or uncor-
rected, as the case may be) and their respective inter-location
distances 128 of Ar. Formula (1) (with or without the correc-
tion 156, as the case may be) is then applied to estimate the
speed of the current wave component 116 (step S728).

[0132] With either path (i.e., through step S724 or S728), if
the current wave component is not the last one to be subject to
speed determination (step S732), the next component is made
the current component (step S736).

[0133] Ifthe same RF data used in wave speed determina-
tion for the previous component can be used for the current
component, because, for example, the tracking pulse PRF 242
was sufficient for the highest harmonic (step S740), process-
ing returns to step S712. Otherwise, if a further acquisition is
to be made for the current component, processing returns,
instead, to step S708.

[0134] In step S732, if the current wave component is,
instead, the last one to be subject to speed determination, the
Voigt model, which is well-known in the art, is applied to
determine sheer elasticity and viscosity (step S744).

[0135] Shear wave dispersion ultrasound vibrometry
(SDUV) is implemented in some embodiments to form, from
a single tracking pulse, in-parallel-directed receive lines for
making measurements of a monochromatic shear wave. In
some embodiments, sampling is performed, over spatial loca-
tions by means of passes over the locations, in an interlaced
pattern for making measurements of the wave. In some
embodiments, measurements are made of the wave and to the
measurements are applied a bank of filters that are tuned to
respective candidate wave speeds, all without the need to
determine a difference between wave phases at different spa-
tial locations.

[0136] By extracting more information from each tracking
pulse fired, methodology and apparatus as proposed herein
afford a more complete sampling of the shear wave displace-
ment field. This therefore allows for more robust estimation
of the shear wave speed and the elastic properties of the
medium.
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[0137] The methods proposed herein can be implemented
in software or, for example, in an article of manufacture
inclusive of a device, which can be realized as one or more
integrated circuits.

[0138] An embodiment employing RDT may be realized,
for instance, as a single beamformer, such as a 16x or 32x
multiline beamformer, hardware being added just for buffer-
ing, and the combining of overlapped receive lines.

[0139] It should be noted that the above-mentioned
embodiments illustrate rather than limit the invention, and
that those skilled in the art will be able to design many
alternative embodiments without departing from the scope of
the appended claims. For example, the methods disclosed
herein may be implemented in any of various scanning geom-
etries (linear, phased or curved). In the claims, any reference
signs placed between parentheses shall not be construed as
limiting the claim. Use of the verb “to comprise” and its
conjugations does not exclude the presence of elements or
steps other than those stated in a claim. The article “a” or “an”
preceding an element does not exclude the presence of a
plurality of such elements. The invention may be imple-
mented by means of hardware comprising several distinct
elements, and by means of a suitably programmed computer
having a computer readable medium. The mere fact that cer-
tain measures are recited in mutually different dependent
claims does not indicate that a combination of these measures
cannot be used to advantage.

1. A method for performing shear wave dispersion ultra-
sound vibrometry (SDUV), comprising:

establishing a shear wave having a monochromatic shear

wave component; and

forming, from a single tracking pulse, a plurality of in-

parallel-directed receive lines for making measurements
of the monochromatic shear wave component, wherein
the in-parallel-directed receive lines (1) are formed from
echo data received from target locations after transmis-
sion of the single tracking pulse and (i) comprise
dynamically-formed receive lines that are spatially par-
allel.

2. The method of claim 1, further comprising:

from at least one other tracking pulse, executing said form-

ing so as to overlap ones of a corresponding resulting
plurality of in-parallel-directed receive lines to increase
a measurement depth of field.

3. The method of claim 2, wherein increasing the measure-
ment depth of field entails combining from among the over-
lapped ones of in-parallel-directed receive lines to create at
least one reconstructed A-line.

4. The method of claim 3, wherein the at least one other
tracking pulses includes differently-timed tracking pulses,
further comprising:
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forming, from the differently-timed ones of said at least
one other tracking pulse, respective pluralities of recon-
structed A-lines created by said combining.

5. The method of claim 1, wherein making measurements
comprise making amplitude measurements of said mono-
chromatic shear wave component at respective target loca-
tions.

6. An apparatus for performing shear wave dispersion
ultrasound vibrometry (SDUV), comprising:

means for establishing a shear wave having a monochro-

matic shear wave component; and

means for forming, from a single tracking pulse, a plurality

of in-parallel-directed receive lines for making measure-
ments of a monochromatic shear wave component,
wherein the in-parallel-directed receive lines (i) are
formed from echo data received from target locations
after transmission of the single tracking pulse and (ii)
comprise dynamically-formed receive lines that are spa-
tially parallel.

7. The apparatus of claim 6, wherein said single tracking
pulse, and at least one other laterally-offset tracking pulse, are
focused to a common depth, said apparatus further compris-
ing:

means for, based on echo data from respective tracking

pulses focused to said common depth, reconstructing a
transmit focus at a shallower depth than said common
depth.

8. The apparatus of claim 6, wherein said means for form-
ing is further for forming, for at least one other tracking pulse,
so as to overlap a corresponding resulting plurality of in-
parallel-directed receive lines, further comprising means for
interpolating pulse firing times of tracking pulses to correct
for intersample wave propagation in determining a corre-
sponding phase difference.

9. The apparatus of claim 6, wherein the apparatus is imple-
mented as one or more integrated circuits.

10. A non-transitory computer readable medium embody-
ing a computer program that includes instructions executable
by a processor for performing shear wave dispersion ultra-
sound vibrometry (SDUV) via a plurality of acts, comprising:

establishing a shear wave having a monochromatic shear

wave component; and

forming, from a single tracking pulse, a plurality of in-

parallel-directed receive lines for making measurements
of the monochromatic shear wave component, wherein
the in-parallel-directed receive lines (i) are formed from
echo data received from target locations after transmis-
sion of the single tracking pulse and (i) comprise
dynamically-formed receive lines that are spatially par-
allel.

11.-20. (canceled)
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