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ULTRASONIC ACOUSTIC RADIATION
FORCE EXCITATION FOR ULTRASONIC
MATERIAL PROPERTY MEASUREMENT

AND IMAGING

This invention relates to medical diagnostic ultrasound
systems and, in particular, to ultrasound systems which
perform measurements of tissue stiffness or elasticity using
shear waves.

Various means of remotely interrogating tissue mechani-
cal properties for diagnostic purposes have been developed
that exploit the radiation force of an ultrasonic beam to apply
force remotely to a region of tissue within the body of the
patient (acoustic radiation force; also referred to as “push”
pulses). Acoustic radiation force can be applied in such a
way that elastic properties may be measured, either locally
at the point of deformation by tracking the deformation
directly through the use of further ultrasonic imaging to
follow the pattern of deformation quasi-statically and visu-
ally discern regions of varying stiffness. See, for example,
Nightingale, K. R. et al, “On the feasibility of remote
palpation using acoustic radiation force”, J. Acoust. Soc.
Am., vol. 110 no. 1 (2001), pp. 625-34; and M. L Palmieri
et al. The deformation caused by the acoustic radiation force
can also be used as a source of shear waves propagating
laterally away from the deformed region, which may then be
imaged to interrogate adjacent regions for their material
properties through time-domain shear wave velocity imag-
ing. See, in this regard, Sarvazyan, A. et al., “Shear wave
elasticity imaging: A new ultrasonic technology of medical
diagnostics”, Ultrasound Med. Biol. 24, pp 1419-1435
(1998) and “Quantifying Hepatic Shear Modulus In Vivo
Using Acoustic Radiation Force”, Ultrasound in Med. Biol.,
vol. 34, 2008. This technique can also be used to assess
frequency-domain shear wave modulus and viscosity. See
Fatemi, M. et al., “Ultrasound-stimulated vibro-acoustic
spectrography”, Science 280, pp 82-85 (1998). These tech-
niques use a one dimensional array transducer to generate
the shear waves and are thus hampered by limited effective
depth of penetration by a combination of weak coupling and
safety limits imposed on the maximum power of the exci-
tation beams, combined with unfavorable diffraction effects
that limit the penetration depth for effective measurement.
See Bouchard, R. et al., “Image Quality, Tissue Heating, and
Frame Rate Trade-offs in Acoustic Radiation Force Impulse
Imaging”, IEEE Trans. UFFC 56, pp 63-76 (2009).

Additionally, the existing techniques, due to the limited
extent of the push pulse excitation and the two dimensional
imaging methodology, are incapable of discriminating
between regions of property variations within the plane of
imaging and those which may lie near but out of the plane.
The mixing of these out-of-plane property values with
in-plane values during the imaging process may lead to
unnecessary reduction of accuracy and diagnostic value in
the output of these techniques.

In conventional acoustic radiation force imaging and
point quantification as presently practiced, the push is gen-
erated by a 1-D array that produces a beam which may be
well controlled in the single imaging plane, but is restricted
to a single, moderately tight focus in the cross, or elevation
plane, by a fixed focus mechanical lens. This leads to a
mechanical push force which creates a response laterally in
all directions, in and out of the plane of the array. The tissue
motion elicited by this push propagates generally radially in
all lateral directions, and suffers a fall off as a factor of 1/R
in the radial directions (in the instance of a line source in the
push pulse direction) in addition to normal attenuation
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caused by tissue viscosity. In the case of acoustic radiation
force qualitative and quantitative imaging, this is deleterious
because out-of-plane regions of stiffness variation will con-
tribute to the axial displacement in the image plane, con-
founding the accuracy of the stiffness measurement in the
image plane. In the case of point quantification, the radial
propagation disburses useful shear wave energy away from
the imaging plane, reducing the signal amplitude needed for
accurate property estimation.

The motion produced by acoustic radiation force trans-
mission within diagnostic emission limits is very small, on
the order of 0.1 to 15 micrometers in amplitude. The
measurement of such tiny motions is accomplished by
tracking the reflections from local inhomogeneities in the
tissue being studied, which means that the received signal
effects of a shear wave can be difficult to discriminate. In
addition, shear wave motion is heavily damped in tissue,
which is viscoelastic in character. Thus, an adequate signal-
to-noise ratio is difficult to obtain, and penetration range is
very limited. Any interfering signals will adversely affect the
results. A significant source of interference is relative motion
of the transducer being used for the study and the region of
tissue being studied. This can be caused by external sources
such as unsteadiness of the operator’s hand, or internal
sources such as breathing, heartbeats, or other voluntary or
involuntary movement of the subject. Prior art attempts at
signal-to-noise improvement for acoustic radiation force
techniques would bandpass filter the signals to eliminate the
lower frequencies from the data. Most of the motion artifacts
are below 50 Hz, so some improvement can be made. See,
for example, Urban et al, “Error in Estimates of Tissue
Material Properties from Shear Wave Dispersion Ultrasound
Vibrometry,” IEEE Trans. UFFC, vol. 56, No. 4, (April
2009). However, some of this interference is quite large in
amplitude, and bandpass filtering is not always sufficient to
eliminate the adverse effects. Artifacts in the form of mis-
estimated displacements and hence miscalculated shear
wave velocities and moduli are common.

Accordingly, it is an object of the present invention to
improve the effective depth of penetration of acoustic radia-
tion force effects such as shear waves. It is a further object
of the present invention to reduce out-of-plane effects during
material assessment. It is a further object of the present
invention to reduce measurement errors due to the relative
motion of the transducer in acoustic radiation force-based
studies.

In accordance with the principles of the present invention,
a diagnostic ultrasonic imaging system and method are
described which enables a user to acquire highly resolved
image data sufficient to measure tissue motion or the char-
acteristics of a shear wave propagating through tissue. An
ultrasound probe with a two dimensional array of transducer
elements transmits a push pulse in the form of a sheet of
energy into tissue. The sheet of energy can be planar or
non-planar, and can be produced by a sequence of individu-
ally transmitted ultrasound pulses or by transmission of a
plane wavefront. Unlike the single vector push pulses of the
prior art, the two dimensional push pulse of the sheet of
energy produces a planar or semi-planar shear wavefront
which does not suffer from the 1/R falloff of energy spread
of the prior art techniques. In accordance with a further
aspect of the present invention, a plurality of background
tracking pulses are transmitted about the location of a push
pulse and the field of interest in which a shear wave is to be
detected. Echo signals received from the background track-
ing pulses are correlated over time to estimate background
motion in the field of interest during propagation of the shear
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wave, which is used to adjust the measured displacement
caused by passage of the shear wave.

In the drawings:

FIG. 1 illustrates in block diagram form an ultrasonic
diagnostic imaging system constructed in accordance with
the principles of the present invention.

FIGS. 2a-2c¢ illustrate the transmission of a sequence of
push pulses to different depths to produce a shear wavefront.

FIG. 3 spatially illustrates a sequence of pulse pulses
along a push pulse vector, the resultant shear wavefront, and
a series of tracking pulse vectors.

FIG. 4 illustrates the radial spread of a shear wavefront
emanating from a push pulse vector.

FIG. 5 illustrates a two dimensional push pulse produced
in accordance with the principles of the present invention.

FIG. 6 illustrates a curved two dimensional push pulse
produced in accordance with the principles of the present
invention.

FIGS. 7-9 illustrate the use of background tracking pulses
to estimate background tissue motion in the region of a shear
wave in accordance with the principles of the present
invention.

Referring first to FIG. 1, an ultrasound system constructed
in accordance with the principles of the present invention for
the measurement of shear waves is shown in block diagram
form. An ultrasound probe 10 has a two dimensional array
12 of transducer elements for transmitting and receiving
ultrasound signals. A two dimensional array transducer can
scan a two dimensional (2D) plane by transmitting beams
and receiving returning echo signals over a single plane in
the body and can also be used to scan a volumetric region by
transmitting beams in different directions and/or planes of a
volumetric (3D) region of the body. The array elements are
coupled to a micro-beamformer 38 located in the probe
which controls transmission by the elements and processes
the echo signals received from groups or sub-arrays of
elements into partially beamformed signals. The partially
beamformed signals are coupled from the probe to a mul-
tiline receive beamformer 20 in the ultrasound system by a
transmit/receive (T/R) switch 14. Coordination of transmis-
sion and reception by the beamformers is controlled by a
beamformer controller 16 coupled to the multiline receive
beamformer and to a transmit controller 18, which provides
control signals to the micro-beamformer. The beamformer
controller is responsive to signals produced in response to
user manipulation of a user control panel 40 to control the
operation of the ultrasound system and its probe.

The multiline receive beamformer 20 produces multiple,
spatially distinct receive lines (A-lines) of echo signals
during a single transmit-receive interval. The echo signals
are processed by filtering, noise reduction, and the like by a
signal processor 22, then stored in an A-line memory 24.
Temporally distinct A-line samples relating to the same
spatial vector location are associated with each other in an
ensemble of echoes relating to a common point in the image
field. The r.f. echo signals of successive A-line sampling of
the same spatial vector are cross-correlated by an A-line r.f.
cross-correlator 26 to produce a sequence of samples of
tissue displacement for each sampling point on the vector.
Alternatively, the A-lines of a spatial vector can be Doppler
processed to detect shear wave motion along the vector, or
other phase-sensitive techniques such as speckle tracking in
the time domain can be employed. A wavefront peak detec-
tor 28 is responsive to detection of the shear wave displace-
ment along the A-line vector to detect the peak of the shear
wave displacement at each sampling point on the A-line. In
a preferred embodiment this is done by curve-fitting,
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although cross-correlation and other interpolative tech-
niques can also be employed if desired. The time at which
the peak of the shear wave displacement occurs is noted in
relation to the times of the same event at other A-line
locations, all to a common time reference, and this infor-
mation is coupled to a wavefront velocity detector 30 which
differentially calculates the shear wave velocity from the
peak displacement times on adjacent A-lines. This velocity
information is coupled into a velocity display map 32 which
indicates the velocity of the shear wave at spatially different
points in a 2D or 3D image field. The velocity display map
is coupled to an image processor 34 which processes the
velocity map, preferably overlaying the anatomical ultra-
sound image of the tissue, for display on an image display
36.

FIGS. 2a-2c illustrate the transmission of a sequence of
focused high MI (Mechanical Index) push pulses (e.g., MI
of 1.9 or less so as to be within FDA diagnostic limits) along
a single vector direction to produce a shear wavefront.
Pulses of high MI and long durations are used so that
sufficient energy is transmitted to displace the tissue down-
ward along the transmit vector and cause the development of
a shear wave. In FIG. 2a the probe 10 at the skin surface 11
transmits a first push pulse 40 into the tissue with a beam
profile 41a, 415 to a given focal depth indicated by the
shaded area 40. This push pulse will displace the tissue at the
focus downward, resulting in a shear wavefront 42 emanat-
ing outward from the displaced tissue.

FIG. 25 illustrates a second push pulse 50 transmitted by
the probe 10 along the same vector and focused at the deeper
depth of the shaded area 50. This second push pulse 50
displaces the tissue at the focal depth, causing a shear
wavefront 52 to emanate outward from the displaced tissue.
Thus, shear wavefronts 42 and 52 are both propagating
laterally through the tissue, with the initial wavefront 42
preceding the second as a function of the time interval
between the transmission of the two push pulses and the
propagation delay difference due to the change in propaga-
tion distance to the focus.

FIG. 2¢ illustrates the transmission by probe 10 of a third
push pulse 60 at a greater depth which produces an outward
emanating shear wavefront 62. It is seen in FIG. 2¢ that the
composite wavefront of the three push pulses, indicated by
the composite wavefront profile of 42, 52, and 62, extends
for an appreciable depth in the tissue, from the shallow depth
of the first push pulse 40 to the deepest depth of the third
push pulse 60. This enables shear wave measurement over
an appreciable depth of tissue. In an implementation of the
system of FIG. 1, a push pulse sequence such as this can be
used to detect shear wave propagation over a depth of 6 cm.,
a suitable depth for breast mass imaging and diagnosis.

It will be appreciated that a greater or lesser number of
push pulses can be transmitted along the push pulse vector,
including a single push pulse. Multiple push pulses can be
transmitted in any order, with the order determining the
shape and direction of the composite shear wavefront. For
example, if the push pulses of FIGS. 2a-2¢ were transmitted
in sequence from the deepest (60) to the shallowest (40) with
appropriate delays between transmits, the composite shear
wavefront of FIG. 2¢ would have the inverse tilt to that
shown in FIG. 2¢. Typically, each push pulse is a long pulse
of 50 to 200 microseconds in duration. A typical duration is
100 microseconds, for instance. The ultrasound produced
during the 100 microsecond pulse duration are compres-
sional wave pulses and can have a frequency of 7 or § MHz,
for example. The push pulses are well focused, preferably at
an f number of 1 to 2. In one typical implementation, a push
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pulse is transmitted every 2.5 milliseconds (as long as the
shear source moving speed from (40) to (50) and (50) to (60)
is greater than the shear wave propagation speed), giving the
push pulses a 400 Hz transmission frequency. In another
implementation, all three push pulses are transmitted in one
sequence to launch the full shear wavefront before the
tracking A-lines begin.

FIG. 3 is another illustration of the use of three push
pulses to create a composite shear wavefront. The three push
pulses are transmitted along vectors 44, 54, and 64 which are
seen to be aligned along a single vectorial direction in FIG.
3. When the deepest push pulse of vector 64 is transmitted
first followed by push pulses focused at successively shal-
lower depths, the shear wavefronts of the respective push
pulses will have propagated as indicated by waves 46, 56,
and 66 by a time shortly after the last push pulse (vector 64)
has been transmitted. The time intervals between the trans-
mit times of the push pulses is determined by the shear and
longitudinal velocities, because the propagation time to the
focus needs to be taken into account. As the shear waves 46,
56, and 66 travel outward from the push pulse vector, they
are interrogated by tracking pulses 81 shown in spatial
progression along the top of the drawing. Tracking pulses
can occur between as well as after push pulses. Unlike the
depiction of FIG. 2¢, the illustration of the shear waves 46,
56, and 56 of the composite wavefront of FIG. 3 shows the
propagated shear waves to be substantially aligned in time
and horizontal propagation distance. From the perspective of
the dramatic difference in propagation speed between the
longitudinal push pulses and shear waves in tissue, on the
order of 100 to 1, this is a representative depiction when the
individual push pulses are transmitted in rapid succession.
Since the sole function of the push pulses is to effect a force
on tissue and no following time period is needed for echo
reception as is the case with pulse-echo ultrasound imaging,
substantially no dead time is required following each pulse
and the push pulses can be transmitted in very rapid suc-
cession. The transit time of a push pulse in tissue is on the
order of 100 microseconds (ultrasound travels at a speed of
about 1560 meters/sec in tissue), whereas a shear wave
period in tissue is on the order of 2 to 10 milliseconds (shear
waves travel at a speed of about 1-5 meters/sec in tissue).
Thus, from the perspective of the periodicity and speed of a
shear wave, a rapid succession of push pulses is near
instantaneous, producing a single wavefront.

In conventional acoustic radiation force imaging and
point quantification, the push pulse(s) are transmitted along
a single vector direction. When the push is generated by a
1-D array, a transducer having a single line of transducer
elements, the array produces a beam which may be well
controlled in the single imaging plane of the array, but is
restricted to a single, moderately tight focus in the cross, or
elevation plane by the fixed focus mechanical lens of the
probe. This leads to a mechanical push which creates a
response which radiates laterally in all directions, in and out
of the single imaging plane of the array. The tissue motion
elicited by this push energy propagates roughly radially in
all lateral directions as illustrated by the circular wavefronts
72 surrounding the push pulse vector and the outward-
radiating arrows 70 in FIG. 4, and suffers a fall-off in energy
as a function of 1/R in the radial directions in addition to
normal tissue attenuation. In the case of acoustic radiation
force qualitative and quantitative imaging, this is deleterious
because out-of plane regions of stiffness variation will
contribute to the tissue axial displacement in the image
plane, confounding the accuracy of the stiffness measure-
ment in the image plane. In the case of acoustic radiation
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force point quantification, the radial propagation removes
useful shear wave energy from the imaging plane, reducing
the signal amplitude needed for property estimation.

In accordance with the principles of the present invention,
the push pulse is formed as a two dimensional sheet of
energy rather than a single one dimensional vector. Such two
dimensional push beam sheets extend in the depth dimen-
sion D and also in the elevation or azimuth dimension E as
illustrated by push beam sheet 80 in FIG. 5. The push beam
sheet 80 results in the generation of shear waves with planar
wavefronts as indicated by plane wavefronts 90, 92 in FIG.
5, which travel laterally from the force field of the push
beam sheet 80 as indicated by arrows 91, 93. This shear
wave excitation is like a plane wave source rather than the
line source of FIG. 4, eliminating the 1/R fall-off in radial
energy dissipation. The programmability and responsiveness
of the two dimensional array 12 to form beams in arbitrary
directions and from apparent centers in various locations on
the surface of the array is used to generate pushed tissue
regions of general shape, size, and direction of push by axial
and/or lateral sweeping of the focal spot, rapid hopping from
one focal spot to from one location to another, or both,
taking advantage of the dramatic ratio of propagation speed
between longitudinal push waves and shear waves in tissue
(order of 100 to 1) to allow formation of an effective source
of shear waves which may be of somewhat arbitrary size,
shape and orientation such that a focused and steered two-
or three-dimensional shear wave beam source of desired
orientation, shape and extent may be formed.

In the simple implementation of the present invention
shown in FIG. 5, a flat, extended sheet of pushed tissue is
excited by push beam sheet 80, which generates shear waves
in a flat sheet 90, 93, propagating laterally rather than
radially outward, and decreasing the decay with travel
distance of the shear wave. This improves the distance of
penetration of the various radiation force modalities. This
sheet may be formed by focusing deeply within the tissue
and starting the transmission of a long burst of ultrasound.
While the burst is being transmitted, the focal point is drawn
shallower toward the transducer to form a line source.
Multiple such lines of push beam force are transmitted
within a plane perpendicular to the face of the transducer as
shown in FIG. 5. Alternatively the plane of push beam force
is transmitted in other planes not perpendicular to the face of
the transducer array and within the range of directivity of the
array, to generate a planar source of shear waves. Such
transmission will effectively produce a unitary push force in
two dimensions, so long as the duration of the whole
excitation sequence is somewhat faster than the period of the
shear waves to be produced. Since longitudinal ultrasound
propagation path transit times are of the order of 100
microsec, while the desired shear wave period is of the order
of 2 millisec, there is time for numerous transmits to produce
the energy sheet 90, 92.

A variation of the transmit technique of FIG. 5 is to
transmit a sheet beam which, by simultaneous excitation of
elements of the two dimensional transducer array in eleva-
tion or azimuth, transmits a sheet beam from the two
dimensional array. Since the delay profile of the 2-D array
is fully programmable, transmitting a sheet focused deep in
the field and then moving the focal point closer at a rate
comparable to the shear wave velocity will allow formation
of a simple planar shear wave source. This planar source
may be transmitted at any rotational angle, so shear waves
may be propagated in any lateral direction. Also, the tilt of
the planar source may be varied, so the shear wave source
may be directed into planes not perpendicular to the array.
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A third implementation of the present invention is illus-
trated in FIG. 6. In this implementation a sheet beam is
transmitted by the two dimensional array transducer which
is transversely curved, either in space or in delay profile or
both, so that the resulting shear wave source focuses into a
thin beam, further increasing the resolution and sensitivity
of the techniques used to detect it. It is even possible to
create a curvature along the axial direction as shown by the
push beam sheet (PBS) in FIG. 6, creating two dimensional
focusing of the shear waves. As this drawing illustrates, the
two dimensional transducer array 12 generates a curved
push beam sheet PBS. The curvature of PBS causes the shear
wave front SWF to progressively converge as it travels, as
indicated by the progressive convergence of SWF1, SWE2,
and SWF3 toward the checkered plane 98. This convergence
is also indicated by the profile 96 of the curved shear wave
fronts. To the right in the drawing is a shear wave front
SWEF2, illustrating the reverse curvature of the shear wave
front as it passes beyond its line of maximum convergence
at SWF3. This method of focusing the shear waves is most
suitable for a line measuring technique rather than a plane
measuring technique. The data collection rate is sharply
reduced in exchange for the large increase in sensitivity in
the vicinity of the shear wave focus at SWF3. This method
can also be used to focus a two dimensional curved shear
wavefront to a diffraction-limited point focus or a limited
axial depth region.

The diagnoses of tissue stiffness which are performed by
measuring shear waves are highly dependent upon precise
tracking of the shear wavefront over time, so that its changes
in propagation velocity as it passes through different tissues
can be accurately measured. In systems of the prior art, these
measurements were performed while assuming that there
was no relative motion between the ultrasound probe and the
tissue, so that the only relative tissue motion is that produced
by the push pulse force. This assumption is often incorrect,
since relative motion can also be produce by unsteady
holding of the probe, patient motion, or anatomical motion
due to breathing and heartbeat motion. The displacement
caused by radiation force is very small, on the order of 10
um. Although the precision of ultrasound RF tracking can
reach 1-2 um, the shear wave motion can be buried in much
larger patient motion such as cardiac and respiratory motion,
as well as environmental interference. While filtering can be
used to try to eliminate noise whose frequency is outside the
range of the shear wave harmonic frequencies, in accordance
with a further aspect of the present invention, an additional
step is taken to reduce noise. This consists of using the
displacement estimated away from the region of the exci-
tation (for instance, at a depth of at least half of the
depth-of-field away from the focus in the depth direction) as
the background noise, since it can be assumed that no
significant radiation force is applied in that region. This
noise “source” in the form of displacement estimates is
subtracted from the shear wave displacement estimated at
the region of interest.

A simple example of background motion sensing is illus-
trated in FIG. 7. A single vector push beam, being focused,
has its most significant effect along its beam axis near the
focal depth 110. FIG. 7 illustrates the profile 100 of a vector
push beam in which the force of the push beam is concen-
trated. Some acoustic radiation force-based elastographic
techniques involve only tracking along the same axis as the
push beam and in this case, data from the tracking beams
already in use can be employed to sense background motion,
but from ranges significantly shorter and longer than the
focal length, that is, outside the depth of field of the focused
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push beam, to make an axial motion estimate for subtraction
from the sample measurement. The stars 102 and 104
illustrate focal regions of two background tracking beams,
one located above the focal region of the push pulse and one
located below. The focal regions of the background tracking
beams are indicated by the dashed beam profiles on either
side of the background tracking beams. Echoes from these
background tracking locations are sampled at a plurality of
times before, during, and/or after transmission of the push
pulse(s). These temporally different echoes are compared,
generally by correlation, and the comparison(s) used to
assess the presence of axial background motion. Any dis-
placement of the tissue due to background effects is sub-
tracted from motion estimates due to the shear wave to
correct estimated shear wave motion for background effects.

FIG. 8 illustrates another example of background motion
sensing. In this example, additional locations 106, 107, 108
and 116, 117, 118 located laterally well outside the region of
interest 120 of shear wave tracking may be tracked during
the measurement interval to acquire data which enables
computation of a background motion estimate at any loca-
tion within or around the region of interest. Motion effects
from tilting or rotation of the probe during the measurement
interval can be sensed in this way. For instance, if compari-
sons of echo changes at points 106, 107, 108 over time
indicate an upward motion to the left of the region of interest
120, and differences at points 116, 117, 118 indicate a
downward motion to the right of the region of interest at the
same time, it can be concluded that there is an overall
rotational or tilting motion of the probe with respect to the
region of interest for which compensation in measurements
should be made.

As FIG. 9 illustrates, it is also possible, and in some
instances may be desirable, to track in the plane of a 2D
image along several lines within the region of interest 120
adjacent to the push region 100, at times before and after the
push event. In this example two lines of background motion
tracking samples 126, 127, 128 and 136, 137, 138 are
sampled periodically during the measurement interval to the
left of the push pulse vector 100 and two lines of background
motion tracking samples 146, 147, 148 and 156, 157, 158 are
sampled to the right of the push pulse vector. Normally, one
background motion sampling before and several background
motion samplings after a push event are required to obtain
a motion estimate due to a push event. However, if two or
more background motion sampling ensembles before the
push are acquired, an estimate of background motion can
also be obtained. If at least one background motion echo
ensemble is also acquired a sufficiently long time after the
push, additional estimates of background motion may be
also be gained, since motion may be interpolated in time
from before to a time after the push pulse, rather than
extrapolated. This technique may be performed at multiple
lateral offsets from the axis of the push beam. If the
background motion is not uniform over the region of inter-
est, a scalar field estimate of the axial motion component
within the sample volume may be obtained.

It will be appreciated that background motion correction
can be performed for measurements made in 3D space in
addition to just a plane. The use of a two dimensional array
transducer as shown in FIG. 1 enables the performance of
elastography in three dimensions to bring improved clinical
utility, as out-of-plane variations in elasticity properties can
adversely affect the effectiveness of single-plane elasto-
graphic measurements. The additional 3D control of push
beam geometry by a two dimensional array can enhance
signal-to-noise performance and bring additional function-
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ality. In this case, additional background motion tracking
beams outside the region of interest during the measurement
interval and/or early and late background motion tracking
beams may be added within the 3D region of interest as
indicated above for the 2D case, to obtain a full 3D volume
estimate of axial motion for correction of the measured
response to the push beam excitation. For example, four
background motion tracking lines can be transmitted at 90°
intervals around a push pulse vector. Background motion
tracking lines can be transmitted in front of and behind a 2D
push pulse sheet as described above to sense tissue motion
in a three dimensional space over which shear waves are
being measured.
What is claimed is:
1. An ultrasonic diagnostic imaging system for shear
wave analysis comprising:
an ultrasonic array probe having a two dimensional array
of transducer elements which are operable to transmit
ultrasound waves along a plurality of different vectors
in a subject; and
a beamformer coupled to the two dimensional array to
cause the array to transmit a burst of ultrasound waves
and move a focal point of the burst during transmission
of the burst to form each of a plurality of line sources,
wherein the beamformer is configured to simultaneously
excite the two dimensional array of transducer elements
in two dimensions of the array to form a sheet of energy
comprised of the plurality of line sources in a push
pulse region for generating a shear wave that is one of?
(1) a planar shear wave or (2) a semi-planar shear wave,
and propagates away from the sheet of energy
wherein the beamformer is further configured to cause the
two dimensional array of transducer elements to trans-
mit tracking pulses along tracking lines within a path of
the shear wave and background tracking pulses along
background tracking lines outside the path of the shear
wave without moving the ultrasonic array probe,
wherein the probe is further configured to receive echo
signals from points along the tracking lines and back-
ground tracking lines,
wherein the probe is further configured to transmit the
tracking pulses and receive the echo signals from points
along the tracking lines in a first time interleaved
sequence, and
wherein the probe is further configured to transmit the
background tracking pulses and receive the echo sig-
nals from points along the background tracking lines in
a time interleaved sequence.
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2. The ultrasonic diagnostic imaging system of claim 1,
wherein the sheet of energy is a planar sheet of energy.

3. The ultrasonic diagnostic imaging system of claim 1,
wherein the shear wave is the semi-planar shear wave, and
wherein the semi-planar sheet of energy is a curved sheet of
energy.

4. The ultrasonic diagnostic imaging system of claim 1,
wherein shear wave is the planar shear wave.

5. The ultrasonic diagnostic imaging system of claim 4,
wherein the sheet of energy is formed in a plane which is
normal to a face of the two dimensional array transducer.

6. The ultrasonic diagnostic imaging system of claim 4,
wherein the sheet of energy is formed in a plane which is
tilted at a non-orthogonal angle to a face of the two dimen-
sional array transducer.

7. The ultrasonic diagnostic imaging system of claim 1,
wherein the two dimensional array is configured to transmit
the sheet of energy during a time interval which is less than
the time of one cycle of the generated shear wave.

8. The ultrasonic diagnostic imaging system of claim 7,
wherein the focal point of the burst is moved both axially
and laterally during the time interval.

9. The ultrasonic diagnostic imaging system of claim 1,
shear wave is the semi-planar shear wave, and wherein the
semi-planar sheet of energy is a curved sheet of energy
which produces a shear wave source focused into a line.

10. The ultrasonic diagnostic imaging system of claim 3,
wherein the curved sheet of energy produces a shear wave
source focused to a diffraction-limited point focus.

11. The ultrasonic diagnostic imaging system of claim 3,
wherein the curved sheet of energy produces a shear wave
source focused over a limited axial depth region.

12. The ultrasonic diagnostic imaging system of claim 1,
further comprising:

an A-line memory for storing the tracking line echo data;

and a display for displaying results of a shear wave
measurement.

13. The ultrasonic diagnostic imaging system of claim 1,
wherein the probe is configured to form the sheet of energy
by sweeping the focal point in an axial direction, a lateral
direction, or both.

14. The ultrasonic diagnostic imaging system of claim 1,
wherein the probe is configured to form the sheet of energy
such that the sheet of energy extends in a depth dimension
as well as an elevation dimension.
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