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(57) ABSTRACT

An ultrasound system for estimating tissue deformation in
ultrasound elasticity imaging includes a controller configured
to deliver a plurality of tracking pulses and to obtain a plu-
rality of data sets for a region of interest from an ultrasound
transducer array; a harmonic data analyzing circuit config-
ured to receive the plurality of data sets and to extract one or
more harmonic data sets including harmonic signals from the
plurality of image data sets; and a displacement estimator
circuit configured to estimate tissue deformation in the region
of interest responsive to the one or more harmonic data sets.
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ULTRASOUND SYSTEMS, METHODS AND
COMPUTER PROGRAM PRODUCTS FOR
ESTIMATING TISSUE DEFORMATION WITH
HARMONIC SIGNALS

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 61/852,084 filed Mar. 18, 2013, the
disclosure of which is hereby incorporated by reference in its
entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to ultrasound systems,
methods and computer program products for estimating tis-
sue deformation.

BACKGROUND

[0003] Ultrasound-based elasticity imaging methods rely
upon accurate estimates of tissue deformation to characterize
the mechanical properties of soft tissues. These methods may
be corrupted by clutter, which can bias and/or increase vari-
ance in displacement estimates. There remains a need to
reduce clutter and to improve axial resolution in ultrasound
elasticity images.

SUMMARY

[0004] According to some embodiments, an ultrasound
system for estimating tissue deformation in ultrasound elas-
ticity imaging includes a controller configured to deliver a
plurality of tracking pulses and to obtain a plurality of data
sets for a region of interest from an ultrasound transducer
array; a harmonic data analyzing circuit configured to receive
the plurality of data sets and to extract one or more harmonic
data sets including harmonic signals from the plurality of
image data sets; and a displacement estimator circuit config-
ured to estimate tissue deformation in the region of interest
responsive to the one or more harmonic data sets.

[0005] In some embodiments, the plurality of tracking
pulses include two or more tracking waveforms and the plu-
rality of data sets comprise echo signals corresponding to the
two or more tracking waveforms. The harmonic data analyz-
ing circuit is configured to extract one or more harmonic data
sets by combining the echo signals, and the two or more
tracking waveforms differ in at least one transmit parameter
such that, when the echo signals corresponding to the two or
more waveforms are combined by the harmonic data analyz-
ing circuit, at least one of a fundamental and a harmonic
signal portion is increased and or decreased. The at least one
transmit parameter may include a transmit waveform phase
and/or amplitude.

[0006] Thetwo or more tracking pulses may include two or
more phase-inverted waveforms transmitted alternately in a
common tracking location. The harmonic data analyzing cir-
cuit may be configured to combine the echo signals from the
two or more phase-inverted waveforms to thereby reduce or
substantially cancel a fundamental portion of the echo signals
and to increase an amplitude of a harmonic portion ofthe echo
signals. The two or more phase-inverted waveforms may
include at least three or more phase-inverted waveforms, and
the harmonic data analyzing circuit may be configured to
extract the one or more harmonic data sets by combining the
echo signals from at least first and second ones of the phase-
inverted signals to increase an amplitude of a harmonic por-
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tion of the echo signals to provide a harmonic signal for the
one or more harmonic data sets, and by combining the echo
signals from at least second and third ones of the phase-
inverted signals to increase an amplitude of at least some of a
harmonic portion of the echo signals to provide another har-
monic signal for the one or more harmonic data sets. A tem-
poral sampling rate of the harmonic data sets may be substan-
tially the same as a temporal sampling rate of the plurality of
tracking pulses.

[0007] In some embodiments, the two or more tracking
waveforms include at least three or more tracking waveforms,
and the harmonic data analyzing circuit is configured to
extract the one or more harmonic data sets by combining the
echo signals from at least first and second ones of the tracking
waveforms to increase and/or decrease an amplitude of at
least one of a harmonic portion and a fundamental portion of
the echo signals to provide a harmonic signal for the one or
more harmonic data sets, and combining the echo signals
from at least second and third ones of the tracking waveforms
to increase and/or decrease an amplitude of at least one of a
harmonic portion and a fundamental portion of the echo sig-
nals to provide another harmonic signal for the one or more
harmonic data sets.

[0008] Insome embodiments, the harmonic data analyzing
circuit is configured to extract one or more harmonic data sets
by applying a bandpass generally centered at a predetermined
harmonic frequency. The filter may be a bandpass filter, a
finite impulse response (FIR) filter, and/or a digital infinite
impulse response (IIR) filter.

[0009] In some embodiments, the controller is configured
to emit an acoustic radiation force excitation to the region of
interest with an ultrasound transducer array.

[0010] In some embodiments, the controller is configured
to apply a compression and/or vibration to the region of
interest by strain imaging, elastography and/or sonoelasticity.
[0011] In some embodiments, a tissue deformation is esti-
mated by a phase-shift and/or correlation-based estimation.
[0012] Insome embodiments, a tissue deformation is esti-
mated by the deformation estimation circuit by calculating a
maximum displacement time, a displacement value at a pre-
determined time, a time to percent recovery of a maximum
displacement, a mean displacement tissue and/or blood
velocities and/or cross-correlation values and/or a parameter
derived from a displacement response.

[0013] In some embodiments, the controller is configured
to display an image of the region of interest responsive to the
estimate of tissue deformation on a display.

[0014] According to some embodiments, an ultrasound
method for estimating tissue deformation in ultrasound elas-
ticity imaging includes delivering a plurality of tracking
pulses and to obtain a plurality of data sets for a region of
interest from an ultrasound transducer array; extracting one
or more harmonic data sets comprising harmonic signals
from the plurality of image data sets; and estimating tissue
deformation in the region of interest responsive to the one or
more harmonic data sets.

[0015] According to some embodiments, a computer pro-
gram product for estimating tissue deformation in ultrasound
elasticity imaging is provided. The computer program prod-
uct includes a computer readable medium having computer
readable program code embodied therein. The computer
readable program code includes computer readable program
code configured to deliver a plurality of tracking pulses and to
obtain a plurality of data sets for a region of interest from an
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ultrasound transducer array; computer readable program
code configured to extract one or more harmonic data sets
comprising harmonic signals from the plurality of image data
sets; and computer readable program code configured to esti-
mate tissue deformation in the region of interest responsive to
the one or more harmonic data sets.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The accompanying drawings, which are incorpo-
rated in and constitute a part of the specification, illustrate
embodiments of the invention and, together with the descrip-
tion, serve to explain principles of the invention.

[0017] FIG. 1a is a schematic diagram of an ultrasound
system according to some embodiments.

[0018] FIG. 15 is a flowchart of operations according to
some embodiments.

[0019] FIG. 2a is a graph of an Acoustic Radiation Force
Impluse (ARFI) deformation response that is monitored
using a pulse-inversion scheme that transmits pulses of alter-
nating polarity for a period that begins before the excitation
and extends for a duration beyond the peak displacement
response according to some embodiments.

[0020] FIG. 25 is a schematic diagram of a fully sampled
pulse-inversion technique in which each positive polarity
pulse is summed with the subsequent negative polarity pulse,
and each negative polarity pulse is also summed with the
subsequent positive polarity pulse.

[0021] FIG. 3 is a schematic diagram of an ARFI pulse
sequence according to some embodiments.

[0022] FIGS. 4a-4b are graphs illustrating the mean axial
displacement, jitter estimate, and mean normalized cross-
correlation (NCC) profiles among the fundamental and har-
monic tracking methods acquired in an E=9 kPa homoge-
neous, elastic, tissue-mimicking ultrasound phantom with a
focal depth of 30 mm according to some embodiments.
[0023] FIGS. 5a-5d are B-mode and ARFI ultrasound
images illustrating a 4-MHz fundamental signal (FIG. 5a), an
8-MHz fundamental signal (FIG. 54), a filtered harmonic
signal (FIG. 5¢) and a fully sampled pulse-inversion (PI)
harmonic signal (FIG. 5d) according to some embodiments.
[0024] FIGS. 64-6b are in vivo B-mode and ARFT ultra-
soundimages for an 8-MHz fundamental signal (FIG. 6a4) and
a fully sampled pulse-inversion harmonic signal (FIG. 65) of
a carotid artery (CA) and jugular vein (JV) in a subject with
known carotid artery plaques according to some embodi-
ments.

[0025] FIGS. 7a-7b are in vivo B-mode and ARFI images
of an 8-MHz fundamental signal (FIG. 7a) and a fully
sampled pulse inversion (PT) harmonic signal (FIG. 7b) image
according to some embodiments.

[0026] FIGS. 8a-8careinvivo ARFlimages of an averaged
8-MHz fundamental signal according to some embodiments.
FIG. 8a was obtained from the same subject as FIGS. 5a-54,
FIG. 85 was obtained from the same subject as FIGS. 6a-6,
and FIG. 8¢ was obtained from the same subject as FIGS.
7a-7b.

DETAILED DESCRIPTION

[0027] The present invention now will be described here-
inafter with reference to the accompanying drawings and
examples, in which embodiments of the invention are shown.
This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
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ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those
skilled in the art.

[0028] Like numbers refer to like elements throughout. In
the figures, the thickness of certain lines, layers, components,
elements or features may be exaggerated for clarity.

[0029] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
be limiting of the invention. As used herein, the singular
forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises” and/
or “comprising,” when used in this specification, specify the
presence of stated features, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, steps, operations, elements,
components, and/or groups thereof. As used herein, the term
“and/or” includes any and all combinations of one or more of
the associated listed items. As used herein, phrases such as
“between X and Y” and “between about X and Y” should be
interpreted to include X andY. Asused herein, phrases such as
“between about X and Y™ mean “between about X and about
Y. As used herein, phrases such as “from about X to Y”” mean
“from about X to about Y.”

[0030] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the specifica-
tion and relevant art and should not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein. Well-known functions or constructions may not be
described in detail for brevity and/or clarity.

[0031] It will be understood that when an element is
referred to as being “on,” “attached” to, “connected” to,
“coupled” with, “contacting,” etc., another element, it can be
directly on, attached to, connected to, coupled with or con-
tacting the other element or intervening elements may also be
present. In contrast, when an element is referred to as being,
for example, “directly on,” “directly attached™ to, “directly
connected” to, “directly coupled” with or “directly contact-
ing” another element, there are no intervening elements
present. It will also be appreciated by those of skill in the art
that references to a structure or feature that is disposed “adja-
cent” another feature may have portions that overlap or under-

lie the adjacent feature.

[0032] Spatially relative terms, such as “under,” “below,”
“lower,” “over,” “upper” and the like, may be used herein for
ease of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is inverted. elements described as “under” or
“beneath” other elements or features would then be oriented
“over” the other elements or features. Thus, the exemplary
term “under” can encompass both an orientation of “over”
and “under.” The device may be otherwise oriented (rotated
90 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly. Similarly, the



US 2014/0276049 Al

2 <

terms “upwardly,” “downwardly,” “vertical,” “horizontal”
and the like are used herein for the purpose of explanation
only unless specifically indicated otherwise.

[0033] Itwill be understood that, although the terms “first,”
“second,” etc. may be used herein to describe various ele-
ments, these elements should not be limited by these terms.
These terms are only used to distinguish one element from
another. Thus, a “first” element discussed below could also be
termed a “second” element without departing from the teach-
ings of the present invention. The sequence of operations (or
steps) is not limited to the order presented in the claims or
figures unless specifically indicated otherwise.

[0034] The present invention is described below with ref-
erence to block diagrams and/or flowchart illustrations of
methods, apparatus (systems) and/or computer program
products according to embodiments of the invention. It is
understood that each block of the block diagrams and/or
flowchart illustrations, and combinations of blocks in the
block diagrams and/or flowchart illustrations, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computet, and/or
other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer and/or other programmable data
processing apparatus, create means for implementing the
functions/acts specified in the block diagrams and/or flow-
chart block or blocks.

[0035] These computer program instructions may also be
stored in a computer-readable memory that can direct a com-
puter or other programmable data processing apparatus to
function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article of
manufacture including instructions which implement the
function/act specified in the block diagrams and/or flowchart
block or blocks.

[0036] The computer program instructions may also be
loaded onto a computer or other programmable data process-
ing apparatus to cause a series of operational steps to be
performed on the computer or other programmable apparatus
to produce a computer-implemented process such that the
instructions which execute on the computer or other program-
mable apparatus provide steps for implementing the func-
tions/acts specified in the block diagrams and/or flowchart
block or blocks.

[0037] Accordingly, the present invention may be embod-
ied in hardware and/or in software (including firmware, resi-
dent software, micro-code, etc.). Furthermore, embodiments
of the present invention may take the form of a computer
program product on a computer-usable or computer-readable
non-transient storage medium having computer-usable or
computer-readable program code embodied in the medium
for use by or in connection with an instruction execution
system.

[0038] The computer-usable or computer-readable
medium may be, for example but not limited to, an electronic,
optical, electromagnetic, infrared, or semiconductor system,
apparatus, or device. More specific examples (a non-exhaus-
tive list) of the computer-readable medium would include the
following: an electrical connection having one or more wires,
a portable computer diskette, a random access memory
(RAM), a read-only memory (ROM), an erasable program-
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mable read-only memory (EPROM or Flash memory), an
optical fiber, and a portable compact disc read-only memory
(CD-ROM).

[0039] With reference to FIG. 1a, an ultrasound system 10
according to some embodiments is shown. The ultrasound
system includes a controller 12 that is in communication with
an ultrasound transducer array 14 with a beamformer 16, a
harmonic data analyzer 18, a displacement estimator 20, an
image processor 22 and a display 24. As shown in FIG. 1a, the
ultrasound transducer array 14 is configured to transmit and
receive ultrasound signals from a region of interest 30. It
should be understood that the components of the ultrasound
system 10 described herein may include hardware, such as
circuits and computer processors, as well as tangible com-
puter readable media for storing computer readable program
code to perform the operations described herein.

[0040] With reference to FIGS. 1a-15, the controller 12 is
configured to deliver a plurality of tracking pulses and to
obtain data sets for the region of interest 30 with the ultra-
sound transducer array 14 (FIG. 15, Blocks 50 and 52). The
harmonic data analyzer 18 is configured to receive the data
sets, to extract one or more harmonic data sets including
harmonic signals from the image data sets (FIG. 15, Block
54). The displacement estimator 20 is configured to estimate
tissue deformation in the region of interest 30 responsive to
the harmonic data sets (FIG. 15, Block 56).

[0041] In some embodiments, the tracking pulses include
the two or more tracking waveforms that differ in at least one
parameter. The parameter may be selected so that, when
corresponding echo signals of the tracking waveforms are
combined, a fundamental portion and/or a harmonic portion
of the echo signal is increased or decreased. Accordingly, the
tracking waveforms may be selected so that various harmonic
and/or fundamental portions of the corresponding echo sig-
nals may be increased or decreased (or substantially can-
celed). The parameter may be an amplitude and/or phase
difference in successive tracking waveforms. In particular
embodiments, the tracking pulses include two or more phase-
inverted waveforms transmitted alternately in a common
tracking location. As illustrated in FIG. 1, the tissue in the
region of interest experiences a displacement or deformation.
Ultrasound-based elasticity imaging techniques may be used
to characterize the mechanical properties of soft-tissues
based on measured deformations. The source of excitation
used to elicit the deformation can vary. For instance, an
impulsive (i.e., short-duration) acoustic radiation force exci-
tation may be applied using a focused ultrasonic transducer.
Examples of acoustic radiation force excitation are described
in U.S. Pat. No. 6,371,912 to Nightingale, the disclosure of
whichis hereby incorporated in its entirety. An acoustic radia-
tion force excitation is a “pushing” pulse that has sufficient
energy to cause physical displacement of the tissue. However,
other techniques for displacing or deforming the tissue may
be used, including other excitation sources such as physi-
ological based sources (i.e., cardiac motion) and externally
applied compression or vibration as performed in methods
including strain imaging, elastography, and sonoelasticity.
Regardless of the excitation source, the ultrasonic transducer
array 14 is used to receive echoes from the region-of-interest
(ROI). As depicted in FIG. 1, the received echoes are beam-
formed by the beamformer 16 to create a focused radiofte-
quency (RF) signal. To monitor the deformation response,
multiple RF signals may be recorded at the pulse-repetition
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frequency (PRF) both before (reference signals) and after
(tracking signals) the excitation is applied.

[0042] From the beamformed RF signals, the harmonic
components can be obtained with the harmonic data analyzer
18. Example techniques for extracting the harmonic compo-
nents of the signals include, but are not limited to 1) a filter-
based approach and 2) a phase-inverted (PT) method. With the
filter-based approach, the harmonic components can be
obtained by using a bandpass filter centered at the desired
harmonic frequency. With the PI method, phase-inverted (+
and -) waveforms may be transmitted alternately in a single
tracking location and then received by the transducer. The
combining of two phase-inverted signals, for example, by
summing or subtracting the signals, will substantially cancel
the fundamental and odd harmonics while doubling the even
harmonics.

[0043] Insomeembodiments, a fully-sampled scheme with
atemporal sampling rate substantially equal to the PRF of the
transmitted waveforms may be provided. FIG. 2a is a typical
deformation response curve portraying the axial displace-
ments before and after the application of an impulsive acous-
tic radiation force excitation that are alternately tracked
through time with the phase-inverted signals. The proposed
fully sampled PI method in FIG. 25 sums the phase-inverted
signals to create a harmonic signal without a reduced frame
rate. In addition, the proposed invention also includes the use
of interpolation schemes to reduce motion artifacts on the
phase-inverted signals prior to combining. As shown in FIG.
2b, the first and second phase-inverted signals are summed,
and the second and third phase-inverted signals are summed.
In other words, each signal is summed with both a preceding
phase-inverted signal and a subsequent phase-inverted signal.
In contrast, conventional B-mode phase-inverted techniques
typically only sum pairs of phase-inverted signals once, i.e.,
the first and second phase-inverted signals are summed and
the third and fourth phase-inverted signals would be summed
without combining the second and third signals. By combin-
ing each signal with both a preceding and a subsequent signal,
the temporal sampling rate may be increased so that it is
substantially equal to the PRF of the transmitted waveforms.
[0044] An estimate of the soft-tissue deformation between
two received signals can be calculated from the harmonic data
by the displacement estimator 20. The estimate of deforma-
tion may be calculated with, but is not limited to, phase-shift
or correlation-based estimators that are currently employed in
ultrasound Doppler and elasticity imaging methods. In the
image processor 22, these displacement estimates and cross-
correlation values may be used to calculate quantitative and/
or qualitative measures which are then output to the display
24. This may include, but is not limited to, calculating the
maximum displacement occurring through time, the dis-
placement at a particular time, time to percent recovery of the
maximum displacement, tissue and/or blood velocities, and
cross-correlation values.

[0045] Insomeembodiments, the bias andjitter indisplace-
ment estimates introduced by the presence of clutter may be
reduced for improved imaging contrast. For example, in
Acoustic Radiation Force Impulse (ARFI) imaging, large
amounts of clutter due to near-field reverberation can make it
difficult to track the induced deformations in abdominal
structures such as the liver. In order to differentiate structures
such as tumors from healthy tissues, existing methods require
higher acoustic intensities in order to achieve deformations
that are large enough to be tracked in the presence of
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increased jitter. With decreased jitter, due to clutter suppres-
sion, the harmonic tracking methods described herein may
allow for the ability to measure smaller deformations and
thereby require decreased acoustic pressures and improved
sensitivity. For ARFI, where the deformation and recovery of
soft-tissues is a transient response (i.e., typically <2 msec.),
the fully sampled PI techniques described in FIG. 2¢-2b also
may improve the ability to estimate the maximum tissue
displacement. The PI techniques described herein may also
be sensitive to imaging blood flow where large motion that
occurs between the phase-inverted signals typically results in
poor canceling of the linear components when summed. For
cardiovascular applications, this is useful for improved dif-
ferentiation of tissue and blood components, where clutter
due to reverberation within the artery and bright off-axis
scatterers such as the arterial walls can make this differentia-
tion difficult. Without a loss in frame rate, the fully sampled
harmonic PI method improves the visualization of both 1) the
arterial wall & lumen interface and 2) the interface of the
arterial wall and surrounding tissues compared to conven-
tional B-mode imaging.

[0046] With improved definition of the arterial wall, some
embodiments may also include using harmonic ARFI imag-
ing for measuring arterial thickness. Initial investigations
have indicated an improved inter-reader consistency of arte-
rial thickness measurements of harmonic ARFIimaging com-
pared to intima-media thickness (IMT) measurements from
B-mode images. Harmonic ARFI imaging may provide mea-
surements of arterial thickness in more difficult to image
patients and locations where standard B-mode IMT measure-
ments cannot be made. In addition, the fully sampled PI
approach may be useful in imaging slower blood flow and
contrast/perfusion imaging. In this respect, clutter suppres-
sion associated with harmonic tracking may allow for
improved visualization of small blood vessels/arteries or
improved blood velocity estimates.

[0047] Embodiments according to the invention may be
applicable foruse onall forms of ultrasonic systems using any
transducer technology. This includes, but is not limited to
stand alone, portable, and/or handheld systems using phased,
linear, curvilinear, intracardiac, intravascular, esophageal,
and/or endocavity transducers using piezoelectric, single
crystal, multi-layer composite, capacitive micro-machined
ultrasonic transducers (CMUT), and/or hybrid technologies.
The proposed techniques may also be combined with a vari-
ety of beamforming algorithms and processing methods
including, but not limited to synthetic aperture methods,
coherence based imaging, spatial and/or frequency com-
pounding.

[0048] Although embodiments according to the present
invention are described herein with respect to pulse-inversion
tracking waveforms, it should be understood that any transmit
parameter, including amplitude and/or phase parameters,
may be used. The tracking waveforms may have differing
amplitudes and/or phase parameters that are selected to pro-
vide corresponding pairs of echo signals that, when com-
bined, increase, decrease and/or substantially cancel one or
more portions of the individual echo signals, including a
fundamental portion and/or harmonic portion of the indi-
vidual echo signals. Therefore, the harmonic data analyzing
circuit may combine pairs of echo signals as described herein
that decrease and/or increase one or more of the harmonic
portions of the signal or that decrease and/or increase the
fundamental portion of the signal.
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[0049] Embodiments according to the present invention
will now be described with respect to the following non-
limiting examples.

[0050] In some embodiments, pulses of opposite polarity
are alternately transmitted at a pulse repetition frequency
(PRF) equal to 1/tprf, where tprf is the pulse repetition time
between subsequent transmits, to track the arbitrary displace-
ment recovery curve in FIG. 2(a). In this idealized ARFI
deformation response, the axial displacements are monitored
for a period that begins before the excitation is applied and
extends for a duration beyond the peak displacement
response. By combining returned echoes with alternate pairs
of pulse-inverted echoes, the fully sampled pulse-inversion
method shown in FIG. 2(b) may be used to create a harmonic
data set with a temporal sampling frequency equal to the PRF
of the transmitted pulses.

[0051] Custom pulse sequences were developed that
acquire spatially-matched fundamental B-mode, fundamen-
tal ARFI, harmonic B-mode, and harmonic ARFI information
within a single acquisition. As shown in FIG. 3, the ARFI
pulse sequence consisted of two portions. In the first portion
of the sequence, an ensemble of 4-MHz pulses that alternate
in polarity was transmitted to monitor the deformation
response at each of several spatially-distinct lateral locations.
In the second portion of the sequence, an ensemble of 8-MHz
fundamental pulses of identical polarity was transmitted at
each of the same lateral locations that were used in the first
portion of the sequence. As indicated, multiple images can be
created from the echoes received using this pulse sequence,
including: 1) 4-MHz fundamental, 2) filtered harmonic, and
3) pulse-inversion harmonic, all from the first portion of the
sequence, and 4) 8-MHz fundamental data from the second
portion of the sequence.

[0052] A 4-MHz 150-us pushing pulse with an F/3 configu-
ration was used in both portions of the sequence. The defor-
mation response was monitored 0.7 ms before and 2.6 ms
following the start of the acoustic radiation force excitation at
aPRF 0f 9.4 kHz using a single on-axis (i.e., aligned with the
center of the applied excitation) tracking beam. The excita-
tion and tracking beam ensemble was applied at 50 distinct
lateral locations uniformly distributed across a 15-mm FOV.
The total duration of the pulse sequence was 420 ms. The
pulse sequences were implemented on a diagnostic Acuson
52000 ultrasound scanner with a 9L4 linear-array transducer
(Siemens Medical Solutions USA Inc., Issaquah, Wash.).

[0053] Data were acquired in calibrated, tissue-mimicking,
elastic, homogeneous phantoms (CIRS Corp., Norfolk, Va.)
with Young’s Modulus (E) values of 4.5, 9, and 24 kPa, as
determined by the manufacturer using an indenter system. In
the phantoms, data were separately acquired at focal depths of
20 and 30 mm. Data were also acquired in vivo in the carotid
artery of human subjects according to a protocol approved by
the Institutional Review Board (Duke University Protocol ID:
Pro00012795). All subjects provided written, informed con-
sent before participation in the study. The study population
included normal, healthy subjects with no known carotid
artery plaques and subjects with carotid artery plaques that
had been previously identified during a routine ultrasound
exam. For each subject, three to five imaging data sets were
acquired at multiple imaging locations, with a few seconds
pause between acquisitions, to confirm spatial and temporal
repeatability of the images.
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[0054] In phantom and in vivo experiments, raw radio-
frequency data were acquired at 40 MHz and processed off-
line with Matlab (The MathWorks Inc., Natick, Mass.) soft-
ware.

[0055] The pulse-inversion transmit scheme used in the
first portion of the pulse sequence (FIG. 3) results in a halving
of the temporal sampling frequency between returned echoes
of identical polarity. To create the fully sampled 4-MHz fun-
damental data, the returned echoes of alternating polarity
were separately tracked with respect to their own reference
pulses, and then combined.

[0056] The harmonic components of the received radio-
frequency data were obtained using both the filtered and
pulse-inversion approaches. In the filtered approach, a 50-tap
FIR band-pass filter centered at 8 MHz with a fractional
bandwidth of 0.3 was applied to the fully sampled 4-MHz
data to obtain the second-harmonic components. The pulse-
inversion harmonic ARFI data was created using the fully
sampled pulse-inversion harmonic method (FIG. 2(b)). Cre-
ated from 4-MHz transmits, the 8-MHz (i.e., second-har-
monic) components are most dominant in the pulse-inversion
harmonic data.

[0057] The combining of two echoes separated in time, as
performed in the fully sampled pulse-inversion harmonic
approach (FIG. 2(b)), may function as a low-pass filter. To
evaluate the impact of this potential averaging effect, 8-MHz
fundamental radio-frequency data was summed according to
the fully sampled pulse-inversion harmonic approach to cre-
ate averaged 8-MHz fundamental data. Because the polarities
of the summed 8-MHz fundamental echoes are identical, no
fundamental cancellation occurs.

[0058] Axial displacement estimates were calculated using
normalized cross-correlation (NCC) with a 1.52 tracking ker-
nel that was updated for the different frequencies between the
fundamental and harmonic methods. In the homogeneous
phantom experiments, outliers in the raw displacement esti-
mates were removed by discarding estimates greater than the
95th percentile of the displacements measured at each depth
and time following the start of the acoustic radiation force
excitation. For in vivo data, quadratic motion filters were used
to remove artifacts from non-ARFI-induced motion such as
physiological and transducer motion. Unless otherwise
stated, all ARFIimages and corresponding displacement and
normalized cross-correlation values represent estimates 0.80
ms after the start of the acoustic radiation force excitation.
This specific time was chosen empirically because it was
approximately the time at which maximum contrast was
observed in all ARFI images.

[0059] The ARFI images and displacements reported
herein correspond to the absolute magnitude of the estimated
displacements. Previous studies have reported positive and
negative high-magnitude displacement noise within the
lumen of blood vessels in ARFI images. See B. J. Fahey, R. C.
Nelson, D. P. Bradway, S. J. Hsu, D. M. Dumont, and G. E.
Trahey, “In vivo visualization of abdominal malignancies
with acoustic radiation force elastography,” Phys. Med. Biol.,
vol. 53, pp. 279-293, 2008. Absolute magnitude images show
improved visualization of the blood by reducing this spa-
tially-variant noise within the lumen. Because negative dis-
placements are not observed outside the lumen, depicting the
absolute magnitude of the displacements does not affect the
visualization of the soft tissue regions.

[0060] For each ARFI acquisition (i), the axial displace-
ment (,;;) and associated normalized cross-correlation
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value (p, , ;) were estimated at each axial depth (j) and lateral
location (k). In the homogeneous phantoms, the mean dis-
placement (§; ;) and mean normalized cross-correlation value
@), across all N=50 lateral locations, were determined
according to

Ly
8= N; ik,
L
P :—Zﬂu:,j-
N

[0061] Because the true displacement is unknown, the
mean displacement (6_) was used to estimate the jitter (, ,),
the root-mean-square “of the displacement error, for each
phantom acquisition according to

[0062] To compare the performance of the tracking meth-
ods in phantoms, we report the mean and standard deviation
of the 1) mean displacement (3; ), 2) jitter estimate (1, ), and
3) mean normalized cross-correlation coefficient (p; ) value
from ten independent acquisitions obtained at different spa-
tial locations within the phantom for each tracking method.
[0063] Measurements of the mean and standard deviation
of the measured axial displacements and normalized cross-
correlation values within the carotid artery wall of a normal,
healthy subject are used to compare the tracking methods in
vivo. In the presence of carotid artery plaques, which are
known to be heterogeneous structures, variance in the dis-
placement may actually correspond to different materials,
such as lipid pools, intraplaque hemorrhage, and/or calcifica-
tions, within the arterial wall. For this reason, in the presence
of carotid artery plaques, improvements will only be charac-
terized on the basis of feature detection and qualitative
improvements.

[0064] Contrast and contrast-to-noise ratio (CNR) were
measured to quantify B-mode image quality according to

Contrast = —201 oglo( l

|Si _Sol

a———
Not+a2

CNR =

where Si and So represent the mean signal magnitudes inside
and outside the region of interest, respectively, and o, and
a,? are the corresponding variances. For each image shown,
the lumen and adjacent arterial walls were manually seg-
mented to define the inside and outside regions, respectively.
To preserve image clarity, the boundaries of these regions
have not been identified in the images shown.

[0065] Results
[0066] Phantom Imaging:
[0067] FIGS. 4a-4b compare the mean axial displacement,

Jitter estimate, and mean normalized cross-correlation among
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the fundamental and harmonic tracking methods in an E=9
kPa homogeneous, elastic, tissue-mimicking ultrasound
phantom with a focal depth of 30 mm. The solid lines corre-
spond to the mean value with shaded error bars representing
one standard deviation across ten independent acquisitions.
In some cases, especially for the mean displacement, the
small magnitude of the error bars makes them difficult to
visualize. In FIG. 4(a), the tracking methods are compared as
afunction of axial depth at a fixed time of 0.8 ins following the
start of the acoustic radiation force excitation. Conversely, in
FIG. 4(b), the methods are compared as a function of time
following the start of the acoustic radiation force excitation at
a fixed depth of 30 mm. The mean displacements are nearly
identical for all tracking methods through depth (FIG. 4(a))
and time (FIG. 4(3)). Differences between the jitter estimates
for the various tracking methods depend upon the specific
time and depth, but are relatively small in magnitude for all
cases. For most times and depths, the 4-MHz fundamental
method has the largest normalized cross-correlation value,
followed by the nearly identical 8-MHz fundamental and
filtered harmonic methods, with the pulse-inversion har-
monic method having the lowest normalized cross-correla-
tion value. However, at the focal depth of 30 mm and at a time
shortly following the peak displacement response, which is
usually represented in an ARFI image, the normalized cross-
correlation value of all methods is quite similar and in all
cases is greater than 0.993. As a function of time following the
start of the acoustic radiation force excitation, there is a subtle
oscillation of the mean displacement, jitter estimate, and nor-
malized cross-correlation values for the 4-MHz fundamental,
filtered harmonic, and pulse-inversion harmonic data sets
created from the pulse-inverted echoes (FIG. 4(4)). Similar
small differences between the tracking methods demon-
strated in this particular configuration were observed in phan-
toms of stiffnesses E=4.5 kPa and E=24 kPa and at focal
depths of 20 and 30 mm,

[0068] In Vivo Imaging:

[0069] FIGS. 5a-5d show matched B-mode and ARFI
images of a carotid artery (CA) and jugular vein (IV) in a
normal, healthy subject. Qualitatively, less clutter is observed
within the lumen of the carotid artery in the harmonic B-mode
images (FIGS. 5(c) and 5 (d)) compared with the fundamental
B-mode images (FIGS. 5(a) and 5 ()). This observation is
consistent with contrast values of 21.42, 22.88, 25.03, and
28.61 db and CNR values of 0.97, 0.71, 1.01, and 0.95 that
were measured in the 4-MHz fundamental, 8-MHz funda-
mental, filtered harmonic, and pulse-inversion harmonic
B-mode images, respectively. In the jugular vein, a bright,
coherent signal, indicated by the yellow arrows, is observed in
the 4-MHz fundamental B-mode image (FIG. 5(a)). This
apparent clutter signal is also observed in the 8-MHz funda-
mental B-mode image (FIG. 5(b)), but less so in the filtered
harmonic B-mode image (FIG. 5(c)), and is barely noticeable
in the pulse-inversion harmonic B-mode image (FIG. 5(4)).
The narrow band-pass filter that was necessary to remove this
artifact in the filtered harmonic B-mode image (FIG. 5(¢))
appears to have degraded the axial resolution. Overall, there is
a marked improvement in the delineation of the blood vessel
interfaces along the proximal and distal walls, where they
appear smoother in the harmonic B-mode images (FIGS. 5(c)
and 5(d)). In particular, the boundary of the intima with the
lumen in the distal wall is more clearly resolved in the pulse-
inversion harmonic B-mode image (FIG. 5(d)).
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[0070] In the ARFI images, because the applied acoustic
radiation force magnitude is dependent upon focal and
absorption effects, the key information portrayed is the rela-
tive displacement of a region of interest compared with that of
surrounding tissues. In general, the stiff vessel walls have
uniform displacement of low magnitude (i.e., less than 1 pm)
compared with the softer, surrounding tissues with higher
displacements. Relatively high magnitude displacement
noise exists within the lumen of the ARFI images and is
greatest in the harmonic ARFI images, particularly in the
pulse-inversion harmonic ARFI image (FIG. 5(d)).

[0071] Inthe 4-MHz fundamental and 8-MHz fundamental
ARFT images (FIGS. 5(a) and 5(b)), the proximal wall of the
carotid artery is difficult to distinguish from surrounding tis-
sues and the lumen of the jugular vein. A marked improve-
ment in visualization of the proximal wall is demonstrated in
the harmonic ARFI images, most notably with the pulse-
inversion harmonic ARFI image (FIG. 5(d)). In addition, the
boundaries of the distal wall are much smoother in the pulse-
inversion harmonic ARFI image compared with the other
ARFT images.

[0072] The bright, coherent clutter signal observed in the
B-mode image presents as a region of increased displacement
greater than 3 um within the jugular vein near the proximal
wall of the carotid artery, indicated by the yellow arrows, in
the matched 4-MHz fundamental ARFI image (FIG. 5(a)).
Similar to the trend observed in the B-mode amplitude, this
region of increased displacement is also observed in the
8-MHz fundamental ARFI image (FIG. 5(b)), but is reduced
in the filtered harmonic ARFI image (FIG. 5(¢)), and is least
obvious in the pulse-inversion harmonic ARFI image (FIG.
5(d)).

[0073] Measurements of the mean displacement and mean
normalized cross-correlation values =1 standard deviation
within the proximal wall, distal wall, and lumen of the carotid
artery portrayed in FIGS. 5(a)-5(d) are listed in Table 1 for
each ARFIimage. The locations of the measurement regions,
which were based upon the pulse-inversion harmonic ARFI
image, are indicated by the white-dashed contours in FIG.
5(a). Estimates of the ARFI-induced tissue displacements are
of reduced magnitude and have less variance in the distal wall
in the harmonic ARFT images (Table I). This is especially true
for the pulse-inversion harmonic ARFI image, which also has
the lowest displacement variance in the proximal wall. In the
lumen, the magnitude and standard deviation of the axial
displacement is significantly greater in the harmonic ARFI
images and is greatest in the pulse-inversion harmonic ARFI
image. The normalized cross-correlation values are quite
similar within the proximal and distal walls for all tracking
methods. In the lumen, however, the normalized cross-corre-
lation values in the harmonic ARFI images are significantly
reduced in magnitude and have greater variance, especially in
the pulse-inversion harmonic ARFI image.

TABLE I

axial displacement estimates and normalized
cross-correlation values for ARFI Images in FIG. 4.

Proximal wall Distal wall Lumen
Axial displacement (pum)
4-MHz fundamental 0.83 +0.45 0.81 £0.47 3.14+3.15
8-MHz fundamental 0.69 +0.48 092 +1.02 3.73 £3.65
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TABLE I-continued

axial displacement estimates and normalized
cross-correlation values for ARFI Images in FIG. 4.

Proximal wall Distal wall Lumen
Filtered harmonic 0.93 +1.07 0.73 + 0.38 7.06 + 6.44
PI (Fully sampled) 073041 058028  13.66=10.68
harmonic

Normalized cross-correlation
4-MHz fundamental ~ 0.997 £0.005  0.999 = 0.002 0.973 +0.041
8-MHz fundamental — 0.994 £0.008  0.996 + 0.006 0.944 +0.076
Filtered harmonic 0.991 £0.013  0.997 + 0.003 0.863 +0.143
PI (Fully sampled) 09910014 0.994%0.014  0.738 £0.207
harmonic
[0074] FIGS. 6a-6b show matched B-mode and ARFI

images of a carotid artery and jugular vein in a subject with
known carotid artery plaques. For conciseness, only the
8-MHz fundamental and pulse-inversion harmonic images
are portrayed. In the B-mode images, the plaque boundaries
are better visualized in the pulse-inversion harmonic image
(FIG. 6(b)) compared with the fundamental image (FIG.
6(a)). Despite similar contrast values of 18.93 and 19.04 db,
this qualitative comparison is consistent with the improved
CNR value of 1.20 compared with 0.93 for the pulse-inver-
sion harmonic and 8-MHz fundamental B-mode images,
respectively.

[0075] In the pulse-inversion harmonic ARFI image (FIG.
6(b)) there is improved delineation of the blood-vessel inter-
face at the proximal and distal walls of the jugular vein
compared with the 8-MHz fundamental ARFI image (FIG.
6(a)). Within the carotid artery, the magnitude of displace-
ments in the narrow region of the lumen is similar in magni-
tude to the displacements in the adjacent plaque and arterial
wall regions in the 8-MHz fundamental ARFI image (FIG.
6(a)), making it difficult to visualize the lumen and identify
plaque boundaries. The greater displacements observed
within the lumen of the carotid artery in the pulse-inversion
harmonic ARFlimage (FIG. 6(b)) improve the discrimination
of blood from soft tissues and make it easier to visualize the
plaque boundaries.

[0076] Improved feature detection within the plaques is
achieved with the pulse-inversion harmonic tracking method.
To illustrate this, an expanded view of the region of interest
indicated by the solid white lines has been provided for the
ARFT images in FIGS. 6(a) and 6(b). In these expanded
views, a region of increased displacement that is approxi-
mately 2 pm within the distal wall carotid plaque, indicated
by yellow arrows, can be seen in the pulse-inversion harmonic
ARFTimage (FIG. 6(5)). This particular feature is not readily
identified in the 8-MHz fundamental ARFI image (FIG. 6(a)),
butis spatially registered with a hypoechoic region of similar
geometry that can be seen in both the fundamental and pulse-
inversion harmonic B-mode images.

[0077] FIGS. 7(a)-7(b) show matched B-mode and ARFI,
8-MHz fundamental and pulse-inversion harmonic images
acquired at the bifurcation of a carotid artery in a subject with
a small amount of plaque on the distal wall. Regions of low
correlation in the ARFI images have been masked by setting
displacement values with a normalized cross-correlation
value less than 0.97 to black.

[0078] Within the lumen of the carotid artery in the pulse
inversion harmonic B-mode image (FIG. 7(b)). there is sup-
pressed clutter compared with the 8-MHz fundamental
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B-mode image (FIG. 7(a)). The pulse-inversion harmonic
method demonstrates significant improvements in contrast
and CNR; 20.84 db contrast and 1.35 CNR for the pulse-
inversion harmonic B-mode image compared with 16.31 db
contrast and 0.77 CNR for the 8-MHz fundamental B-mode
image.

[0079] The reduced normalized cross-correlation values
associated with displacement estimates in regions of blood
demonstrated by the pulse-inversion harmonic ARFI images
(Table I) allow for improved discrimination of blood from
regions of soft tissue. With the correlation threshold in FIGS.
7(a)-7(b), the blood-vessel interfaces along the proximal and
distal walls of the carotid artery are more clearly delineated in
the pulse-inversion harmonic ARFI image (FIG. 7(b)) com-
pared with the 8-MHz fundamental ARFI image (FIG. 7(a)).
In addition, the correlation threshold removed displacement
noise from the jugular vein in the pulse-inversion harmonic
ARFI image (FIG. 7(b)) that cannot be identified in the
8-MHz fundamental ARFI image (FIG. 7(a)).

[0080] FIGS. 8(a)-8(c) show ARFI images for the averaged
8-MHz fundamental data collected in the subjects shown
previously in FIGS. 5-7 as previously described, this aver-
aged data was created by summing the identical polarity
8-MHz fundamental radio-frequency data according to the
fully sampled pulse-inversion harmonic approach (FIG. 2(5))
described herein. In comparing the non-averaged and aver-
aged 8-MHz fundamental ARFI images (i.e., comparing FIG.
5(b) with FIG. 8(a), FIG. 6(a) with FIG. 8(5), and FIG. 7(a)
with FIG. 8(c)), no noticeable difference is observed.

[0081] Accordingly, a pulse-inversion harmonic method
with an improved temporal sampling frequency to monitor
the transient deformation from an impulsive acoustic radia-
tion force excitation is demonstrated. In phantoms and in vivo
experiments, the pulse-inversion harmonic tracking method
is compared with a filtered harmonic approach and conven-
tional techniques that use the fundamental component of
returned echoes to form a displacement estimate. In the phan-
tom experiments (FIGS. 4(a)-4(b)) the jitter increased and
normalized cross-correlation decreased with increasing dis-
placement magnitude, which is consistent with ARFI imag-
ing simulations and experiments reported by others. M. L.
Palmeri, S. A. Mcaleavey, G. E. Trahey, and K. R. Nightin-
gale, “Ultrasonic tracking of acoustic radiation force-induced
displacements in homogeneous media,” IEEE Trans. Ultra-
son. Ferroelectr. Freq. Control, vol. 53, no. 7, pp. 1300-1313,
July. 2006 S. A. Mcaleavey, K. R. Nightingale, and G. E.
Trahey, “Estimates of echo correlation and measurement bias
in acoustic radiation force impulse imaging,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 50, no. 6, pp. 631-
641, 2003. Subtle differences in the pulse-inverted transmit
signals, resulting from nonlinearities in the ultrasound sys-
tem, may be responsible for the slight oscillation observed
through time (FIG. 4()) in the 4-MHz fundamental, filtered
harmonic, and pulse-inversion harmonic data sets created
from the pulse-inverted echoes. Despite this small artifact, the
relatively smooth profiles observed through time (FIG. 4(5))
demonstrate how the fully sampled pulse-inversion harmonic
method (FIG. 2(5)) can be used to reliably track the transient
deformation response without a degraded temporal sampling
frequency. The slight decrease in normalized cross-correla-
tion values observed with the pulse-inversion harmonic
method (FIGS. 4(a)-4(b)) is likely due to motion that occurs
between pulse-inverted transmits. The small magnitude of
this decorrelation seems reasonable given the relatively small
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displacements and does not appear to increase jitter. For the
various focal depths and phantom stiffnesses investigated in
this study, any difference in the harmonic and fundamental
tracking methods appears to be independent of shear wave
speeds and focal effects.

[0082] No visible clutter was observed in the homogeneous
phantoms used in this study, such that no improvement result-
ing from clutter suppression associated with the harmonic
methods was expected in the phantom experiments. This can
explain the similarity between the 8-MHz fundamental
method with the 8-MHz filtered and pulse-inversion har-
monic methods. In addition, the similarity of the higher fre-
quency tracking methods (filtered harmonic, pulse-inversion
harmonic, and 8-MHz fundamental) compared with the lower
frequency 4-MHz fundamental tracking method in phantoms
suggests that improvements, if any, resulting from an
increased frequency are also insignificant. Similar results
were observed in simulations by Palmerietal. (M. L. Palmeri,
S. A. Mcaleavey, G. E. Trahey, and K. R. Nightingale, “Ultra-
sonic tracking of acoustic radiation force-induced displace-
ments in homogeneous media,” IEEE Trans. Ultrason. Ferro-
electr. Freq. Control, vol. 53, no. 7, pp. 1300-1313, July
2006), who demonstrated that an increased tracking fre-
quency can reduce bias and jitter only if the transducers’
fractional bandwidth, centered about the tracking frequency,
is held constant with increasing tracking frequency. This
would require the absolute bandwidth to scale proportion-
ately with the increasing frequency. The fixed bandwidth
about the center frequency of the transducer likely explains
why the theoretical improvements predicted by the Cramér-
Rao lower bound (S. Bjaerum, H. Torp, and K. Kristoffersen,
“Clutter filters adapted to tissue motion in ultrasound color
flow imaging,” IEEE Trans, Ultrason. Ferroelectr. Freq. Con-
trol, vol. 49, no. 6, pp. 693-704, June 2002) were not
observed. Without clutter and with no improvements result-
ing from increased tracking frequency, the similarity between
the harmonic and fundamental tracking methods observed in
the phantoms is not surprising. Despite the lack of improve-
ment shown in the homogeneous phantoms, these results
indicate that any improvement observed with harmonic track-
ing methods in a more challenging environment, such as in
vivo imaging, cannot be attributed to increased tracking fre-
quency and is likely due to suppressed clutter.

[0083] The use of harmonic tracking methods appears to
significantly improve the quality of in vivo ARFI imaging. In
general, an improved sensitivity to discriminate blood from
soft tissues, making it easier to detect the blood-vessel inter-
face, and improved visualization of arterial features was dem-
onstrated in the harmonic ARFI images compared with the
fundamental ARFI images in FIGS. 5-7. The comparison
between averaged 8-MHz fundamental ARFI images (FIG. 8)
with the non-averaged 8-MHz fundamental ARFI images
(FIGS. 5(&), 6(a), and 7(a)), suggests that the low-pass filter
effect from the summation of pulses temporally separated is
negligible. These results also suggest that the improvements
observed in the pulse-inversion harmonic images are not
attributed to a simple averaging effect. The reduced clutter
observed in the harmonic B-mode images, supported by
improved contrast and CNR, suggests that the improvements
observed in the harmonic ARFI images in vivo are also due to
a reduction in clutter.

[0084] Clutter suppression achieved with harmonic track-
ing methods is also supported by differences in the measured
displacements and associated normalized cross-correlation
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values between the fundamental and harmonic ARFI images
(Table I). Ithas been well described in Doppler literature that
clutter from stationary or slowly moving tissues can result in
an underestimation of the measured blood velocities (8.
Bjaerum, H. Torp, and K. Kristoffersen, “Clutter filters
adapted to tissue motion in ultrasound color flow imaging,”
IEEE Trans. Ultrason, Ferroelectr. Freq. Control, vol. 49, no.
6, pp- 693-704, June 2002). Removal of clutter signals would
therefore reduce this bias and lead 1o an increase in the mea-
sured displacements of the blood. In addition, because sta-
tionary clutter is significantly more correlated and of higher
intensity than echoes from flowing blood, the removal of
clutter signals would lead to decreased normalized cross-
correlation values and subsequently, according to Bjaerum et
al., increased displacement variance within the lumen. The
increased displacement magnitude, decreased normalized
cross-correlation, and increased displacement variance dem-
onstrated in the lumen of FIGS. 5(a)-5(d) (Table I) with the
harmonic ARFI images, especially the pulse-inversion har-
monic ARFI image (FIG. 5(d)), are therefore all indicative of
reduced bias associated with the removal of stationary or
slowly moving clutter. Similar arguments can also explain the
increased displacement in FIG. 6(b) and the decreased nor-
malized cross-correlation in FIG. 7(5) within the lumen for
the pulse-inversion harmonic ARFI images.

[0085] The decreased B-mode amplitude and decreased
ARFIdisplacement observed in the harmonic images near the
proximal wall in the jugular vein in FIGS. 5(a)-5(d) may be
due to a suppression of clutter. Although the specific source is
unknown, this region presents as a large, bright echo, repre-
sentative of ring-down reverberation in the 4-MHz funda-
mental B-mode image. In the spatially-matched ARFI image,
this artifact presents as a region of increased displacement
that may be biased by clutter from overlying tissues. The
near-removal of this clutter signal in the harmonic images,
especially in the pulse-inversion harmonic images, suggests
that harmonic tracking methods may be less susceptible to
such artifacts. Reduced bias via suppression of diffuse clutter
may also account for the improved visualization of the small
region of increased displacement within the distal wall plaque
in the pulse-inversion harmonic ARFI image in FIG. 6(b).
With the hypoechoic region of similar spatial location and
geometry observed in both the fundamental and harmonic
B-mode images of FIGS. 6(a)-6(b), this region may be a
structural feature of the plaque and not an imaging artifact.
Improved visualization of such small features may be prom-
ising for ARFI imaging methods aimed at differentiating
carotid plaques containing small, soft lipid pools believed to
be more vulnerable from more stable, calcified plaques. In
addition to reduced bias, the decreased variance in displace-
ments measured within the stiff arterial walls of the harmonic
ARFT images in FIGS. 5(a)-5(d) (Table I) measured in the
pulse-inversion harmonic ARFI image suggests harmonic
tracking may also reduce jitter in displacement estimates.

[0086] The improvements demonstrated in vivo appear
consistent with a removal of clutter. Without wishing to be
bound by any particular theory, it is noted that the specific
mechanisms of the observed improvements may be some-
what unclear. Unfortunately, clutter-generating phantoms do
not currently exist commercially and reliably generating clut-
ter in a controlled experiment remains a challenge. In addi-
tion, although recent methods allow for simulating the non-
linear propagation of waves and can account for multiple
reflections and scattering, these methods do not allow for
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investigating small micrometer-size ARFI displacements.
For these reasons, the in vivo demonstration of harmonic
tracking is provided. Nonetheless, because the 4-MHz fun-
damental, filtered harmonic, and pulse-inversion harmonic
images were created from the same radio-frequency data,
with the 8-MHz fundamental acquisition occurring 210 ins
later in time (FIG. 3), it seems unlikely that any in vivo motion
could account for the demonstrated improvements. In addi-
tion, the improvements in harmonic image quality in vivo
were consistent across multiple acquisitions and scanning
locations separated in time, such that the images were tem-
porally and spatially stable.

[0087] Although embodiments of the invention are
described with respect to in vivo pulse-inversion harmonic
images in blood vessels such as the carotid artery and jugular
vein, any suitable region of interest may be imaged or inter-
rogated using the techniques described herein. For example,
other ARFI applications, including cardiac and abdominal
imaging, in which large amounts of clutter from near-field
reverberation are known to degrade B-mode image quality,
may also benefit from the reduced bias and jitter of harmonic
tracking methods. The potentially improved estimation of
soft tissue displacements may also provide more accurate
estimates of wave velocity for acoustic radiation force shear-
wave-based methods that track the off-axis deformation
response to quantify material properties. Examples of shear-
wave techniques are described in U.S. Pat. No. 6,764,448 to
Trahey and U.S. Pat. No. 8,118,744 Palmeri, the disclosures
of which are hereby incorporated by reference in their enti-
ties. That is, the off-axis deformation response of a shear
wave that propagates in a direction orthogonal to the axis of
excitation may be tracked using the pulse-inversion harmonic
ultrasound sequences described herein. Although the pulse-
inversion harmonic methods are described herein with
respect to relatively small displacements associated with
acoustic radiation force-based elasticity imaging methods, it
should be understood that pulse-inversion harmonic analysis
may also be used in other ultrasound-based elasticity imaging
methods such as strain imaging and shear wave imaging.

[0088] The foregoing is illustrative of the present invention
and is not to be construed as limiting thereof. Although a few
example embodiments of this invention have been described,
those skilled in the art will readily appreciate that many
modifications are possible in the example embodiments with-
out materially departing from the novel teachings and advan-
tages of this invention. Accordingly, all such modifications
are intended to be included within the scope of this invention
as defined in the claims. Therefore, it is to be understood that
the foregoing is illustrative of the present invention and is not
to be construed as limited to the specific embodiments dis-
closed, and that modifications, to the disclosed embodiments,
as well as other embodiments, are intended to be included
within the scope of the appended claims. The invention is
defined by the following claims, with equivalents of the
claims to be included therein.

That which is claimed is:

1. An ultrasound system for estimating tissue deformation
in ultrasound elasticity imaging, the system comprising;

a controller configured to deliver a plurality of tracking
pulses and to obtain a plurality of data sets for a region of
interest from an ultrasound transducer array;
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aharmonic data analyzing circuit configured to receive the
plurality of data sets and to extract one or more harmonic
data sets comprising harmonic signals from the plurality
of data sets; and

a displacement estimator circuit configured to estimate

tissue deformation in the region of interest responsive to
the one or more harmonic data sets.

2. The ultrasound system of claim 1, wherein the plurality
of tracking pulses comprise two or more tracking waveforms,
the plurality of data sets comprise echo signals corresponding
to the two or more tracking waveforms, the harmonic data
analyzing circuit is configured to extract one or more har-
monic data sets by combining the echo signals, and the two or
more tracking waveforms differ in at least one transmit
parameter such that, when the echo signals corresponding to
the two or more waveforms are combined by the harmonic
data analyzing circuit, at least one of a fundamental and a
harmonic signal portion is increased and or decreased.

3. The ultrasound system of claim 2, wherein the at least
one transmit parameter comprises a transmit waveform phase
and/or amplitude.

4. The ultrasound system of claim 2, wherein the two or
more tracking waveforms comprise two or more phase-in-
verted waveforms transmitted alternately in a common track-
ing location.

5. The ultrasound system of claim 4, wherein the harmonic
data analyzing circuit is configured to combine the echo sig-
nals from the two or more phase-inverted waveforms to
thereby reduce or substantially cancel a fundamental portion
ofthe echo signals and to increase an amplitude of a harmonic
portion of the echo signals.

6. The ultrasound system of claim 2, wherein the two or
more tracking waveforms comprise at least three or more
tracking waveforms, and the harmonic data analyzing circuit
is configured to extract the one or more harmonic data sets by
combining the echo signals from at least first and second ones
of the tracking waveforms to increase and/or decrease an
amplitude of at least one of a harmonic portion and a funda-
mental portion of the echo signals to provide a harmonic
signal for the one or more harmonic data sets, and combining
the echo signals from at least second and third ones of the
tracking waveforms to increase and/or decrease an amplitude
of at least one of a harmonic portion and a fundamental
portion of the echo signals to provide another harmonic signal
for the one or more harmonic data sets.

7. The ultrasound system of claim 6, wherein a temporal
sampling rate of the harmonic data sets is substantially the
same as a temporal sampling rate of the plurality of tracking
pulses.

8. The ultrasound system of claim 1, wherein the harmonic
data analyzing circuit is configured to extract one or more
harmonic data sets by applying a filter generally centered at a
predetermined harmonic frequency.

9. The ultrasound system of claim 1, wherein the controller
is configured to emit an acoustic radiation force excitation to
the region of interest with an ultrasound transducer array.

10. The ultrasound system of claim 1, wherein the control-
ler 1s configured to apply a compression and/or vibration to
the region of interest by strain imaging, elastography and/or
sonoelasticity.

11. The ultrasound system of claim 1, wherein a tissue
deformation is estimated by a phase-shift and/or correlation-
based estimation.
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12. The ultrasound system of claim 1, wherein a tissue
deformation is estimated by the displacement estimation cit-
cuitby calculating a maximum displacement time, a displace-
ment value at a predetermined time, a time to percent recov-
ery of a maximum displacement, mean displacement, tissue
and/or blood velocities and/or cross-correlation values, and/
or a parameter derived from a tissue displacement response.

13. The ultrasound system of claim 1, wherein the control-
ler is configured to display an image of the region of interest
responsive to the estimate of tissue deformation on a display.

14. An ultrasound method for estimating tissue deforma-
tion in ultrasound elasticity imaging, the method comprising:

delivering a plurality of tracking pulses;

obtaining a plurality of data sets for a region of interest

from an ultrasound transducer array;

extracting one or more harmonic data sets comprising har-

monic signals from the plurality of data sets; and
estimating tissue deformation in the region of interest
responsive to the one or more harmonic data sets.

15. The ultrasound method of claim 1, wherein the plurality
of tracking pulses comprise two or more tracking waveforms,
the plurality of data sets comprise echo signals corresponding
to the two or more tracking waveforms, extracting one or
more harmonic data sets comprises combining the echo sig-
nals, and the two or more tracking waveforms differ in at least
one transmit parameter such that, when the echo signals cor-
responding to the two or more waveforms are combined, at
least one of a fundamental and a harmonic signal portion is
increased and or decreased.

16. The ultrasound system of claim 15, wherein the at least
one transmit parameter comprises a transmit waveform phase
and/or amplitude.

17. The method of claim 14, wherein two or more tracking
pulses comprises two or more phase-inverted waveforms and
delivering the plurality of tracking pulses comprises transmit-
ting the two or more phase-inverted waveforms alternately in
a common tracking location.

18. The method of claim 17, the method further comprising
combining the echo signals from the two or more phase-
inverted waveforms to thereby reduce or substantially cancel
a fundamental portion of the echo signals and to increase an
amplitude of a harmonic portion of the echo signals.

19. The method of claim 15, wherein the two or more
tracking waveforms comprise at least three or more tracking
waveforms, and extracting the one or more harmonic data sets
comprises combining the echo signals from at least first and
second ones of the tracking waveforms to increase and/or
decrease an amplitude of at least one of a harmonic portion
and a fundamental portion of the echo signals to provide a
harmonic signal for the one or more harmonic data sets, and
combining the echo signals from at least second and third
ones of the tracking waveforms to increase and/or decrease an
amplitude of at least one of a harmonic portion and a funda-
mental portion of the echo signals to provide another har-
monic signal for the one or more harmonic data sets

20. The method of claim 19, wherein a temporal sampling
rate of the harmonic data sets is substantially the same as a
temporal sampling rate of the plurality of tracking pulses.

21. The method of claim 14, wherein extracting one or
more harmonic data sets comprises applying a filter generally
centered at a predetermined harmonic frequency.

22. The method of claim 14, further comprising emitting an
acoustic radiation force excitation to the region of interest
with an ultrasound transducer array.
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23. The method of claim 14, further comprising applying a
comptression and/or vibration to the region of interest by
strain imaging, elastography and/or sonoelasticity.

24. The method of claim 14, wherein a tissue deformation
is estimated by a phase-shift and/or correlation-based estima-
tion.

25. The method of claim 14, wherein estimating a tissue
deformation comprises calculating a maximum displacement
time, a displacement value at a predetermined time, a time to
percent recovery of a maximum displacement, mean dis-
placement, tissue and/or blood velocities and/or cross-corre-
lation values and/or a parameter derived from a displacement
response.

26. The method of claim 14, further comprising displaying
an image of the region of'interest responsive to the estimate of
tissue deformation on a display.

27. A computer program product for estimating tissue
deformation in ultrasound elasticity imaging, the computer
program product comprising: a computer readable medium
having computer readable program code embodied therein,
the computer readable program code comprising:

computer readable program code configured to deliver a

plurality of tracking pulses and to obtain a plurality of
data sets for a region of interest from an ultrasound
transducer array;

computer readable program code configured to extract one

or more harmonic data sets comprising harmonic signals
from the plurality of data sets; and

computer readable program code configured to estimate

tissue deformation in the region of interest responsive to
the one or more harmonic data sets.
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