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Description

FIELD OF THE INVENTION

[0001] The present invention relates to tracking shear-wave-induced motion and, more particularly, to the use of
correlation in the motion tracking.

BACKGROUND OF THE INVENTION

[0002] Ultrasound shear wave elastography is a new medical modality that can measure mechanical properties of soft
tissue such as shear modulus and shear viscosity. As tissue elasticity is related to pathology, elastography can provide
additional clinical information to increase diagnostic confidence. One example is non-invasive liver fibrosis staging by
measuring liver stiffness.

[0003] In acoustic-radiation-force based ultrasound shear wave elastography, the dedicated pulse sequence consists
of one or more long push pulses (typically hundreds of microseconds long each) and a series of interleaved tracking
pulses. Due to the effect of acoustic radiation force, the push pulse causes tissue in the focal area to move away from
the probe surface, simultaneously establishing a shear wave propagating away from the focal region in a direction
perpendicular to the push beam. For each lateral position along the shear wave pathway at the focal depth, the tissue
motion induced by the shear wave will be mainly in the same direction as the push beam. Consequently, the tracking
pulses can, for a given position, monitor such dynamic response and translate it into a position-specific displacement
waveform representing the magnitude of tissue movement as a function of time. Such waveforms can be computed at
multiple positions along the shear wave propagation path. The waveforms can be inputted into a process for calculating
the speed of the propagation. For example, Fourier transform can be performed on those shear waveforms to estimate
shear wave phase velocity. Alternatively, shear wave amplitude peak-to-peak spatial and temporal calculations can also
yield the shear wave propagation speed. As a result, absolute values of tissue mechanical properties can be determined.
In particular and by way of example, the speed at which a shear wave propagates inside the tissue is governed by shear
modulus, shear viscosity, tissue density and shear wave frequency through some mechanical models. The stiffer the
tissue is, the faster the waves move. A measure of the stiffness can then be used in, for example, liver fibrosis staging.
[0004] Document WO 2011/064688 A1 relates to an ultrasonic diagnostic imaging system that produces an image of
shear wave velocities by transmitting push pulses to generate shear waves, in which a plurality of tracking lines are
transmitted and echoes are received by a focusing beamformer adjacent to the location of the push pulses. The tracking
lines are sampledin a time-interleaved manner. The echo data acquired along each tracking line is processed to determine
the time of peak tissue displacement caused by the shear waves at points along the tracking line, and the times of peaks
at adjacent tracking lines compared to compute a local shear wave velocity. A resultant map of shear wave velocity
values is color-coded and displayed over an anatomical image of the region of interest.

[0005] Accurate, reliable and efficient motion tracking is a goal in the final estimation of tissue properties in any form
of ultrasound shear wave elastography. In general, there are two major motion tracking techniques in ultrasound imaging:
1) phase shift by auto-correlation, and 2) time-shift by cross-correlation (or other alternatives such as sum absolute
difference (SAD)).

[0006] In autocorrelation based approaches, the displacement of the structures of interest induces phase shift on
successive high frequency ultrasound echoes backscattered by the moving medium. Autocorrelation has been imple-
mented on most commercial ultrasound systems for real-time color flow imaging. As ultrasound waves propagate through
soft tissue, the spectrum experiences a downshift due to the frequency dependent attenuation. Therefore, assuming a
constant center frequency in Doppler-based approaches will result in displacement estimation error. It is known to use
additional autocorrelation in the fast time domain, i.e., in the axial direction of ultrasound pulses, to estimate the local
center frequency and subsequently improve the displacement estimation accuracy. See T. Loupas, J.T. Powers, and
R. W. Gill, "An Axial Velocity Estimator for Ultrasound Blood Flow Imaging, Based on a Full Evaluation of the Doppler
Equation by Means of Two-Dimensional Autocorrelation Approach," IEEE Trans. Ultrason. Ferroelectr. Freq. Control
42.4., pp. 672-688, 1995.

[0007] Time-shift by cross-correlation estimates time delays by cross-correlating, from one pulse to another pulse
using radiofrequency (RF) data or complex signals conveyed from RF data. The search area is preset large enough to
avoid missing an optimal match.

SUMMARY OF THE INVENTION

[0008] What is proposed herein below addresses one or more of the above concerns.
[0009] Two standard approaches to displacement estimation are autocorrelation and cross-correlation. Autocorrelation
is more computationally efficient than cross-correlation. However it is subject to aliasing -- the maximum displacement
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limit is a quarter wavelength (for standard liver image probe with center frequency 3MHz, the limit is approximately 120
pm).

[0010] In the conventional, i.e., unguided, cross-correlation approach, aliasing limit is eliminated. However it takes
more computational time which is proportionally related to the predefined search area. Searching over a large area
makes standard cross-correlation computationally expensive. However, if the search area is set too small, the true peak
of the cross correlation function will be missed; if it is too large, peak hopping will occur due to noise contained in the
signals. In such case, cross-correlation can produce a false correlation peak exceeding the true peak. False peaks will
introduce discontinuity and error in displacement estimation. Unfortunately, in practice, the size of a search area needed
would be variable. In clinical applications, ultrasound shear wave elastography induced soft tissue motion is on the order
of ten-micrometer (10-um). The upper limit is mainly constrained by a United States Food and Drug Administration (FDA)
acoustic output safety limit. The induced shear wave motion is usually observed by ultrasound tracking pulses for a
period of 10-20 milliseconds (ms) for one shear wave push pulse. If multiple push pulses are used, the observation can
increase to 50-100 ms. Although patients are usually advised to hold breath for a few seconds during shear wave
elastography, during the period of time 50-100 ms, patient motion (cardiac motion and breathing) and background motion
sometimes can exceed quarter wavelength and reach one order magnitude higher than true shear wave motion to bury
the true shear wave signal. In such a case, if conventional cross-correlation alone is utilized, a very large search size
has to be used in order to locate the maximum correlation function. This results in longer computational time and
potentially in false peak hopping. If auto-correlation alone is used, phase aliasing will likely occur.

[0011] The two-step motion-tracking approach proposed herein is more robust to background motion.

[0012] This new approach uses both auto-correlation, and cross-correlation, for accurate and efficient tracking of shear
wave propagation in soft tissue. This is useful, forexample, for in vivo applications of ultrasound shear wave elastography.
The two-step approach is characterizable as autocorrelation guided cross-correlation. In the first step, phase is derived
from autocorrelation of the complex signals and properly un-wrapped. Initial displacement is then calculated from the
phase using a constant center frequency. In the second step, the initial displacement is quantized and used as a starting
point to feed the cross-correlation with a reduced search window to obtain the final displacement with high precision.
By integrating autocorrelation and cross-correlation, the proposed method is well suited for real-time applications. Com-
putation by cross-correlation in the instant proposal is much faster than standard cross-correlation. It also reduces the
variance of the displacement estimates and bias, without the need for explicit estimation of the mean frequency of the
RF signals.

[0013] Performance improvement of this new method over traditional autocorrelation includes that: 1) aliasing is re-
moved; and 2) there is no need to consider effects of center frequency depth attenuation and frequency random fluctuation.
The latter benefit exists because displacement estimation using time-shift based cross-correlation isimmune to frequency
change. Moreover, the performance improvement of this new method over traditional cross-correlation includes: 1)
significantly reduced search size to overcome peak hopping (false maxima or minima) leading to improved estimation
accuracy; and 2) much faster computation.

[0014] What is proposed herein combines auto-correlation and cross-correlation estimators in a way that takes ad-
vantages of the strength of each to improve overall motion tracking performance. For example, error due to any aliasing
notremoved by the phase unwrapping in step one is corrected or mitigated by the ensuing cross-correlation. The relatively
high computational burdened of the cross-correlation, as another example, is relieved by providing the cross-correlation
with a search significantly shortened by the autocorrelation-derived starting point. This composite protocol can obtain
more accurate and robust displacement estimation for shear wave elastography than either individual protocol.

[0015] In accordance with an aspect of the proposed technology, an ultrasound motion-estimation method includes
issuing multiple ultrasound pulses, spaced apart from each other in a propagation direction of a shear wave, to track
axial motion caused by the shear wave. The shear wave has been induced by an axially-directed ultrasound, or me-
chanically-induced, push pulse. Based on the tracking pulse echoes, the method uses autocorrelation to estimate an
axial displacement. The method then uses the estimate as a starting point in a time-domain based motion tracking
algorithm for modifying the estimate so as to yield a modified displacement. The modification can constitute an improve-
ment upon the estimate in terms of motion tracking accuracy. The issuing may correspondingly occur from a number of
acoustic windows, multiple ultrasound imaging probes imaging respectively via the windows. The autocorrelation, and
algorithm, can operate specifically on the imaging acquired via the pulses used in tracking the motion caused by the
wave that was induced by the push, the push being a single push. The algorithm may involve cross-correlation over a
search area incrementally increased subject to an image matching criterion. The acquisition for the procedure can be
extended over multiple pushes.

[0016] Details of the novel, autocorrelation guided time-domain based motion tracking in shear wave elastography
are set forth further below, with the aid of the following drawings, which are not drawn to scale.



10

15

20

25

30

35

40

45

50

55

EP 3 142 562 B1

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]

FIG. 1 is a schematic diagram of an exemplary ultrasound motion-estimation device and a conceptual depiction of
a noise free shear wave, in accordance with the present invention;

FIG. 2 is a conceptual diagram providing examples of concepts relating to operation of the device of FIG. 1; and
FIG. 3 is a set of flow charts demonstrating a possible operation for autocorrelation guided time-domain based
motion tracking in shear wave elastography, according to the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0018] FIG. 1 depicts, by illustrative and non-limitative example, an ultrasound motion-estimation device 100 usable
for shear wave elastography in autocorrelation guided time-domain based motion tracking. The device 100 includes
image acquisition circuitry 104, motion tracking circuitry 108, a controller 112, and data storage 116. The image acquisition
circuitry is configured for spaced apart 120 image acquisition from respective lateral positions 124. The device 100
further includes multiple ultrasound imaging probes 128. The image acquisition is performed from respective acoustic
windows 132. An acoustic window is the area on the imaging surface of the probe 128 that, in contact with the object
or patient (human or animal) being examined, exchanges ultrasound used inimaging. In an axial direction 136, ultrasound
pulses 140 are emitted, and radiofrequency (RF) data 144 is echoed back from the patient. The pulse 140 is dynamically
echoed back from a number of imaging depths 148 being sampled to interrogate the medium within the patient.
[0019] While different markings in FIG. 1 annotate different probes 128, this is for explanatory purposes. The probes
128 may be operated generally identically in imaging the medium. They may be operated simultaneously, in parallel,
although what is proposed herein is not limited to such operation.

[0020] A lateral direction 152 is a direction of propagation of a shear wave that was generated by an axially-directed
push. The push was generated by ultrasound focused to a particular imaging depth to deliver sufficient acoustic radiation
force, or may be a mechanically induced push.

[0021] It is mainly in the axial direction 136, at that imaging depth, that the propagating shear wave deforms and
displaces the medium. A plot in FIG. 1 shows three waveforms representing displacement of body tissue by a shear
wave. The three waveforms correspond to lateral distances of 0 mm, 5 mm and 10 mm away from the focus of the push
pulse. The push pulse lasts for a few hundred microseconds, starting at the time corresponding to the origin of the plots.
The tissue displacements are tracked for 35 ms. They are normalized to the peak displacement at 0 mm, for illustration
purposes. The shear wave induced displacements or deformations 158 at the different lateral distances (i.e., 0 mm, 5
mm, 10 mm) manifest the displacing effect of the propagating shear wave. Their waveforms vary as a function of tissue
mechanical properties and the lateral propagation distance from the shear wave origin (i.e., push pulse focus location).
[0022] Autocorrelation is, as mentioned herein above, the first step in the two-step approach to tracking axial displace-
ment. The displacement of structures of interest in the moving medium induces phase shift on successive high frequency
ultrasound echoes backscattered by the moving medium.

[0023] The phase shift is estimated by 1-D autocorrelation of the complex signals (complex analytic or baseband
signals) in the slow time. Baseband data consists of in-phase (l) and quadrature (Q) component derivable post-receive-
beamforming by demodulating to remove the carrier frequency. The derivation of complex analytic signals from RF data
is also well-known, and described in U.S. Patent No. 7,873,686 to Elfataoui et al.

[0024] In shear wave tracking, Gy(x,y) is the complex image acquired as the reference signal before the excitation of
the push pulse. The reference pulses by which the reference image Gy(x,y) was acquired are an initial part of the motion
tracking. The axial direction 136 is along the x-axis, and the lateral direction 152 is along the y-axis. Each point, or "pixel",
(X5, Yq) represents an image sample at an imaging depth 148 corresponding to x, and at a lateral position 124 corre-
sponding to Yo

[0025] G,(xy) is the nth image acquisition, post-push, during shear wave tracking. The image acquisitions can be
repeated, e.g., in parallel via the probes 128, with n ranging up to, for example, N=30 or more following a single push
(N is determined by the tracking pulse repetition frequency and the tracking duration). Although, it is within the intended
scope of what is proposed herein that tracking may extend past a second or even subsequent push.

[0026] The generalized formula to calculate 1-D correlation Ry , at pixel (x,y) is expressed as below for a complex
baseband signal or a complex analytic signal

M
Ren(9) =5 D Golx +y)Gy (x +i+k.) (1)

i=—M
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where (2M+1) is the size, in the axial direction 136, of the correlation kernel 203 as seen in Fig. 2; and Rk,n is the
correlation coefficient at k-lag in fast time (axial direction) and n-lag in the slow time (tracking time). G,," is the complex
conjugate of G,,.

[0027] The displacement D at (x,y) for the nth shear wave tracking acquisition is initially computed to be

2

/Ry (%,
Dn(x,y)=i[—°’;(x : )j ,

where c is the speed of sound, R ,(x,) is the angle of the 1-D autocorrelation coefficient at zero-lag in fast time and
n-lag in the slow time, and f; is the center frequency. Thus, Dn(xp,yq), after quantization which is discussed below, serves
as an estimate of axial displacement of the medium, the estimate being specific for the current pixel (x,, y3)- The angle,
or "phase", is derivable from the formula

& Rofx,y) = tan” (Im[Rufx, y))/Re[ Ra(x.3)]) 3)

and, before substitution into equation (2), subjected to phase unwrapping to mitigate or avoid aliasing. The functions Re
and Im respectively extract the real and imaginary components of the complex-valued autocorrelation coefficient R,.
With regard to phase unwrapping, the unwrapped phase shift in slow time (i.e., between n and n+1, where n=1, .., N-
1) is expected to be smooth without disruption. Referring to FIG. 2, a wrapped phase 206 for acquistion n is followed by
a wrapped phase 208 of acquisition n+1. A phase 210 for acquisition n+2 wraps back, modulo 2x, within the confining
interval [r,-n]. This results in a wrapped phase 212, and a phase discontinuity 214 close to 2r in magnitude and unrep-
resentative of the actual axial motion in the medium. Phase unwrapping resolves this, yielding the unwrapped phase
210. If, despite the phase unwrapping, disruption occurs, it usually indicates significant externally-caused motion, i.e.,
originating from out of the plane of the shear wave.

[0028] Equation (1) has 2M+1 sampling depths used in the kernel of auto-correlation for a specific value of "x". For
any given acquisition n, samples are acquired from each of the 2M+1 sampling depths, and additional sampling depths.
The additional sampling depths allow equation (1) to be executed multiples times, each time for a different value of "x."
For example, in one execution, D,(x,,y,) is to be determined for a pixel (xp, Yg); in the next execution, Dp(X541,Yq) is to
be determined for a pixel (Xp.1, Yq), with X, and x,, 1 being at correspondingly different sampling depths.

[0029] Equation (1) is not only executed repeatedly, each time for a given pixel whose displacement estimate is being
calculated; this set of executions is repeated, each time for a different acquisition n (1<n<N).

[0030] Furthermore, all of the above-described executions of equation (1) are repeated each time for a different lateral

position. Each lateral position 124 corresponds to a value of "y." Thus, Yq has a lateral position 124 different than that
of yq+1'

[0031] In FIG. 2, two consecutive ones of the sampling depths, at a given lateral position 124, are denoted 218, 220.
[0032] In a given acquisition n at a given lateral position 124, data is acquired sampling depth 218 by sampling depth
220 for all sampling depths, during the receive window. This is all redone acquisition by acquisition. In turn, the repeated
acquisitions (i.e., each being sampling depth 218 by sampling depth 220) are all redone lateral position by lateral position.
[0033] The entire set of acquisitions is done once and recorded in data storage 116, that data then being drawn on
repeatedly in steps one and two.

[0034] The axial displacement D, (or "Dac") in equation (2) is indicative of a starting point for the second step in the
two-step approach.

[0035] D¢ in equation (2), as an axial offset from the current pixel (x
in between sampling locations.

[0036] Instead of using D, itself as the starting point, D¢ is quantized based on consecutive sampling depths 218,
220 separated by a pixel spacing unit 222 in the axial direction shown in Fig. 2 by the arrow 224. The same pixel spacing
or further refined spacing (by upsampling the RF or complex signal) could be used in the second step. In the latter case,
D¢ should be adjusted using the ratio of the pixel spacing before and after upsampling.

[0037] The quantization, which may be up or down, and by rounding based on proximity or by default, results in a
quantized displacement [D,c] 226.

[0038] This serves as the pixel-specific, i.e., specific to (xp, yq), estimate of axial displacement of body tissue.
[0039] The pixel (xp, Yq), offset by [Dacl, is the starting point for step two. It is this second step that fine tunes the
estimate 226 from the first step -- this is done via image to image matching, followed by peak searching, and polynomial
fitting or phase zero crossing detection, for the fine tuning.

[0040] Since the image to image matching in step two is time-domain based, there is no need for taking into account,
in step one, center frequency attenuation of ultrasound issued for the acquisitions, and there is no need in step one to

p Yq), Will generally have an endpoint disposed
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correct the estimate 226 for center frequency attenuation. Advantageously, center frequency attenuation correction
overhead is avoided. The attenuation accumulates 231 sampling depth 228 to sampling depth 230. The "x’s" crossing
arrows in FIG. 2 represent the lack of need for accounting for center frequency attenuation that occurs during propagation
of the tracking pulse 140.

[0041] For a cross-correlation which is part of the time-domain based motion tracking algorithm, the starting point 234
is provided as an offset 226 from the axial position, denoted "xp" in FIG. 2, of the currently considered pixel (xp, yq). The
offset, or "positioning", 226 corresponds to a shift, with respect to a reference image 227, of the correlation kernel 203
that was utilized in the autocorrelation. The shifted kernel 236 is used in the cross-correlation.

[0042] Time domain based cross-correlation estimates time delays by cross-correlating received RF echoes (or com-
plex analytic or baseband signals) from one pulse to another pulse.

[0043] A two-dimensional cross-correlation is described immediately herein below, because steps one and two may
be used to determine a two-dimensional offset. This would be for greater accuracy, in tradeoff for extra computation.
[0044] Intwo-dimensional ultrasound imaging, two components of a displacement vector (u,v) can be estimated using
the 2-D speckle tracking procedure. Thus, "u" is in the axial direction 136 and "v" is in the lateral direction 152. In
particular, at every pixel (x,y) in the initial phase-sensitive signals or images that make up the reference image Gy(x,y)
(i.e., RF signal, complex baseband or complex analytic signal), a 2-D correlation kernel of spatial extent equaling ap-
proximately one speckle is defined around the pixel. A speckle, corresponding in size to M and J in formula (4) below,
is defined as the full-width at half maximum in both dimensions of the two-dimensional autocorrelation function of the
initial complex image G (x,y). This kernel is then cross-correlated with the complex image G, (x,y) following deformation,
i.e., post-push. The resultant 2-D weighted cross-correlation coefficient p’; , at pixel (x,y) at nth acquisition as a function
of 2-D lags (k,l) is calculated :

i=M =T

> W, [Gy(x+iy+) G F(x+ktiy++))]
) _ =M =]
Plrin(xy) = » ‘ - 2 , 2 )
=M j=J ) 2 =M j=J ) 2
Z w, |G0(x+z,y+])| Z Z w, Gn(x+k+z,y+l+])‘
i=-M j=-J i=M j=—J

[0045] In this expression, Wij is a simple two-dimensional weighting function over the (2M+1) x (2J+1) point correlation
kernel. The weighting, by weights of a weighted average, reduces the likelihood of peak hopping, and overall error, in
the search for the optimal (or "maximum") lag. High frequency noise can be reduced by use of a weighting function that
smoothly decreases to zero at the tails, such as a Hanning window.

[0046] The correlation coefficient is a unit-normalized, complex function of lags (k,l) with a range of *K and =L.
[0047] When, as in equations (1) through (3), only 1-D correlation and 1-D searching are used for tracking the axial
motion, the above formula is simplified to L=0 and J=0 thereby reducing to:

f WGy (x+iy) G (x+k+iy)]
Pleaxy) = T = 72 % ()
{Z Wi |G0(x+i,y)|2:| {Z Wi|Gn(x+k+i,y)|2}
i=-M i=-M

[0048] The corresponding correlation kernel 236 is of size 2M+1. The value "x" on the right side of equation (5) is
replaced by the starting point 234, i.e., (xp+ [Dacl, yq) for G,(x,y) (0O<n<=N) . The lag k, and thus the range [-K,K], is
incremented over iterative executions of equation (5). Thus, the extent of the search area is M+k pixel spacing units 222
on either axial side of the center of the correlation kernel 236. The lag k associated with what turns out to be the maximum
value of the correlation coefficient o’ ,(x,y) is used in an interpolation to find a peak of a correlation coefficient curve
and the corresponding, or "maximum®, lag K55 Since lag k. is in the axial direction 136, it is a vector. The estimate
[Dacl 226 from step one is likewise a vector in the same direction 136. The two vectors (or equivalently scalars in the
1-D case) are added to derive a modified displacement, i.e., an improved measurement of the displacement, for pixel
(X5, Yg)- In the 2-D case, both of the vectors added are two-dimensional. As an alternative to using the starting point 234
as a replacement for the value of "x" for G,(x,y) (0<n<=N), (x,- [Dac], ¥o) may be used as a replacement for "x" in Gy(x,y).
[0049] Operationally and with reference to the exemplary procedure 300 in FIG. 3, an acquisition counter is initialized
to zero (step S3302).

[0050] The probes 128 are positioned spaced apart 120 and in contact with the patient or subject (step S304).
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[0051] The reference image 227 is acquired, i.e., an imaging acquisition is made (step S306).

[0052] In particular, in executing step S306, an image-acquiring sub-procedure 310 is invoked, and is executed as
follows. A lateral position counter is initialized to zero (step S308). An imaging depth counter is likewise initialized to
zero (step S310). An ultrasound pulse 140 is emitted by the probe 128 in the current lateral position 124 (step S312).
An RF signal 144 is acquired from an ultrasound echo originating from the current imaging depth 148 (step S314). If it
is not the last depth (step S316), the depth counter is incremented (step S318) and return in made to the sample receive
step S314. If, instead, it is the last depth (step S316), the depth counter is cleared (step S319). If the current position
124 is not the last position (step S320), the position counter is incremented (step S322) and processing branches back
to the pulse emitting step S312. If, on the other hand, the current position is the last position (step S320), complex
analytic signals are derived from the RF data acquired (step S324). The derived analytic signals are stored in corre-
spondence with the stored RF signals (step S326). Alternatively, complex analytic data may not be generated or needed
if, for example, correlation lag interpolation is done via a polynomial fitting technique. Likewise, complex baseband data
may serve the role of RF data in steps one and two.

[0053] With reference again to the main procedure 300, the push pulse is emitted (step S328). Here, it is assumed
that a single push pulse is emitted for the entire procedure 300, although there alternatively could be, later on, an
additional one or more push pulses to allow for extra tracking at the possible expense of more global background noise
from patient motion during the time period needed for the extra tracking. If, currently, image acquisition is still to continue
(step S330), the acquisition counter is incremented (step S332), the image acquisition sub-procedure 310 is invoked for
tracking (step S334), and return is made to step S330. If, however, image acquisition is no longer to continue (step
S330), processing points to the first lateral position 124 in the acquired data for which displacement is to be measured
(step S335). Processing points to the first pixel (x,, y,) at the current lateral position 124 (step S336). Autocorrelation
according to equation (1) is performed at zero lag (step S338). Equation (3) is used to extract the phase of the complex-
valued autocorrelation coefficient R, (step S340). The phase is unwrapped based on the phase determination of the
prior acquisition (step S342). Equation (2) is used to estimate the axial displacement D, for the current pixel (step
S344). D¢ is quantized to yield the quantized displacement [Dpc] 226 (step S346). The correlation kernel 203 used in
the autocorrelation is now shifted, resulting in a shifted kernel 236 for subsequent cross-correlation (step S348). The
absolute value of a correlation lag k is initialized, based, for example, on what is expected to be the smallest search
needed to correct the estimate 226 from step one (step S350). For example, a typical 100 wm predefined cross-correlation
search area canbe reduced to 30 wm, which is a benefit of the proposed two-step method. Cross-correlation inaccordance
with equation (5) draws on complex analytic signals, iteration by iteration as the lag k varies between -K and K (step
S352). This is not a limitation on step one - any combination of RF, complex analytic or complex baseband signals may
have been used. From the set of coefficients o’ ,(x,y) generated in the iterations, a maximum coefficient p,, is selected,
and its phase 240 is determined, as was done for the autocorrelation coefficient (step S354). The iterative-wise closest
neighboring coefficient with a phase 242 of opposite polarity is selected, and interpolation is used to determine, from a
zero crossing 244, an interpolated correlation lag,,,,, and the corresponding interpolated maximum cross-correlation
coefficient p,, (step S356). If p,., does not meet an image-matching threshold, or “criterion”, T, (step S358), the
lag k is increased (step S360). Query is made as to whether the lag k now is greater than a maximum lag threshold T,
(step S362). If the lag k is not greater than T, _(step S362), the cross-correlation of equation (5) is repeated for each
of the intervening values of k introduced by the just-previous instance of step S360 (step S364). Return is then made
to step S354. If, on the other hand, p,,, does meet T, (step S358) or the lag k exceeds T, _(step S362), a vector
addition is performed, summing the quantized displacement [Dpc] 226 with the interpolated correlation lag,,,,, (step
S366). If more pixels (xp, yq) remain to be processed (step S368), the pixel pointer is incremented (step S370) and return
is made to the autocorrelation step S338. Otherwise, if no more pixels remain to be processed (step S368), but more
spatial positions are to be processed (step S372), the position pointer is incremented (step S374) and processing returns
to step S336.

[0054] The method proposed herein above has been validated using in vivo clinical data. Improved motion tracking
success was found for the two-step method, in the post-processing of data, in comparison to other algorithms. Higher
motion tracking success rate means more valid clinical data for better diagnostic performance under the same examination
time.

[0055] Although methodology of the present invention can advantageously be applied in providing medical diagnosis
for a human or animal subject, the scope of the present invention is not so limited. More broadly, techniques disclosed
herein are directed to improved shear-wave-based motion tracking, in vivo or ex vivo.

[0056] While the invention has been illustrated and described in detail in the drawings and foregoing description, such
illustration and description are to be considered illustrative or exemplary and not restrictive; the invention is not limited
to the disclosed embodiments.

[0057] For example, an example of an alternative time-domain based motion tracking algorithm is the block-matching
minimum difference method.

[0058] Other variations to the disclosed embodiments can be understood and effected by those skilled in the art in
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practicing the claimed invention, from a study of the drawings, the disclosure, and the appended claims. In the claims,
the word "comprising" does not exclude other elements or steps, and the indefinite article "a" or "an" does not exclude
a plurality. Any reference signs in the claims should not be construed as limiting the scope.

[0059] A computer program can be stored momentarily, temporarily or for alonger period of time on a suitable computer-
readable medium, such as an optical storage medium or a solid-state medium. Such a medium is non-transitory only in
the sense of not being a transitory, propagating signal, but includes other forms of computer-readable media such as
register memory, processor cache and RAM.

[0060] A single processor or other unit may fulfill the functions of several items recited in the claims. The mere fact
that certain measures are recited in mutually different dependent claims does not indicate that a combination of these
measures cannot be used to advantage.

Claims
1. An ultrasound motion-estimation device comprising:

image acquisition circuitry configured for issuing, via multiple acoustic windows spaced laterally apart (120) in
a propagation direction of a shear wave, a respective plurality of ultrasound pulses to track axial motion caused
by said wave, said wave having been induced by an axially-directed push; and

motion tracking circuitry configured for, based on said motion, using autocorrelation to estimate an axial dis-
placement and for using the estimate (226) as a starting point in a time-domain based motion tracking algorithm
for modifying said estimate so as to yield a modified displacement

2. The device of claim 1, said algorithm comprising cross-correlation, said using said estimate comprising using said
estimate for positioning a kernel (203) of said cross-correlation.

3. The device of claim 1, said issuing comprising issuing initial respective pulses via said windows (132) to acquire a
reference image.

4. Thedevice of claim 3, said issuing further comprising issuing, for the tracking, respective tracking pulses subsequent
to the issuing of pulses to acquire the reference image (227).

5. The device of claim 4, configured for, based on acquisition from said tracking pulses (140), forming an image that
reflects deformation caused by said motion, said autocorrelation being based, in part, on said image that reflects
said deformation.

6. The device of claim 5, said algorithm operating on said image that reflects said deformation (158).

7. The device of claim 3, said algorithm comprising cross-correlation, said using said estimate comprising using said
estimate for positioning a kernel of said cross-correlation relative to the acquired reference image (S348).

8. Thedevice of claim 7, said reference image comprising pixels, said using autocorrelation being repeated for different
ones of said pixels (S370), thereby generating different positionings and corresponding different estimates, said
positioning being among said positionings, said estimate being among said estimates.

9. The device of claim 1, said motion tracking circuitry (108) being further configured for, with respect to performance
of said autocorrelation, and of said algorithm, operating specifically on imaging acquired via said pulses used in
tracking said motion caused by said wave that was induced by said push, said push being a single push.

10. The device of claim 1, said autocorrelation operating on complex signals derived from radiofrequency data (144)
acquired via said pulses.

11. The device of claim 10, said motion tracking circuitry being further configured for deriving, from said autocorrelation,
a phase (208).

12. The device of claim 11, said motion tracking circuitry being further configured for unwrapping said phase, to resolve
phase discontinuities (214).
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The device of claim 12, said motion tracking circuitry being further configured for making said estimate based on
the unwrapped phase (210).

The device of claim 1, configured for making said estimate without need for taking into account center frequency
attenuation (231) of ultrasound issued in said issuing.

The device of claim 1, said autocorrelation being based on image samples at correspondingly different imaging
depths (218, 220).

The device of claim 1, said algorithm, in the yielding of said modified displacement, alternating searching with
evaluating (S358) a result of said searching.

The device of claim 1, said modifying comprising quantizing said estimate based on a pixel spacing unit (222)
corresponding to a difference between consecutive sampling depths for a pulse from among said pulses.

The device of claim 1, the estimating comprising deriving a first vector, said modifying comprising deriving a second
vector and adding (S366), to said second vector, said first vector.

The device of claim 1, said image acquisition circuitry being further configured for said issuing for a series of
acquisitions, the spacing apart serving to space apart positions in said direction, said motion tracking circuitry being
further configured, in order to calculate respective ones of said modified displacement, performing both the estimating,
and said modifying, position-by-position, sampling depth by sampling depth, and acquisition by acquisition (S302).

20. Thedevice of claim 1, configured for deriving complex analytic signals from ultrasound echoed back from said pulses
(S324), said algorithm comprising cross-correlating said signals to yield a cross-correlation coefficient and further
comprising estimating where a phase of said coefficient crosses zero.

21. Thedevice of claim 1, said algorithm including cross-correlation over a search area that, subject to an image matching
criterion, is incrementally increased (S360).

22. The device of claim 1, further comprising multiple ultrasound imaging probes (128) for respective imaging via said
multiple acoustic windows.

23. An ultrasound motion-estimation method comprising:

issuing multiple ultrasound pulses, spaced apart from each other in a propagation direction (152) of a shear
wave, to track axial motion caused by said wave, said shear wave having been induced by an axially-directed
push;

based on said motion, using autocorrelation to estimate an axial displacement; and

using the estimate as a starting point in a time-domain based motion tracking algorithm for modifying said
estimate so as to yield a modified displacement.

24. A computer readable medium for ultrasound motion-estimation, said medium embodying a program having instruc-
tions executable by a processor for performing a plurality of acts, among said plurality there being the acts of:

issuing multiple ultrasound pulses, spaced apart from each other in a propagation direction of a shear wave, to
track axial motion caused by said wave, said shear wave having beeninduced by an axially-directed push (S328);
based on said motion, using autocorrelation to estimate an axial displacement; and

using the estimate as a starting point in a time-domain based motion tracking algorithm for modifying said
estimate so as to yield a modified displacement.

Patentanspriiche

1. Ultraschallbewegungsschatzungsvorrichtung, die Folgendes umfasst:

Bilderfassungsschaltung, die zum Ausgeben via mehrere akustische Fenster, die in eine Ausbreitungsrichtung
einer Scherwelle seitlich voneinander beabstandet sind (120), einer jeweiligen Vielzahl von Ultraschallimpulsen



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

13.

14.

15.

16.

17.

EP 3 142 562 B1

ausgelegt ist, um eine Axialbewegung zu verfolgen, die von der Welle verursacht wird, wobei die Welle von
einem axial gerichteten Schub hervorgerufen wurde; und

Bewegungsverfolgungsschaltung, die auf Basis der Bewegung zur Verwendung einer Autokorrelation ausgelegt
ist, um einen axialen Versatz zu schéatzen, und zur Verwendung der Schatzung (226) als Startpunkt in einem
zeitdomanenbasierten Bewegungsverfolgungsalgorithmus zum Modifizieren der Schatzung, um einen modifi-
zierten Versatz zu liefern.

Vorrichtung nach Anspruch 1, wobei der Algorithmus eine Kreuzkorrelation umfasst, wobei das Verwenden der
Schatzung das Verwenden der Schatzung fiir eine Positionierung eines Kernel (203) der Kreuzkorrelation umfasst.

Vorrichtung nach Anspruch 1, wobei das Ausgeben das Ausgeben jeweiliger erster Impulse via die Fenster (132)
umfasst, um ein Referenzbild zu erfassen.

Vorrichtung nach Anspruch 3, wobeidas Ausgeben das Ausgeben, fiir die Verfolgung, jeweiliger Verfolgungsimpulse
im Anschluss an das Ausgeben von Impulsen zum Erfassen des Referenzbilds (227) umfasst.

Vorrichtung nach Anspruch 4, die auf Basis einer Erfassung aus den Verfolgungsimpulsen (140) zum Bilden eines
Bildes ausgelegt ist, das eine Verformung reflektiert, die von der Bewegung verursacht wurde, wobei die Autokor-
relation teilweise auf dem Bild basiert, das die Verformung reflektiert.

Vorrichtung nach Anspruch 5, wobei der Algorithmus auf das Bild wirkt, das die Verformung reflektiert (158).

Vorrichtung nach Anspruch 3, wobei der Algorithmus eine Kreuzkorrelation umfasst, wobei das Verwenden der
Schatzung das Verwenden der Schatzung fir eine Positionierung eines Kernel der Kreuzkorrelation relativ zum
erfassten Referenzbild umfasst (S348).

Vorrichtung nach Anspruch 7, wobei das Referenzbild Pixel umfasst, wobei das Verwenden einer Autokorrelation
fur verschiedene der Pixel wiederholt wird (S370), wodurch verschiedene Positionierungen und entsprechende
verschiedene Schatzungen erzeugt werden, wobei die Positionierung unter den Positionierungen ist, wobei die
Schatzung unter den Schatzungen ist.

Vorrichtung nach Anspruch 1, wobei die Bewegungsverfolgungsschaltung (108) mit Bezug auf eine Leistung der
Autokorrelation und des Algorithmus ferner zum Wirken speziell auf Abbildung ausgelegt ist, die via die Impulse
erfasst wird, die bei der Verfolgung der Bewegung verwendet werden, die durch die Welle verursacht wurde, die
vom Schub hervorgerufen wurde, wobei der Schub ein einzelner Schub ist.

Vorrichtung nach Anspruch 1, wobei die Autokorrelation auf komplexe Signale wirkt, die aus Funkfrequenzdaten
(144) abgeleitet werden, die via die Impulse erfasst werden.

Vorrichtung nach Anspruch 10, wobei die Bewegungsverfolgungsschaltung ferner zum Ableiten einer Phase (208)
aus der Autokorrelation ausgelegt ist.

Vorrichtung nach Anspruch 11, wobei die Bewegungsverfolgungsschaltung ferner zum Entfalten der Phase ausge-
legt ist, um Phasendiskontinuitaten (214) zu I6sen.

Vorrichtung nach Anspruch 12, wobei die Bewegungsverfolgungsschaltung ferner zum Vornehmen der Schatzung
auf Basis der entfalteten Phase (210) ausgelegt ist.

Vorrichtung nach Anspruch 1, das zum Vornehmen der Schatzung ohne eine Notwendigkeit der Berlicksichtigung
einer Mittenfrequenzdampfung (231) von Ultraschall, die beim Ausgeben ausgegeben wird, ausgelegt ist.

Vorrichtung nach Anspruch 1, wobei die Autokorrelation auf Bildproben bei entsprechend verschiedenen Abbildung-
stiefen (218, 220) basiert.

Vorrichtung nach Anspruch 1, wobei der Algorithmus beim Liefern des modifizierten Versatzes zwischen einem
Suchen und einem Beurteilen (S358) eines Ergebnisses der Suche wechselt.

Vorrichtung nach Anspruch 1, wobei das Modifizieren das Quantisieren der Schatzung auf Basis einer Pixelabst-
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andseinheit (222) umfasst, die einem Unterschied zwischen aufeinanderfolgenden Abtasttiefen fir einen Impuls
unter den Impulsen entspricht.

Vorrichtung nach Anspruch 1, wobeidas Schatzen das Ableiten eines ersten Vektors umfasst, wobei das Modifizieren
das Ableiten eines zweiten Vektors und das Hinzufligen (S366) des ersten Vektors zum zweiten Vektor umfasst.

Vorrichtung nach Anspruch 1, wobei die Bilderfassungsschaltung ferner zum Ausgeben einer Reihe von Erfassungen
ausgelegt ist, wobei das Beabstanden dem Beabstanden von Positionen in die Richtung dient, wobei die Bewe-
gungsverfolgungsschaltung zum Durchfiihren sowohl der Schatzung als auch der Modifikation, Position fur Position,
Abtasttiefe fur Abtasttiefe und Erfassung fiir Erfassung, ausgelegt ist, um jeweilige des modifizierten Versatzes zu
berechnen (S302).

Vorrichtung nach Anspruch 1, das zum Ableiten komplexer analytischer Signale aus Ultraschall, der von den Im-
pulsen (S324) zuriickgegeben wird, ausgelegt ist, wobei der Algorithmus das Kreuzkorrelieren der Signale umfasst,
um einen Kreuzkorrelationskoeffizienten zu liefern, und ferner das Schatzen umfasst, wo eine Phase des Koeffizi-
enten durch Null geht.

Vorrichtung nach Anspruch 1, wobei der Algorithmus eine Kreuzkorrelation tiber einen Suchbereich beinhaltet, der
in Abhangigkeit von einem Bildabstimmungskriterium inkrementell erhéht wird (S360).

Vorrichtung nach Anspruch 1, das ferner mehrere Ultraschallabbildungssonden (128) fiir eine jeweilige Abbildung
via die mehreren akustischen Fenster umfasst.

Ultraschallbewegungsschatzverfahren, das Folgendes umfasst:

Ausgeben mehrerer Ultraschallimpulse, die in eine Ausbreitungsrichtung (152) einer Scherwelle voneinander
beabstandet sind, um eine Axialbewegung zu verfolgen, die von der Welle verursacht wird, wobei die Scherwelle
von einem axial gerichteten Schub hervorgerufen wurde;

auf Basis der Bewegung Verwenden einer Autokorrelation, um einen axialen Versatz zu schatzen; und
Verwenden der Schatzung als Startpunkt in einem zeitdomanenbasierten Bewegungsverfolgungsalgorithmus
zum Modifizieren der Schatzung, um einen modifizierten Versatz zu liefern.

Computerlesbares Medium fir eine Ultraschallbewegungsschatzung, wobei das Medium ein Programm verkorpert,
das Anweisungen aufweist, die von einem Prozessor zum Durchfiihren einer Vielzahl von Aktionen ausfuhrbar sind,
wobei unter der Vielzahl folgende Aktionen sind:

Ausgeben mehrerer Ultraschallimpulse, die in eine Ausbreitungsrichtung einer Scherwelle voneinander beab-
standet sind, um eine Axialbewegung zu verfolgen, die von der Welle verursacht wird, wobei die Scherwelle
von einem axial gerichteten Schub hervorgerufen wurde (S328);

auf Basis der Bewegung Verwenden einer Autokorrelation, um einen axialen Versatz zu schatzen; und
Verwenden der Schéatzung als Startpunkt in einem zeitdomanenbasierten Bewegungsverfolgungsalgorithmus
zum Modifizieren der Schatzung, um einen modifizierten Versatz zu liefern.

Revendications

1.

2,

Dispositif d’estimation de mouvement d’ultrasons comprenant :

une circuiterie d’acquisition d’image configurée pour émettre, via de multiples fenétres acoustiques espacées
latéralement (120) dans une direction de propagation d’une onde de cisaillement, une pluralité respective
d’'impulsions ultrasonores pour suivre un mouvement axial provoqué par ladite onde, ladite onde ayant été
induite par une poussée dirigée axialement ; et

une circuiterie de suivi de mouvement configurée, d’apres ledit mouvement, pour utiliser une autocorrélation
pour estimer un déplacementaxial et pour utiliser I'estimation (226) en tant que point de départdans un algorithme
de suivi de mouvement par domaine temporel pour modifier ladite estimation de fagon a donner un déplacement
modifié.

Dispositif selon la revendication 1, ledit algorithme comprenant une corrélation croisée, ladite utilisation de ladite
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estimation comprenant I'utilisation de ladite estimation pour positionner un noyau (203) de ladite corrélation croisée.

Dispositif selon la revendication 1, ladite émission comprenant I'’émission d’impulsions respectives initiales via
lesdites fenétres (132) pour acquérir une image de référence.

Dispositif selon la revendication 3, ladite émission comprenant en outre I'émission, pour le suivi, d'impulsions de
suivi respectives suite a I'émission d’'impulsions pour acquérir 'image de référence (227).

Dispositif selon la revendication 4, configuré, d’aprés I'acquisition depuis lesdites impulsions de suivi (140), pour
former une image qui reflete une déformation provoquée par ledit mouvement, ladite autocorrélation étant basée,
en partie, sur ladite image qui refléte ladite déformation.

Dispositif selon la revendication 5, ledit algorithme fonctionnant sur ladite image qui refléte ladite déformation (158).

Dispositif selon la revendication 3, ledit algorithme comprenant une corrélation croisée, ladite utilisation de ladite
estimation comprenant I'utilisation de ladite estimation pour positionner un noyau de ladite corrélation croisée par
rapport a I'image de référence acquise (S348).

Dispositif selon la revendication 7, ladite image de référence comprenant des pixels, ladite utilisation d’'une auto-
corrélation étant répétée pour des pixels différents desdits pixels (S370), générant ainsi des positionnements dif-
férents et des estimations différentes correspondantes, ledit positionnement étant parmi lesdits positionnements,
ladite estimation étant parmi lesdites estimations.

Dispositif selon la revendication 1, ladite circuiterie de suivi de mouvement (108) étant en outre configurée, par
rapport a une performance de ladite autocorrélation et dudit algorithme, pour fonctionner spécifiquement sur 'ima-
gerie acquise via lesdites impulsions utilisées dans le suivi dudit mouvement provoqué par ladite onde qui a été
induite par ladite poussée, ladite poussée étant une poussée unique.

Dispositif selon la revendication 1, ladite autocorrélation fonctionnant sur des signaux complexes dérivés de données
de radiofréquence (144) acquises via lesdites impulsions.

Dispositif selon la revendication 10, ladite circuiterie de suivi de mouvement étant en outre configurée pour dériver,
de ladite autocorrélation, une phase (208).

Dispositif selon la revendication 11, ladite circuiterie de suivi de mouvement étant en outre configurée pour dérouler
ladite phase, afin de résoudre des discontinuités de phase (214).

Dispositif selon la revendication 12, ladite circuiterie de suivi de mouvement étant en outre configurée pour réaliser
ladite estimation d’aprés la phase déroulée (210).

Dispositif selon la revendication 1, configuré pour réaliser ladite estimation sans devoir prendre en compte une
atténuation de fréquence centrale (231) d’un ultrason émis lors de ladite émission.

Dispositif selon la revendication 1, ladite autocorrélation étant basée sur des échantillons d’image a des profondeurs
d’'imagerie différentes correspondantes (218, 220).

Dispositif selon la revendication 1, ledit algorithme, en donnant ledit déplacement modifié, alternant la recherche
avec I'évaluation (S358) d’un résultat de ladite recherche.

Dispositif selon la revendication 1, ladite modification comprenant la quantification de ladite estimation d’aprés une
unité d’espacement de pixels (222) correspondant a une différence entre des profondeurs d’échantillonnage con-

sécutives pour une impulsion parmi lesdites impulsions.

Dispositif selon la revendication 1, I'estimation comprenant la dérivation d’un premier vecteur, ladite modification
comprenant la dérivation d’'un second vecteur et I'addition (S366), audit second vecteur, dudit premier vecteur.

Dispositif selon la revendication 1, ladite circuiterie d’acquisition d’image étant en outre configurée pour ladite
émission pour une série d’acquisitions, 'espacement servant a espacer des positions dans ladite direction, ladite
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circuiterie de suivi de mouvement étant en outre configurée, afin de calculer des déplacements respectifs dudit
déplacement modifié, pour réaliser a la fois I'estimation, et ladite modification, position par position, profondeur
d’échantillonnage par profondeur d’échantillonnage, et acquisition par acquisition (S302).

Dispositif selon la revendication 1, configuré pour dériver des signaux analytiques complexes a partir d’'un ultrason
renvoyé en écho de retour par lesdites impulsions (S324), ledit algorithme comprenant la corrélation croisée desdits
signaux pour donner un coefficient de corrélation croisée et comprenant en outre I'estimation de I'endroit ou une
phase dudit coefficient passe par zéro.

Dispositif selon la revendication 1, ledit algorithme comportant une corrélation croisée sur une zone de recherche
qui, sous réserve d’un critere concordant a une image, est augmentée progressivement (S360).

Dispositif selon la revendication 1, comprenant en outre de multiples sondes d’imagerie ultrasonore (128) pour
imager respectivement via lesdites multiples fenétres acoustiques.

Procédé d’estimation de mouvement d’ultrasons comprenant :

I'émission de multiples impulsions ultrasonores, espacées les unes des autres dans une direction de propagation
(152) d’une onde de cisaillement, pour suivre un mouvement axial provoqué par ladite onde, ladite onde de
cisaillement ayant été induite par une poussée dirigée axialement ;

d’aprés ledit mouvement, 'utilisation d’'une autocorrélation pour estimer un déplacement axial ; et

l'utilisation de I'estimation en tant que point de départ dans un algorithme de suivi de mouvement par domaine
temporel pour modifier ladite estimation de fagon a donner un déplacement modifié.

Support lisible par ordinateur pour I'estimation de mouvement d’ultrasons, ledit support intégrant un programme
ayant des instructions exécutables par un processeur pour réaliser une pluralité d’actes, parmi ladite pluralité se
trouvant les actes suivants :

I'émission de multiples impulsions ultrasonores, espacées les unes des autres dans une direction de propagation
d’'une onde de cisaillement, pour suivre un mouvement axial provoqué par ladite onde, ladite onde de cisaillement
ayant été induite par une poussée dirigée axialement (5328) ;

d’aprés ledit mouvement, 'utilisation d’'une autocorrélation pour estimer un déplacement axial ; et

I'utilisation de I'estimation en tant que point de départ dans un algorithme de suivi de mouvement par domaine
temporel pour modifier ladite estimation de fagon a donner un déplacement modifié.
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