N
N

N

HAL

open science

Toward real-time shear-wave imaging: Ultradense
magnetic sources enable rapid diffuse field correlations

G. Laloy-Borgna, B. Giammarinaro, Z. Sun, S. Catheline, J. Aichele

» To cite this version:

G. Laloy-Borgna, B. Giammarinaro, Z. Sun, S. Catheline, J. Aichele. Toward real-time shear-wave
imaging: Ultradense magnetic sources enable rapid diffuse field correlations. Physical Review Applied,

2024, 22 (6), pp.064061. 10.1103/PhysRevApplied.22.064061 . hal-04844048

HAL Id: hal-04844048
https://hal.science/hal-04844048v1
Submitted on 17 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04844048v1
https://hal.archives-ouvertes.fr

1

© ® ~N o o &

10

11

12

13

14

1!

o

1

o

17

18

1

©

20

21

22

23

2

X

25

26

27

28

29

30

31

32

33

34

Towards real time shear wave imaging: Ultra-dense magnetic sources enable rapid diffuse
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Perfectly diffuse wavefields are the underlying assumption for noise correlation tomography in
seismology, non-destructive testing and elastography. However, perfectly diffuse fields are rarely
encountered in real world applications. We show that homogeneously distributed magnetic micro-
particles allow to instantaneously generate a diffuse wavefield, which is imaged using a clinical probe
connected to a fully-programmable ultrasound scanner. The particles are placed inside a bi-layered
hydrogel and act as elastic wave sources on excitation by a magnetic pulse. Using ultrafast ultrasound
imaging coupled to phase tracking, the diffuse elastic wave-field is imaged. This allows measuring
the local wave velocity everywhere on the image through noise-correlation algorithms inspired by
seismology. Thanks to this instantaneous diffuse wavefield, a very short acquisition time is sufficient
to retrieve the wave speed contrast of the bilayered phantom. The correlation time window can be
shrunk down to 3 time samples, which we show in a numerical simulation mimicking the experimen-
tal conditions. Our experimental and numerical results are consistent with theoretical predictions
made by information theory, and pave the way for real-time elasticity imaging. This is of particu-
lar interest for medical treatment monitoring through real-time tissue elasticity assessment, and is

applicable in related fields such as seismology or non-destructive testing.

I. INTRODUCTION

Passive imaging methods are based on the extraction
of information from random wave-fields, naturally oc-
curring within the body of interest. Thus, imaging
is possible without the need for precisely controlled
sources by exploiting rather than suppressing what
is commonly called "noise". In the context of elastic
waves, passive imaging methods are widely applied
in global and environmental seismology, seismic explo-
ration, non-destructive testing and medical imaging.

Examples include seismic interferometry [1} 2], noise
or coda correlation for earthquakes [3] and icequakes [4],
synthetic wave lamb focusing in Non-Destructive Test-
ing (NDT) [5] and passive seismic tomography [6] for
reservoir monitoring. In medical imaging for tissue stiff-
ness estimation, passive elastography exploits the shear
wave fields naturally present in the human body. Here-
fore, a shear wave speed map is retrieved from the cor-
relation of ultrasound (US) [Z, [8], magnetic resonance
(MRI [9]) or optical ([10} [11]]) images. The imaged shear
wave field commonly results from the cardiac activity,
arterial pulsatility or muscle activity. A comprehensive
review of the different passive elastography algorithms
was recently published [12].
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Extracting information from noise through cross-
correlation is closely related to time reversal [13]. It re-
lies on source-receiver reciprocity [14] to retrieve the ex-
act impulse response or Green’s function between two
points. The method is based on the assumption that
the wavefield is diffuse, which means that at each loca-
tion and frequency it is an "isotropic random superposi-
tion of plane waves" [15]. This is achieved through ho-
mogeneous sources distribution or multiple scattering.
The first experimental proof employed scattered ther-
mal fluctuations of ultrasonic fields in an aluminium
cylinder [16]. Homogeneous source distributions are
rarely considered due to difficulties in experimental real-
ization [17], and issues arising when sources inside the
Region-of-Interest contribute [18, [19]. Experimental re-
alization of homogeneous source distributions is facili-
tated if the sources can be activated remotely, as is the
case for magnetic particles.

Bio-compatible magnetic nanoparticles are widely
used as contrast agents in magnetic resonance imaging
[20] 21]], are emerging in the field of magnetic particle
imaging [22]] and cancer treatment [23]. They have been
used in vivo for magneto-motive ultrasound imaging
[24] and clustered magnetic nanoparticles previously
acted as a shear wave source for transient elastography
[25]. In a recently published paper, we showed that
homogeneously distributed magnetic nanoparticles ex-
cited by a magnetic pulse can act as shear wave sources
in cell aggregates [26]. Assuming that dispersed mag-


mailto:bruno.giammarinaro@inserm.fr
mailto:johannes.aichele@rwth-aachen.de

o+ Netic micro-particles excited by a pulsed magnetic field
can act as shear wave point sources, a magnetic excita-
tion of a magnetic hydro-gel would lead to the instanta-
neous generation of a diffuse shear wave field.

We present an experimental proof-of-concept for real-
time magnetic elastography, which combines passive
elastography imaging and a magneto-motive material
made of dispersed magnetic micro-particles. The instan-
taneous generation of a diffuse
wave-field allows us to shorten the correlation time
needed to retrieve an elasticity contrast. We then show
numerically that the imaging window can be shrunk
down to three time samples for an ideal source distri-
bution. This is consistent with the theoretical minimum
predicted by Gabor information theory.
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II. DIFFUSE FIELD EXPERIMENT

79

80 A. Experimental setup

s a. Bi-layered phantom fabrication. First, we created
a bi-layered elastic phantom consisting of gelatin
powder (gelatin from porcine skin, G2500 Sigma-
Aldrich, Burlington, Massachusetts, USA), xanthan gum
(Meilleur du Chef, Bassussarry, France) and magnetic
ss micro-particles (Iron (ILIII) oxide <5 pm, 310069 Sigma-
& Aldrich, Burlington, Massachusetts, USA). The gelatin
and xanthan powder were incorporated in warm wa-
ter (90°C), using concentrations of 0.25% of xanthan
(i.e. 0.25g of xanthan for a 100 mL solution), and 4 and
10 % of gelatin. Then, 1 % of micro-particles were added,
and the solution was mixed using a vibrating plate. The
s phantom was cooled down at 4 °C until complete gela-
tion. To obtain a bi-layered phantom of varying stiff-
ness, the softer layer (4 % of gelatin) was first poured
and gelled. In a second step, the other layer (10 % of
gelatin) was poured on top of the first one and gelled.

b. Magnetic pulse excitation. As depicted in fig-
ure [Ifa), the solidified gel was placed inside a coil con-
nected to a home-made magnetic pulser [27]. The mag-
netic pulse was created by the discharge of a 6 uF capac-
itor charged by a 5kV voltage in a 173 pH coil, which re-
sulted in a 0.2 ms magnetic pulse of 250 mT in air. Note
that the presence of paramagnetic particles leads to a
ws higher field inside the sample. The gel was solidified
s without application of a magnetic field, and the mag-
w7 netic particles should thus be distributed without a pre-
s ferred orientation. Under the pulsed magnetic field, the
e magnetic particles aligned along the magnetic field lines.
uo As a result, a particle displacement or rotation was cre-
w ated on each single micro-particle. Because the magnetic
uz particles were likely bound to the gelatin fibers by adhe-
us sive forces [28], the particle movement exerted a force
us on the elastic gel. Finally, each particle acted as an elas-
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FIG. 1. Schematic experimental setup and imaging method.
(a) A simplified electrical layout used to generate the magnetic
pulse. (b) Example of an ultrasound backscatter (B-mode)
image. (c) Exemplary snapshots of the axial particle velocity
field at —1.5, 0.5, 3.5 and 10.5ms, t=0 being the start of the
0.2 ms magnetic pulse. (d) Time signal spatially averaged on
the box depicted in figure (c). (e) Averaged spectral content
of the wave-fields for three different time-windows, either in
the soft (top) or in the stiff (bottom) layer. Dotted black line:
amplitude of -10dB.

us ¢ Ultrasound imaging. The bi-layered sample was
ur imaged using a clinical L7-4™(Philips ATL Bothell,
us WA, USA) ultrasonic probe connected to a fully-
ue programmable ultrasound scanner (Verasonics Van-
o tage™, Kirkland, WA, USA). The scanner and magnetic
11 pulser were synchronized in order to retrieve the shear
12 wave field during and after the magnetic excitation.
13 Plane ultrasound waves were transmitted at three dif-
14 ferent angles from the 128 element array at a Pulse Rep-
s etition Frequency (PRF) of 6000 Hz.

d. Noise correlation shear wave elastography. The com-
7 pounding method [29] was applied to combine three
s low-quality images (one for each plane wave angle)
1 in order to obtain a single high-quality image (see fig-

126



10 ure [[[b)). Overall, the frame rate was 2000 Hz. In ad-
1 dition, since a ultrasonic Speckle is created by the mag-
132 netic micro-particles, local motion can be tracked inside
1 the phantom by measuring the displacement of the pat-
1 tern that can be seen in figure [I(b). To this purpose, a
s phase-based motion estimator [30] was applied to the
s beam-formed IQ data of the backscattered US images to
retrieve the axial particle velocity field u, (vertical axis
on the figures). Finally, the shear wave speed map was
retrieved using noise correlation algorithms, based on a
cross-correlation method applied to the shear wave field
[7, 18, 31 B2]. Here, the local shear wave speed is esti-
mated as follows [32]:

13
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142

w [1 VIR ou ou
Cs = ? = g(:ﬁ with VTR = aitz(*t) & aitz(t) (1)
ou ou
and 1 = Z2(-H® 57 (1)

1s Where w is the angular frequency, k the wave vector, z
the spatial vertical coordinate and t the temporal coor-
dinates. TR stands for Time-Reversal, and VTR and ¢TR
are the time-reversed particle velocity and strain fields.
17 The algorithm temporally cross-correlates displacement
signals between measurement points. At time lag zero,
called the refocusing time, the cross-correlation of one
measurement point with all other points leads to a fo-
cal spot. The curvature of the focal spot at one point is
directly linked to the shear wavelength at this precise
location [32]. It is worth mentioning that there is no spa-
tial correlation mentioned here, both the estimations of
the central wavelength and period are based on tempo-
ral cross-correlations between displacement signals. Ini-
tially, equation[I| was developed for diffuse wave fields
detected in passive elastography. Since then, it was
shown that noise correlation elastography can also be
applied to a non-diffuse wave field [33]. However, since
a non-diffuse wave field is not ideal for noise correlation
algorithms, longer correlation windows are likely to be
necessary in order to retrieve the local wavelength from
the focal spot.
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1s B. Towards real-time elastography: retrieving an elasticity

166 contrast in 20 ms

w7 Snapshots of the acquired particle velocity field are
coded in red and blue and displayed in figure [Tfc) at
e four time points, before and after the magnetic excita-
o tion (beginning at t = 0 and ending at ¢ = 0.2 ms). It can
1 be seen that a non-directional diffuse wave field was cre-
2 ated by the pulsed magnetic field. This wave source is
13 likely to generate compressional waves too, which prop-
s agate about 1000 times faster than shear waves in this

s quasi-incompressible medium, hence they travel about

168

one meter in between two frames and are rapidly attenu-
ated. In addition, compression wave amplitudes in soft
tissues are smaller than shear wave amplitudes, which
is why they are routinely ignored in ultrasound elastog-
raphy. An assumption we also make throughout this pa-
per. The spatial average of the signal on a small region
is plotted in figure[T(d). It contains high frequency elas-
tic waves with significant spectral content above 500 Hz,
as shown in fig[T[e). The high frequencies are only de-
tectable at early times due to rapid attenuation, as ex-
s pected for visco-elastic solids. However, this strong at-
tenuation due to the presence of high frequencies is not
an issue since the sources are spread out everywhere in
the imaged medium and the medium is thus spatially
covered with high frequency wave propagation.
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FIG. 2. Noise-correlation elastography results. (a)-(b) Two
focal spots calculated in each of the two elastic layers using
(a) 100 snapshots (50 ms) and (b) 40 snapshots (20 ms) of
displacements. (c)-(d) Shear wave speed maps retrieved using
noise-correlation elastography algorithm when considering (c)
100 and (d) 40 snapshots. (e)-(f) Velocity profiles retrieved by
averaging along the x-axis the speed maps shown in (c) and

(d).
w1 To retrieve the wave speed contrast, a noise correla-
12 tion algorithm is applied to the generated elastic wave-
w3 field of fig[l] First, focal spots were calculated, and are
10 shown in figures 2(a) and (b). Figure Pfa) shows two
s focal spots at two points in the top and bottom layers
s marked by black stars, calculated using a 100 time step
w7 (50 ms) window. The wider focal spot in the bottom
e layer corresponds to a larger shear wavelength, which
e indicates a higher shear wave velocity. This agrees with
20 the bottom layer being stiffer than the top one in the fab-
an rication process. Figure P[b) shows the same focal spots
202 but for a 40 time points (20 ms) window. The width dif-
203 ference between the two focal spots is conserved, but
200 with a lower signal-to-noise ratio.



25 Second, figures c) and (d) show the shear wave ve-
locity maps retrieved using the noise correlation algo-
rithm summarized in equation[l} Figure[2(c) is obtained
using the same 100 snapshots as above, and (d) using
only 40 snapshots. Both wave velocity maps show a lay-
ering of the gel, which is confirmed by the horizontally
averaged wave velocity profiles, plotted in figures 2(e)
and (f). To confirm the elasticity layering of the phan-
tom, we also performed an independent measurement
using Acoustic Radiation Force Impulse - Shear Wave
Elastography (ARFI-SWE), the gold-standard. The re-
sults results are presented in the Appendix. The slower
top layer (low gelatin concentration) is separated from
the faster bottom layer (high gelatin concentration) at
o~ 22mm, which coincides with interface depth found
using ARFI-SWE. Hence, the analysis of a high fre-
a1 quency wave-field on 40 snapshots over 20 ms imme-
diately after the magnetic pulse is sufficient to retrieve
an elasticity contrast. Coupled to a fast data processing
algorithm, this type of experiment could allow measur-
ing tissue elasticity in real time. We explicitly choose to
26 present wave speed values and not shear moduli since
27 wave speed is the data observable. Conversion to Mod-
uli would require an inversion through the application
of a rheological model.

Quantitatively, the results for different correlation

windows differ. The shortest window, which contains
the highest frequency content, results in a 20 % (mea-
sured at 35 mm depth) higher speed profile than the
2 longest window. Gelatin gels are strictly speaking not
25 purely elastic but visco-elastic [34} [35], hence the shear
26 wave speed increases with frequency. The shorter cor-
237 relation window directly follows the magnetic impulse
238 and exposes higher frequencies than later windows (see
2 fig. c)). Thus, the longer time window gives more
20 weight to the lower, and thus slower, frequencies. The
2 effect only becomes clearly apparent in the stiffer (lower
22 part) of the gel. We attribute this to an increased gelatin
3 percentage in the lower gel, which likely results in a
24 higher viscosity.
25 Using a magnetic stimulation impulse, we managed
us to retrieve a shear wave velocity map by analysing
27 40 ms of acquisition only. However, the achievable tem-
s poral resolution in our magneto-motive experiment is
20 limited by several factors: the access to a single compo-
250 nent of the 3D particle velocity field, the quantity and
251 distribution of magnetic particles and their adherence to
22 the gelatin fibers. In order to test the minimum number
253 of time samples needed to retrieve an elasticity contrast,
24 we used a 2D linear elastic simulation.
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III. DIFFUSE FIELD SIMULATION

A. Idealized 2D numerical experiment

7 We set up a 2D linear elastic spectral element simu-
28 lation (SALVUS package [36]) in a bi-layered soft tis-
sue phantom. Both layers exhibit the same density
(980kg m~3), and compression wave speed (1500 m s,
1 but a shear wave speed contrast shown in figure [3{a):
% 1ms~! for the top layer and 2ms~! for the bottom
layer. 30000 randomly polarized directional elastic point
forces, required for exact Green’s function retrieval [18],
are randomly distributed in the Region-of-Interest (ROI)
of the medium. They generate each a Ricker (Mexican
hat) shaped pulse centered at 300 Hz. The boundary
conditions are rigid on the edges of the medium, but
260 boundary reflections do not reach the ROI during simu-
lation time. The elastic wave propagation following the
sources excitation is displayed by four snapshots of the
resulting particle velocity field in fig.[B(c). A diffuse dis-
23 placement field containing waves propagating in all di-
rections, without mode development, can be seen. The
frequency content of this displacement is presented in
fig. b). The spectrum is consistent with the excitation,
and stable, proving that the propagation is mode-free.
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FIG. 3. Spectral element simulation. (a) Shear wave map of
the bi-layered medium. (b) Spectrum of the shear wave field
in the soft region. (c) Snapshots of the displacement field at
four time points after the source excitation.

B. Results

278

Two focal spots equivalent to fig. [(a-b) are presented
0 in fig. fa-b), by using 100 and 3 time steps, respectively.
21 The lower focal spot is larger than the upper one, reveal-
22 ing a larger shear wavelength and velocity for the bot-
263 tom layer. Analysing 100 snapshots with noise correla-
2 tion elastography (eq.[I), the wave speed map presented

279



s in fig. f(c) is obtained. It clearly shows a speed contrast
28 between the two layers of the medium, revealing again
27 a faster, stiffer medium in the bottom layer. The average
2 wave speed profile along depth in [#e) displays a clear
280 velocity step at the expected depth.

Since a diffuse wave-field is the ideal case for noise
201 correlation algorithms, the minimum window length re-
22 quired can be investigated using this simulated dataset.
203 The convolution in eq. [I| leads to a secondary time
204 derivative and therefore three time steps (frames) are
205 the minimal mathematical requirement of the algorithm.
26 The results of noise correlation obtained using only 3
27 time states are shown in fig. f{b-d-f). In fig. @(d), the
26 two layers are less homogeneous than in [c), but a
29 clear wave velocity contrast is still retrieved. This is
o confirmed by the wave velocity profile shown in ).
sn The numerical simulation thus shows that numerous
sz randomly distributed and orientated sources allow re-
w0 trieval of a wave velocity contrast with the theoretical
s0 minimal time samples number: three.
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FIG. 4. Simulation: noise correlation elastography results.
(a)-(b) Two focal spots calculated in each of the two layers
retrieved using either 100 (a) or 3 (b) time points are merged
together. (c)-(d) Shear wave speed maps retrieved through the
correlation method, using either 100 (c) or 3 (d) displacement
frames. (e)-(f) Velocity profiles retrieved by averaging along
the x-axis of (c)-(d).

IV. DISCUSSION AND PERSPECTIVES

305

w5 Our results show that a qualitative shear wave speed
mapping in real time is possible. Only 40 snapshots
(20 ms) of the displacement field are required to achieve
shear wave speed contrast imaging in our diffuse field
experiment. Theoretically, under ideal conditions, the
contrast of the bi-layered phantom could be retrieved
by using only 3 snapshots, as shown in our numerical

experiment. In the following we discuss the conditions
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A. Link with Gabor’s information theory

Since the correlation methods used in this paper are
inspired from seismology [1H4, [6], the temporal resolu-
tion of the method is rarely investigated. Indeed, in
seismology the correlated time windows can go to up
to one month. However, in medical imaging, real-time
imaging modalities are pursued since the medium can
be changing quite fast, for example in the context of
treatment monitoring. This is why the application of
noise correlation techniques to medical imaging leads
to new questions such as the maximum imaging fre-
quency achievable. However, it is well established that
the longer the correlation window, the better the recon-
structed wave speed map. In the words of Gabor’s
information theory [37-41]], longer time windows con-
tain more time-information grains, where an informa-
tion grain is the basic information unit. Our two key-
questions for correlation applied to medical imaging
thus are:

w
@
@

e How many information grains does an arbitrary
correlation time window contain?

335

336

¢ What is the shortest time window that can be used
for correlation?

337

338

On the one hand, the number of time-information
grains Nt contained in a time window can be calculated
through Gabor’s uncertainty relation. It is the product
of the frequency bandwidth and the window duration:
N7 = AtAf [37]. On the other hand, for a certain num-
ber of time-information grains, the contrast of the focal
spot is given by " /N7, the contrast being de-
fined as the ratio between the focal spot peak amplitude
and its standard deviation. If the noise correlation that
we use to retrieve focal spots and the wave speed maps
obey Gabor’s theory, then we have 72,,, = AtAf.

In the magneto-motive experiment, the 20 ms time-
s window having a ~1000 Hz bandwidth (blue curve of
fig[1{d)) correspond to 20 time-information grains. On
the other hand, the focal spot contrast of the soft layer in
fig.[2fb) is v°°"" = 5.15, which leads to 26 measured time-
information grains. The same calculations in the stiff
region give a contrast of 3.7 corresponding to 13.6 time-
information grains, which is in agreement with a shorter
bandwidth (green curve of fig.[[{d)). Similarly, in the 2D
elastic simulation, the correlation window lasting 50 ms
having a 600 Hz frequency bandwidth contains 30 time-
information grains, leading to a contrast of 5.7 (in the
soft region of fig. Eka)). Since 5.72 = 33, the two val-
ues are compatible. Hence, there is a very good agree-
ment between the number of time-informations grains
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theoretically contained in a certain correlation window
and the resulting contrast for the focal spot. This is the
first theoretical conclusion: the noise correlation method
obeys Gabor information theory: it manipulates time-
information grains.

B. What is the lowest reachable correlation window?

With the Gabor information approach validated, we
now tackle the second key-question: what is the short-
est usable correlation window? For the central wave-
length to be measurable at a certain spatial location, a
focal spot has to be reconstructed. For this purpose,
enough time-information grains must be contained in
the correlation window to retrieve a local maximum at
the chosen point. Hence, in 1D, the standard deviation
of a sinusoidal function being 1/ /2, the correlation con-
trast must be larger than /2. Similarly, in 2D we must
have yeorr > \@2 = 2 and Yeorr > ﬁ?) = 22 in 3D.
Since 7%, = AtAf, for a certain frequency bandwidth,
the shortest correlation window allowing to calculate a
focal spot is given by:

2
At>¥Z = 2.in1D
m>§:§mw
At > <2)§)2 = & in3D

Therefore, in the 2D elastic simulation previously pre-
sented, the frequency bandwidth being around 600 Hz,
the shortest correlation window that can be used to re-
trieve a focal spot at all points is At = Aif = 6‘1@ = 6.6 ms,
which corresponds to a frame rate of 150 Hz. Hence, the
3 time-steps correlation window is even shorter (3 ms)
than the theoretical shortest time. Indeed, in fig/(d)
it can be seen that the exact wave speed is not well
retrieved at all points since a focal spot can not be re-
trieved for all points. In the end, when averaging along
the image width (figlf)) the speed contrast as a func-
tion of depth is conserved, but quantitative wave speed
imaging is barely possible.

C. Perspectives: implications for real-time imaging and
monitoring

In clinically used methods such as ARFI in combi-
nation with time-of-flight, a minimum acquisition time
corresponding to a minimum wavefront propagation
length are required to estimate the shear wave speed.
If a magneto-motive elastography method were to be
used in combination with noise correlation algorithms,
only a few time steps could be used to detect elastic-
ity contrasts. Indeed, magnetic nano-particles are al-
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ready widely used in vivo as contrast agents in mag-
netic resonance imaging [20, 21], are emerging in the
field of magnetic particle imaging [22], and have been
used for magneto-motive ultrasound imaging (MMUS)
[24, 142} 43]. Hence, our experiment shows that the clin-
ical use of real-time magneto-motive elastography is re-
alistic and could unlock real-time elasticity estimation.

V. CONCLUSION

To conclude, we experimentally realized diffuse elas-
tic fields in situ through the combination of a magnetic
pulser and magnetic particles. Our 3d laboratory real-
ization, 2d numerical experiment, and theoretical con-
siderations show that only a few discrete time steps are
required to retrieve an elasticity contrast for noise cor-
relation under ideal conditions. A direct imaging appli-
cation is elasticity characterization in the medical field.
Our proof-of-concept experiment suggests that cross-
correlation imaging in real-time, as demanded by physi-
cians, is becoming feasible. The same nano-particles
which are already used for cancer treatment and MRI
have the potential to create diffuse wave-fields for real-
time treatment monitoring.

In principle, our findings are applicable to any wave-
field correlation method that uses a dense array of re-
ceivers to image medium contrasts, such as distributed
acoustic sensing, digital image correlation, dense array
seismology, or non-destructive testing.
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Appendix: Comparison with a gold standard: Acoustic
Radiation Force Impulse - Shear Wave Elastography

As a ground truth elasticity measurement, we im-
plemented acoustic radiation force shear wave elastog-
raphy (ARFI-SWE) in the phantom of fig[l] In ARFI-
SWE, the focusing of ultrasonic waves in a point in the
medium of interest creates a force which in turn acts as
a shear wave source. Immediately after the shear wave
generation, the same plane wave imaging sequence, as
in the diffuse field experiment, was used. Then, the
shear wave field was retrieved using the same phase-
based motion estimator. The three exemplary displace-
ment snapshots in figure [5(a) show a shear wave front
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originating from the focusing of ultrasonic beams at a
depth of 25 mm and in the lateral centre of the probe.
It can already be seen that the wave front propagates
faster in the bottom than in the top layer. Next, we ap-
plied equation(I]to the ARFI-SWE displacements. The re-
sulting shear wave velocity map displayed in figure[5(b)
shows a clear velocity contrast between the two layers,
except on the wave source location (central vertical line).
Finally, a classical time-of-flight algorithm [44] was used
for comparison. In figure [5{(c) the velocity profiles are
as plotted as a function of depth, obtained using either
noise correlation or time-of-flight. Both algorithms re-
trieve a sharp velocity increase at 22 mm depth, in ac-
cordance with fig. 2} The profile obtained using correla-
tion is smoother than the time-of-flight profile, but they
quantitatively agree (RMS =~ 0.15ms~!). This corrob-
orates the measurements showing the different elastici-
ties of the bi-layered gel phantom. However, the shear
a3 wave speeds differ from the previous results. This may
as be due to either, the difference in the frequency content
leading to dispersion in viscoelastic media or the pres-
ence of a measurement noise. This noise may impact
the focal spot when noise correlation approaches are per-
formed in other sections. This phenomenon can be ob-
served in seismology [45].
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FIG. 5. Ultrasonic push (ARFI) results. (a) Snapshots of the
displacement film at three times. (b) Shear wave velocity map
retrieved using passive elastography algorithms. (c) Velocity
profiles as a function of depth retrieved by averaging the shear
wave velocity map in (b) and measuring the time-of-flight.
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