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Abstract

The generation of shear waves from an ultrasound focused beam has
been developed as a major concept for remote palpation using shear wave
elastography (SWE). For muscular diagnostic applications, characteristics
of the shear wave profile will strongly depend on characteristics of the
transducer as well as the orientation of muscular fibers and the tissue
viscoelastic properties. The numerical simulation of shear waves generated
from a specific probe in an anisotropic viscoelastic medium is a key issue
for further developments of SWE in fibrous soft tissues. In this study we
propose a complete numerical tool allowing 3D simulation of a shear wave
front in anisotropic viscoelastic media. From the description of an ultrasonic
transducer, the shear wave source is simulated by using Field’s II software and
shear wave propagation described by using the Green’s formalism. Finally, the
comparison between simulations and experiments are successively performed
for both shear wave velocity and dispersion profile in a transverse isotropic
hydrogel phantom, in vivo forearm muscle and in vivo biceps brachii.

Keywords: shear wave imaging, viscoelasticity, anisotropy, Green’s
functions, transverse isotropy, fibrous tissue, elastography

(Some figures may appear in colour only in the online journal)
Content from this work may be used under the terms of the Creative Commons

Attribution 3.0 licence. Any further distribution of this work must maintain attribution
to the author(s) and the title of the work, journal citation and DOI.

0031-9155/15/093639+16$33.00 © 2015 Institute of Physics and Engineering in Medicine  Printed in the UK 3639


mailto:simon.chatelin@espci.fr
http://crossmark.crossref.org/dialog/?doi=10.1088/0031-9155/60/9/3639&domain=pdf&date_stamp=2015-04-16
publisher-id
doi
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.1088/0031-9155/60/9/3639

Phys. Med. Biol. 60 (2015) 3639 S Chatelin et al

1. Introduction

Understanding and simulating shear wave propagation in the biological soft tissues are key
features for the development of shear wave elastography (SWE) (Fatemi and Greenleaf 1998,
Sarvazyan et al 1998). In SWE, the mechanical properties of the viscoelastic soft tissue are
deduced from properties of shear wave propagation, as group or phase velocity, attenuation
or dispersion. Each property can be studied differently in order to retrieve tissue mechanical
properties. As an example, shear wave dispersion is linked to elasticity and viscosity of tissues
and can be characterized using appropriate rheological models (Chen et al 2004, Deffieux ef al
2009). Shear wave group velocity would give access to tissue stiffness (Fatemi and Greenleaf
1998, Sarvazyan et al 1998) and shear wave attenuation to viscosity (Catheline et al 2004).
These parameters were studied in different organs often considered as isotropic (Palmeri et al
2008, Tanter et al 2008, Sandrin et al 2003, Bavu er al 2011, Cosgrove et al 2011, Deffieux
et al 2011, Berg et al 2012). In fibrous media, such as muscle, biological tissues can be
considered as transversely isotropic. Many studies with different techniques were performed
regarding shear wave velocities as a function of the main tissue axis (Hoffmeister et al 1996,
Gennisson ef al 2010, Aubry et al 2013).

By combining acoustic radiation force with ultrafast imaging (Tanter ef al 2014), supersonic
shear imaging (SSI) was proposed a decade ago as a remote generation of low-frequency shear
waves in biological soft tissues (Bercoff ef al 2004a). The anisotropic shear viscoelasticity
was previously investigated experimentally by using SSI technique in in vivo biceps brachii
by rotating the ultrasonic probe with respect to the main fiber’s direction. (Gennisson et al
2010). SSI was also proposed on other strong anisotropic tissues as ex vivo myocardium or in
vivo Achille’s tendon (Lee ef al 2012, Brum et al 2013) or arteries (Shcherbakova et al 2014).
However, understanding wave anisotropy of shear viscosity and elasticity is still difficult.
Recently, a theory of shear wave propagation in a soft tissue with anisotropy of both elastic and
dissipative properties has been proposed with no fewer than four independent components for
these two characteristics (Rudenko and Sarvazyan 2014). Due to the complex dependence of
the shear wave propagation in such tissues, there is a need to have models and numerical simu-
lations of shear wave propagation in incompressible anisotropic viscoelastic tissues. Recently,
a theoretical model was proposed and compared to finite element simulations to estimate the
elastic tensor of an incompressible transverse isotropic material (Rouze et al/ 2013).

For over half a century, the waves generated by point sources have been described mainly
for seismology in homogeneous isotropic and anisotropic elastic media, such as piezoelectric,
thermoelastic and poroelastic solids (Buchwald 1959, Aki and Richards 1980, Burridge 1967,
Willis 1980, Norris 1994, Wang and Achenbach 1994). The theoretical Green’s functions in an
infinite transverse isotropic media have been calculated by Vavrycuk (2001). This description
was extended some years later to viscoelastic media by including a frequency dependence in
the Green’s functions (Vavrycuk 2007, 2008). From these studies, velocity and attenuation
of waves propagating from a point source in homogeneous media of arbitrary anisotropy and
attenuation strength can be calculated using the Green’s formalism. At the same time, the
use of the Green’s functions approach for low-frequency elastic waves through semi-infinite
isotropic and homogeneous soft media was proposed for the development of transient elas-
tography in the biological tissues (Catheline et al 2004, Sandrin ef al 2004). The extension to
transverse isotropic elastic media has been developed to support the evidence of the polariza-
tion of low frequency shear for transient elastography in muscular soft tissues (Gennisson
et al 2003). The application of the Green’s formalism in an Infinite viscous and elastic medium
was then developed for analyzing elastic waves induced by acoustic radiation force imaging
(Bercoff et al 2004b).
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In the present study we propose another approach using analytical description based on
the transverse isotropic, also called hexagonal, viscoelastic Green’s formalism. This approach
is coupled with a description of ultrasound transducer field simulated by Field’s II software
(Jensen and Svendsen 1992, Jensen 1996). This numerical approach is successively compared
to SSI experiments on a transverse isotropic tissue-mimicking phantom, in in vivo forearm
muscles and in in vivo biceps brachii. The aim of this study is to demonstrate that this simple
approach leading to a Green’s function formalism can be used to reproduce shear wave propa-
gation in transverse isotropic viscoelastic biological tissue, subject to the prior knowledge of
the mechanical properties of the medium.

2. Materials and methods

The objective of this study is to propose a new method combining the numerical simulations
of the ultrasonic fields and the analytical description of the shear wave propagation. Its appli-
cation and its comparison to SSI experimental measurements are then successively performed
in an anisotropic phantom (non-biological tissue but homogeneous, perfectly transverse iso-
tropic and completely characterized), a forearm muscle (in vivo biological tissue supposed
homogeneous and transverse isotropic for the analysis of the shear wave field and anisotropic
stiffness) and five biceps muscles (in vivo biological tissue supposed homogeneous and trans-
verse isotropic for the analysis of the dispersion profile).

2.1. Analytical simulation of shear wave propagation in a transverse isotropic viscoelastic
medium

The numerical shear wave propagation is developed in two successive parts: after modelling
the spatiotemporal distribution of the radiation force field, the displacement and axial velocity
fields are calculated using Green’s formalism.

2.1.1. Simulation of the radiation force field. First the pressure focused spot, generating the
radiation force field and acting as a shear wave source, is calculated by using Field II ultra-
sound simulation software (Jensen and Svendsen 1992, Jensen 1996). The linear transducer
array used experimentally is designed numerically with the following parameters: geome-
try (64 elements, 9.6 mm length), focus (40 mm), elements in emission (64 elements), pitch
(150 um), central frequency (5 MHz) and elevation focus (40 mm). The radiation force field
F(x) generated in the dissipative medium is mainly oriented along the focus axis (named Z
axis) and is deduced from the pressure-field pattern P(x), as defined in equation (1) (Torr
1984).

F(x) = ———= ey

where «a is the ultrasound attenuation coefficient (0.6dBMHz~!cm™! (Culjat et al 2010)), ¢
the sound celerity in the medium and x = (x, y, z) the Cartesian coordinates of the observation
point. ¢ is the acoustic impedance. Then each point of the resulting focal spot is used as a shear
wave source point in the following part of the simulation. For each point, amplitude of the
shear wave is modulated by the force field amplitude.

2.1.2. Calculation of the displacement field. Secondly, the shear wave propagation is based
on Green’s function formalism developed by Vavrycuk for seismology (Vavryéuk 2007). The
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medium is assumed to be semi-infinite, transversely isotropic, viscoelastic and homogeneous.
As written in equation (2), the generalized Hooke’s law expresses the constitutive relation of
a heterogeneous, anisotropic and viscoelastic solid.

o;j = Cijki€ij » for (i, Js kD= (,23) )

where oj; and ¢;; are the Cartesian components of the stress and strain tensors, respectively, and
Cijui is the complex component of the fourth-order viscoelastic tensor.

The linear equation of motion for wave propagation derives from the momentum conserva-
tion combined with the constitutive relation and can be written as:

pi(x,1) = V-Z(x,t) + F(x,1) 3)

where u(x,?) is the displacement field, £(x,?) is the stress tensor, F'(x,f) represents the impulse
body force (i.e. the radiation force field defined by the equation (1)), p is the density and V-
is the divergence operator. X and 7 correspond to the position vector and time, respectively.

The exact Green’s function U gives a time-harmonic plane wave description of u by follow-
ing the linear equation of motion (equation (3)). The exact elastodynamic Green’s function in
a semi-infinite, homogeneous, anisotropic, viscoelastic medium can be expressed from a point
source in the frequency domain as the sum of three regular and two singular terms. This sum
corresponds to a superposition of three homogeneous plane waves propagating in an arbitrary
direction with an arbitrary phase velocity and attenuation: one compressional wave (P-wave),
one fast shear wave (SV-wave) and one slow shear wave (SH-wave).

The calculation of the displacement vector from one point source to N point sources is
developed in the frequency domain in equation (4). As illustrated in figure 1 for temporal
representation, the terms G/, G, G, G{ and G}’ correspond to the contribution of the
P-wave, SV-wave, SH-wave, coupling between P-wave and SV-wave and coupling between
P-wave and SH-wave, respectively (for more details on this coefficient, the reader can refer to
Vavrycuk (2007)).

Un(x, ) = Z fTIp{G,E})(X, ®) + G (X, 0) + GP(x, 0) + GPx, 0) + G (x, 1)} (4)
1

where w is the frequency, (k, [) the direction index numbers of displacement and source,
respectively, F; the radiation force amplitude and p the density. The other terms Gy, are defined
as:

(1) 2,2 (3),3)
gk gl 1w-:“>, GIEZZ)(X y= ok oL gk 8 1wr[2) G,E?)(X ) = 8k 81 eiwr“)

W ap @ /a3, agsfam

(3)J- 3)L (3),(3)

Gl x,w) = L 2_ 8 8 ( 1)[ei“"@—ei“”(Z)]
NIm R iw

3g(1) ) — O -1 -1 )?
[®)] k iwr™
G (X, @) = r ap s (iwr(l)) * (ia)r(l))
o)+ ()
_ L gior + ) 5)
Auy [ iwr® iwr®

The travel times 7, 7 and 7 of the compressional wave P, the shear wave parallel to the
fibers SV and shear wave perpendicular to the fibers SH respectively, are defined by:

G{P(x,0) =
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Compression wave P Shear wave SV Shear wave SH
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Figure 1. Representation of the axial displacement field at one time and calculated from
a source point in one plane using the Green’s functions. The wave front is calculated as
the summation of a P-wave, a SV-wave, a SH-wave, a coupling term between P-wave
and SV-wave and a coupling term between P-wave and SH-wave.

r r r a
M= , 1@ = , 1= \/le + N2+ N2, )
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The polarization vectors are defined by:

]V] 1 _NIN3 1 N2
M — o—__ 1 | _NN G |_
g N2 , 8 2V3 |, & N1 s
N3 Q/N12+N22 N12+N22 1/N12+N22 0
M
3L — 1

gt =— M| 7
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Then, r = \/x? + x5 + x§ and R = /x{ + x7 are the distance from the source point to the
observation point and the distance from the focal axis to the observation point, respectively.

N,y = x,,/r is the unit direction vector from the source point to the observation point.

At last, assuming a Voigt’s model, a;; = 1/p(cp+ iwn,), asu = 1/,0(c52v + i(mysv) and
aee = 1/p(cgy + iwng,) are the density-normalized viscoelastic coefficients of the complex
Christoffel tensor, where cp, csy, csy and np, 115y, sy correspond to the ‘zero-viscosity’ celer-
ity and to the dynamic viscosity of the P-wave, SV-wave and SH-wave, respectively. It is
important to note that the cp, cgy and cgy parameters correspond to the group velocities in only

one case of pure elasticity, i.e. with negligible viscosity. Under viscoelasticity assumption,
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sy = €Bys Mgy = Nsy] and [y gy = cZys M.y = Nsy]  correspond to the elasticity and
damping parameters of the Voigt’s model for the longitudinal and transverse direction, respec-
tively. Assuming homogeneous density of the tissue, these a;j, aq4 and agg coefficients of the
density-normalized transverse isotropic stiffness tensor are defined by a link to the complex
viscoelastic Christoffel tensor, as shown by equation (8).

1
Ay = ;Cijkla (8)

The harmonic Uy(x, @) displacement field is then multiplied by the Fourier transform of
a temporal rectangular function with # = 300us duration (corresponding to the duration for
the application of the radiation force field F(x)). Finally, the temporal 3D displacement field
Ui(x, t) is deduced using the inverse Fourier transform, as well as the axial velocity field of the
shear wave velocity Uy(x, t) after temporal differentiation of Uy(x, t).

2.2. Experimental validation in a transversely isotropic phantom

In this part the probe was a linear phased array dedicated to pediatric cardiac diagnosis (linear
phased array, SMHz central frequency, 150 um pitch, 64 elements, Vermon, Tours, France)
connected to an ultrafast Aixplorer scanner (8280 frames/s, SuperSonic Imagine, Aix-en-
Provence, France).

The experimental measurement of the maximal radiation pressure, as well as the ultrasonic
beam pressure pattern, was first performed for this probe by using a laser interferometry tech-
nique. A high resolution optical system has been used for imaging pulsed ultrasonic fields
transmitted in water by the ultrasonic probe. As described by Barriere and Royer (Barriere
and Royer 2001b), the particle displacement was measured by a compact heterodyne inter-
ferometer whose probe beam was reflected by a thin membrane immersed in front of the
transducer. After modelization of the spatio-temporal response of the membrane to a spe-
cific pressure (Royer et al 1992, Barriere and Royer 2001b), the beam pressure pattern was
obtained. From these measurements, the mechanical Index (MI) and spatial-peak time average
(Ispra) were calculated and both M3 and Ispra,, were inferior to 1.90 and 720 mW cm™2,
respectively, as imposed by the Food and Drug Administration (FDA) for the muscular soft
tissue. The aim of these experimental measurements is both to control the numerical pressure-
field pattern obtained from the FieldII software and to insure the innocuousness of the in vivo
measurements.

Then the Green’s function formalism was validated by performing SSI experiments in a
transverse isotropic phantom. The phantom was prepared using a recently described protocol
aimed at inducing mechanical transverse isotropy in a cryogel PVA phantom by the align-
ment of its polymeric fibers along a preferential direction (Millon et al 2006, Wan et al 2009,
Chatelin et al 2014). The sample was composed of a Sw% PVA solution (molecular weight
89000-98 000, 99+% hydrolyzed, Sigma-Aldrich, St Louis, US) and 1w% cellulose (20 um in
diameter, S3504 Sigmacell, Sigma-Aldrich, St Louis, US) diluted in degassed distilled water.
After transfer into a parallelepiped PVC mold (100 X 60 X 50mm?), the solution underwent
two freeze/thaw cycles (i.e. 20 °C during 12h and —18 °C during the 12 next h) followed by
three freeze/thaw cycles, which include stretching to 80% of the initial length using a custom-
ized static tensile-test set up. The cross-link was induced in the polymer along a preferential
orientation that corresponds to the stretching direction.

SSI experiments were performed using the following protocol: an ultrasonic focused beam
was used to remotely generate radiation acoustic forced resulting in low-frequency propagation
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of shear waves (figure 2). Then by using ultrafast imaging mode, a movie of the propagating
shear wave was recorded, giving access to shear wave speed (Bercoff et al 2004a). The shear
wave group velocity in the longitudinal (6 = 0°) and transverse (€ = 90°) directions were used
as input for the numerical simulations. Because of the results from the first step of the experi-
ments, the input parameters used for the simulations are related in the result subsection for
the tests on both phantom, forearm and biceps muscle. The viscosity value was measured in
a previous study (0.1 Pas) by different rheological technique in the transverse isotropic PVA
phantom (Chatelin et al 2014). It has to be noticed that the use of viscosity inferior to 0.4 Pas
produces negligible effects on the shear wave profile for the field of view and stiffness con-
sidered in this study. The profiles of the shear wave speed in function of the probe angle 6
(from —90° to 90° by 10° steps) were then compared between experiments and simulations.

2.3. Experimental validation in vivo on human muscle

To present a distribution of fibers oriented along a preferential direction, muscle is the best
candidate for a transverse isotropic elastic medium. In this step comparison of the simulations
with the measurements of anisotropic shear wave group velocity and shear wave dispersion
was performed in vivo on the contracted forearm and in the biceps brachii respectively.

On the forearm muscle, the shear wave speed was estimated using a dedicated flight-time
algorithm that measures the shear wave group velocity for various angles 6 (from —90° to 90°
by 10° steps) between the probe and the fibers. The maximum speed was reached by align-
ing the probe with the muscle (6 = 0°), and the minimum when the probe was perpendicular
to the muscle fibers (6 = +90°). These values were used as inputs for the Green’s function
numerical simulations as the longitudinal and transverse shear wave speed, respectively. After
simulation, the profiles of the shear wave speed were then compared between experiments and
simulations over the probe angle 6 (from —90° to 90° by 10° steps).

On the biceps brachii, numerical simulations were compared to experimental data already
published in Gennisson ef al (2010). The reader can refer to this article for more details about
the experimental material and methods. In this study, the phase velocity profiles were esti-
mated as a function of the frequency using the algorithm described by Deffieux et al (2009).
The shear wave phase for each frequency was computed by calculating the Fourier transform
of experimental velocity field acquired as a function of time. The phase velocity ¢, of shear
wave is given by equation (9) and the real part of the complex wave number Re[k] can be esti-
mated from a linear fit of the phase function along the axis of propagation of the wave, where
@ is the angular frequency.

¢, = w/Re[k] 9)

Assuming a Voigt’s model, the estimation of the shear wave speed at multiple frequencies
leads to the global estimation of both shear modulus and viscosity. The longitudinal #gy and
transverse #gy viscosities were identified from the numerical simulations by fitting the phase
velocity as a function of the frequency (equations (10) and (11)) in accordance with the Voigt’s
model. This model is essentially applicable to the highest frequencies and for the far-field
from the push area. The shear wave profile has a bandwidth from 120 to 800 with a central
frequency close to 450Hz.

2ugy + 0™15y)

(10)
ﬂ(ﬂsv + 4 sy + 0’2'7s2v)

Cosv =
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(@) 4
= Rotation axis
[ Ultrasound (6 angle) - Rotation axis
L probe (0 angle)
Shear wave 8 Ultrasound . -
ropa; ation i ransverse |sotropic
e 4 Brobe PVA phantom

Shear wave

propagation i Flexor carpi ulnaris

Palmaris longus =
e e W Shear wave
Flexor carpi radialis = e e

Brachioradialis .=

Fibers orientation

Figure 2. The basic principle of SSI (a): an acoustic beam (grey area) was generated
and focused (blue spot) from a probe to induce shear waves in the medium (red lines
and arrows). These waves were caught by using ultrafast imaging mode. The setup for
the experimental measurements in a transverse isotropic PVA hydrogel phantom (b) and
in the forearm muscle (c) are based on this principle. The in-plane stiffness constants
for different orientations are deduced from the SSI shear wave speed measurements by
rotation of the probe (€ angle).

2ugy + o*ngy) |
(11
P(ﬂSH + 4 Hiy + 0’2’7S2H)

usy and pgy are the longitudinal and transverse shear elasticity, respectively, and correspond
to the elastic parameters of the Voigt’s model. The damping part of the longitudinal and trans-
verse Voigt’s models is given by the longitudinal #gy and transverse 1y dynamic viscosities.

The usy, usu, nsy and nsy parameters have been identified by fitting equations (10) and (11)
to the longitudinal and transverse shear wave dispersion profiles in Gennisson et al (2010).
These parameters have been used in the present study as input parameters for the anisotropic
viscoelastic Green’s simulations. The numerical dispersion profiles were compared to the
experimental ones presented by Gennisson et al in 2010.

Because the parameters used as input for the simulations came mostly from the first part of
the experiments, we decided to detail these parameters in tables in the section 3.

CoSH =

3. Results

3.1. Comparison between simulation and SSI experiments in phantom

The pressure focal spot size at full width at —6dB attenuation at the focus was 0.8 mm in the
azimuthal direction, 0.8 mm in the elevation direction and 10 mm in the axial beam (Z) direc-
tion, with a maximal value of 1.205 MPa.

Figure 3 represents the experimental shear wave propagation in the transverse isotropic
phantom in both longitudinal (a and c¢) and transverse (b and d) direction. The resulting axial
(Z) velocity field of the shear wave velocity over time in the longitudinal (a) and transverse
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Figure 3. The experimental axial (Z) velocity field of the shear wave velocity over time
in the longitudinal (@) and transverse (b) directions (superposed to B-mode images)
are represented at the same sampling times (1 ms after the push generation) for SSI in
the anisotropic hydrogel phantom. The spatio-temporal experimental imaging of the
shear wave in the longitudinal (¢) and transverse (d) directions in a focal area (rectangle
in red color) are compared to the numerical ones for the same orientations (e and f,
respectively).

(b) directions is represented at the same sampling times (1 ms after the push generation). By
fitting the slope, the spatio-temporal imaging (c and d) of the shear wave gives an evaluation of
the longitudinal and transverse velocity. Csy and cgy were found to be 3.24 + 0.853m s~!and
1.95 + 0.326ms™!, respectively. Based on these experimental values and the pressure field
calculated using the FieldII software, the parameters summarized in table 1 are implemented
in the numerical simulations of the shear wave propagation in the anisotropic phantom.

The resulting numerical longitudinal (e) and transverse (f) spatio-temporal imaging is
illustrated in figure 4 for comparison with the experimental results (c and d). Despite some
differences in the shear wave amplitudes, similar shear wave speeds are observed between
experimental and numerical data, validating the simulations for these two particular directions.

Figure 4 shows the shear wave speed variations for both experimental and numerical results
in the fibrous medium by variation of the in-plane angle € between the fibers of the phantom
and the shear wave propagation direction (a). The shear wave profile propagating over differ-
ent time steps is also represented (b).

3.2. Simulation versus in vivo SSI experiments

Similarly to the SSI data for the anisotropic phantom, the experimental shear wave propagation
in the forearm muscle is illustrated in figure 5 for both longitudinal (a and c¢) and transverse
(b and d) directions, i.e. along (6 = 0) or perpendicularly (6 = 90) to the muscular fibers.
The resulting axial (Z) velocity fields in both longitudinal (a) and transverse (b) directions
are represented at the same sampling times (1 ms after the push generation). The results are
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Table 1. Experimental SSI data used to determine the numerical parameters as input
for the shear wave simulations in the transverse isotropic phantom.

sy CsH cp [ Mp sy Nsu P
[ms™1] [ms™1] ms™] [Pas] [Pas] [Pas] [gcm*:‘]
Experimental 324+085 1.95+0.33 — — — — —
measurements
Numerical 3.24 1.95 1500 0.1 0.1 0.1 1000
parameters
(@) £ 4
£ - o
z mHl/\ o e e ‘?J"!El L .
g 3 luw " o W e UM @ Experimental SSI measurements
E | x o ° ® ° @ Numerical simulations
L 2@ $60 ® #-9  (viscoelastic TI Green's formalism)
§ 1
ﬁ -90 -60 -30 0 30 60 20
O Probe angle [°]
(b) & Z displacement [um]
£

12
Transverse direction

Longitudinal
direction

1.6ms Time [ms]

Figure 4. The shear wave speed variations (b) are extracted from the simulation (blue
dots and line) as a function of the probe / fibers angle 8 and compared to the experimental
data (orange dots, including standard deviation) in the anisotropic phantom. The
longitudinal Z-displacements induced in the focal plane by the acoustic radiation force
field are represented at different sampling times from the Green’s function formalism
simulation in a transversely isotropic viscoelastic medium (a).

analyzed in a Region Of Interest (ROI) defined manually to obtain data in a homogeneous
part of the muscle, as far as possible from muscular layer interfaces. By fitting the slope, the
spatio-temporal imaging (¢ and d) of the shear wave gives experimental measurements for the
longitudinal and transverse group velocity of 6.69 + 0.234ms™! and 2.16 + 0.187, respec-
tively. For this simulation, the viscosity has been implemented in accordance with values
from the literature, supposing a similar viscous behavior for both forearm and biceps muscle
(Gennisson et al 2010). We consider these group velocities as equal to the ‘zero-viscosity’
velocities, i.e. giving a direct estimation of the elastic part of the Voigt’s model. This assump-
tion will be further discussed in the section 4. Consequently, these parameters are used as csy
and cgy input parameters for the numerical Green’s simulations. Based on these experimental
values and the pressure field exposed in the 3.1 subsection, the parameters summarized in
table 2 are implemented in the numerical simulations of the shear wave propagation in the
forearm muscle.

Figure 5(e) shows the shear wave speed variations for both experimental and numerical
results in the fibrous medium by variation of the in-plane angle 8 between the muscular fibers
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Figure 5. The experimental axial (Z) velocity fields in both longitudinal (@) and
transverse (b) directions (superposed to B-mode images) are represented at the
same sampling times for SWE in the in vivo forearm muscle. The spatio-temporal
experimental imaging of the shear wave in the longitudinal (c¢) and transverse (d)
directions confirms the anisotropic profile by a significant variation of the slope. The
shear wave speed variations (e) are extracted from these experimental measurements
(green dots, including standard deviation) as a function of the probe / fibers angle € and
compared to the anisotropic data (blue dots and line) from the numerical simulations.

Table 2. Experimental SWE data used to determine the numerical parameters as input
for the shear wave simulations in the in vivo forearm muscle.

Csy CsH cp Ny NsH np P
[ms™'] [ms™1] [ms™']  [Pas] [Pas] [Pas] [gem™]
Experimental 6.69 +0.23 2.16+0.19 — — — — —
measurements
Numerical 6.50 2.16 1500  0.65+0.10* 0.92 +0.06* 0.1 1000
parameters

 In vivo data on five healthy volunteers from Gennisson et al (2010).

and the shear wave propagation direction. The highest speed is well correlated with the fiber
orientation for both approaches. Whatever the fiber orientation is, the experimental results and
the viscoelastic Green’s function simulations are in very good agreement. This helps to vali-
date the elastic behavior of the shear wave propagation in the anisotropic simulations.

The capability of the numerical method proposed in this study to simulate the anisotropic
viscoelastic behavior of fibrous soft tissues is here compared to experimental data on the
in vivo relaxed biceps from Gennisson et al (2010). The experimental values from this study,
as well as the numerical input parameters for the simulations in the biceps muscle, are sum-
marized in table 3.

For 6 = 0° and 8 = 90°, the numerical longitudinal and transverse shear wave velocity
fields are extracted and compared to the experimental data, as illustrated in figure 6. As
expected, while the longitudinal propagation is non dispersive, the transverse shear wave
propagation is dispersive. Both curves are in good agreement with the experimental data.
This helps to show that the previously described transverse isotropic viscoelastic Green’s
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Table 3. Experimental SWE data used to determine the numerical parameters as input
for the shear wave simulations in the viscoelastic biceps.

Hgy Hsu cp sy Nsn fp 4

[kPa] [kPa] [ms~!] [Pas] [Pas] [Pas] [g cm’]
Experimental ~ 5.86 + 0.20* 1.58 +0.15* — 0.65 +0.10* 0.92 +0.06* — —
measurements
Numerical 5.86 1.58 1500 0.65 0.92 0.1 1000
parameters

# In vivo data on five healthy volunteers from Gennisson et al 2010).
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Figure 6. Velocity field of the shear wave velocity along the fibers and perpendicularly
to the fibers from numerical simulations and experimental SSI acquisitions* in five
in vivo viscoelastic biceps, using the values presented in table 3. The minimal, mean and
maximal numerical curves are calculated using the mean as well as mean + standard
deviation values from Gennisson et al (2010) as input parameters.

function can be used to simulate not only the elastic but also the viscous anisotropic behavior
of in vivo fibrous tissue.

Finally, while the experiments in the phantom contribute towards validating the approach
in a well-known, perfectly transverse isotropic, homogeneous medium, the tests in the forearm
and biceps muscle illustrate the potential of combining numerical simulations and analytical
formalism to determine the transverse isotropic shear wave profile and the anisotropic disper-
sion profile, respectively.

4. Discussion and conclusions

Understanding shear wave propagation in fibrous tissue is one of the most challenging issues
for elastography. Through the comparison with phantom-based as well as in vivo experimen-
tal data on muscle, this paper proposes a simple numerical tool for the simulation of shear
wave elastography in fibrous viscoelastic medium, with numerous perspectives in terms of
mechanical anisotropy and viscosity measurements on in vivo fibrous soft tissues.

As illustrated in figure 4(a), the shear wave speed profile is similar in simulations and
experiments and is significantly faster in the longitudinal direction than in the transverse direc-
tion. Whatever the fiber orientation is, the experimental results and the viscoelastic Green’s
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function simulations are in very good agreement. For both experimental and numerical results,
the shear wave velocity is gradually dependent on the 8 angle between the fibers and the shear
wave propagation direction, which is in good agreement with the assumption of mechanical
transverse isotropy. These variations of the shear wave speed can be easily understood by
observing the shear wave profile propagating over different time steps (figure 4(b)). The shear
waves are propagating from the center of the radiation force field and significantly faster along
than orthogonally to the fiber direction. It can also be observed that shear wave amplitude is
significantly higher in the fiber main direction than in the orthogonal one. However, due to
technological limitations, the actual probes give the possibility of visualizing simultaneously
the here-described shear wave profile in only one bi-dimensional plane. The numerical simu-
lations are still one of the best ways to illustrate this phenomenon. Recent development of
3D ultrafast ultrasound imaging in vivo would give a promising perspective for the complete
anisotropic shear wave field experimental visualization (Provost et al 2014).

In a similar way to finite differences or finite elements simulations, the analytical approach
using Green’s formalism gives the opportunity of understanding shear wave propagation
in a complex medium. As observed in this study, the mechanical properties measured by
bi-dimensional SSI in a fibrous tissue is greatly dependent on the observation direction of the
shear wave propagation, i.e. on the orientation of the ultrasound probe, as shown in figures 3
and 5. However, it has been shown in this study that the numerical simulations are powerful
tools to predict or interpret experimental SSI measurements. It has to be noticed that the ana-
lytical formalism is subject to an a priori knowledge of some the mechanical of the soft tissue,
mainly the longitudinal and transverse stiffness and viscosity coefficients.

Both experimental and numerical profiles of the shear wave speed in the function of the
angle illustrated in figures 5(a) and 6(b) are similar to the analytical expressions for an homo-
geneous transverse isotropic medium (Royer and Dieulesaint 2000, Wang et al 2013). It is
also important to show that the velocity of the longitudinal wave as well as the profile of the
propagation velocity for a transverse (shear) wave in the function of the angle of incidence 6
(figures 4(a) and 5(e)) have a similar shape to the analytical expression recently described by
Rudenko and Sarvazyan (Rudenko and Sarvazyan). As described by the authors, the veloc-
ity of the transverse wave polarized orthogonally to the plane of incidence as a function of
angle 6 between fiber axis and wave vector can be determined by two independent moduli a4
and agg, similarly to the here-developed approach for the Green’s formalism. Like Rudenko
and Sarvazyan using the fourth rank viscosity tensor, both descriptions for the dissipative
properties are determined by two independent components. The present approach provides,
in addition, more detailed aspects on wave dispersion and implies specific parameters of the
ultrasonic probe.

An important limitation of our method concerns the assumptions of the mechanical proper-
ties of the tissue, which is supposed to be semi-infinite, homogeneous and perfectly transverse
isotropic. While the modeled shear wave speeds are in very good agreement for € = 0° and 6 =
90°, some divergences can be observed in vivo in-between angles (such as 8 = 45°), as shown
in figure 5(e). This remark illustrates not only the limit in considering the muscles as per-
fectly transverse isotropic, but also in assuming the tissue as homogeneous and semi-infinite
in the Green’s formalism, while muscles are both multi-layered and multi-directional fibrous
medium. One of the major perspectives for this study would consist of the complexification
in both the anisotropic modelization of the muscular soft tissues and its multi-layer and multi-
phase finite medium assumption.

It has to be noticed that use of the Green’s formalism for viscoelastic simulations requires
the description of the medium using Voigt’s model. This implies to use a ‘zero-viscosity’
velocities (elastic part of the Voigt models), which can be considered as the group velocities in
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only one case of negligible viscosity. This point is important because using the group veloci-
ties values as input for the Green’s function will be completely correct for the low-viscosity
media. It corresponds to the configurations and assumptions used in the tests in the PVA
phantom as well as in the forearm muscle. However, this assumption is useless when consid-
ering at the same time a viscoelastic medium and the dispersion curves, as for our tests in the
biceps muscle. It comes from the use of the Voigt’s model in both experimental and analytical
approaches. The use of the group velocity is no more useful and the description of the material
using the parameters of the Voigt’s model will give the best results. Again, this aspect illus-
trates the necessity of a good a priori knowledge of the mechanical properties of the medium
for the use of the formalism proposed in this study.

We have shown that in vivo application is possible, for both anisotropic shear wave
velocity and dispersion profile simulation. It plays a major role in the design and the opti-
mization of new ultrasonic transducers dedicated to remote elastography in isotropic or
fibrous tissue, such as muscle or myocardium. One of the main advantages of the numerical
approach is to have a relatively low computational requirement in comparison with finite
element and differences approaches. By coupling the Field II and the shear wave Green’s
formalism simulations, the total pressure field generated by a specific ultrasonic probe is
considered as source of wave propagation. It gives the possibility of investigating the shear
wave propagation dependence not only with the mechanical properties of the targeted tis-
sue (stiffness, viscosity, transverse isotropy, compressibility, and density) but also with the
probe used for elastography. This remark has great perspective for the design of new probes
dedicated for SSI.

In this study, the description of wave propagation has been focused on transverse isotropy
with fiber direction systematically parallel to the ultrasound beam focal plane. This configu-
ration is certainly the closest to the most common one used for cardiac or muscular SSI.
However, other configurations and local fibers-crossings would not be modeled in a satisfac-
tory way by in-plane fibers. In this way, the extension of the Green’s formalism to orthotropic
medium would be one of the first perspectives of prolongation for this study. Elsewhere, the
feasibility of simulating shear waves in 3D anisotropic space has been shown. However, the
actual SSI technique does not allow us to visualize a shear wave front out from the 2D imag-
ing plane (with shear waves polarized in the axial direction). This limitation would especially
concern SSI with either out-of focal plane fibers or fibers crossing areas. The main suggestion
to solve it would consist of the development of a 3D probe for SSI.

As shown in figure 6, the numerical approach is thought to reproduce the in vivo dispersion
in both longitudinal and transverse directions and, by extension, the complete shear wave dis-
persion in a viscoelastic fibrous tissue. In isotropic as well as anisotropic mediums, shear wave
attenuation is not only due to viscosity but also to diffraction, being consequently a source of
bias. The use of numerical simulations, such as the analytical approach developed in this study
for anisotropic SSI, allows us to separate these two contributions and opens the perspective
to experimentally extract viscous losses in anisotropic mediums. In this way, the comparison
between numerical and experimental shear wave attenuation in transverse isotropic viscoelas-
tic medium is one of the continuations of this study.

The simulations have been designed and experimentally validated to model the shear wave
propagation in a viscoelastic transverse isotropic medium. The results show the feasibility
of numerically combining both focal spot simulation and tridimensional displacement field
calculation. The comparison with in vivo experimental data in a viscoelastic transverse iso-
tropic medium shows the efficiency of the method to model shear wave elasticity imaging a
replicated fibrous biological soft tissue using a specific ultrasonic probe.
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