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This paper describes a method to estimate mechanical properties of soft, anisotropic materials from
measurements of shear waves with specific polarization and propagation directions. This method is
applicable to data from magnetic resonance elastography (MRE), which is a method for measuring shear
waves in live subjects or in vitro samples. Here, we simulate MRE data using finite element analysis. A
nearly incompressible, transversely isotropic (ITI) material model with three parameters (shear modulus,
shear anisotropy, and tensile anisotropy) is used, which is appropriate for many fibrous, biological tis-
sues. Both slow and fast shear waves travel concurrently through such a material with speeds that
depend on the propagation direction relative to fiber orientation. A three-parameter estimation approach
based on directional filtering and isolation of slow and fast shear wave components (directional filter
inversion, or DFI) is introduced. Wave speeds of each isolated shear wave component are estimated using
local frequency estimation (LFE), and material properties are calculated using weighted least squares.
Data from multiple finite element simulations are used to assess the accuracy and reliability of DFI for
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1. Introduction

Magnetic resonance elastography (MRE) is an innovative
method for non-invasive estimation of material parameters of
living biological tissue, including in human subjects. In MRE,
shear waves are introduced by external vibration at a specific
frequency and the resulting displacement fields are visualized by
motion-sensitive MR imaging sequences. Material parameters are
estimated from the wavelengths (hence speed) of shear wave
components in the tissue. Recent studies using MRE have been
performed to estimate the material properties of a wide range of
tissue including the liver (Klatt et al., 2010), skeletal muscle (Klatt
et al., 2010b; Papazoglou et al., 2006), and brain (Green et al.,
2008; Clayton et al.,, 2011). While in many studies an isotropic
material is assumed, biological tissue is often anisotropic, which
requires more sophisticated material models.

Recently, researchers have proposed anisotropic material
models with two (Qin et al., 2013; Sinkus et al., 2005), three (Guo
et al., 2015; Feng et al., 2013; Namani and Bayly, 2009; Papazoglou
et al., 2006), and five or more (Romano et al., 2012) elastic
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parameters. Each of these models assumes a transversely isotropic
or orthotropic material undergoing small elastic or viscoelastic
deformations, which are appropriate assumptions for MRE of
many soft anisotropic tissues. For both two-parameter models (Qin
et al.,, 2013; Sinkus et al., 2005), the material is assumed to be
nearly incompressible, which simplifies the model so that analy-
tical expressions for wave speed can be found. As a further sim-
plification, only shear anisotropy is considered, in which the effect
of stretching the fiber is ignored. The two-parameter model
implies a single shear wave mode (slow) whose speed varies with
direction.

For the three-parameter models (Guo et al., 2015; Feng et al.,
2013), both shear and tensile anisotropies are taken into account.
Tensile anisotropy accounts for the effect of fiber stretching and is
the basis of the distinction between slow and fast shear waves.
While the three-parameter model is unable to describe pressure
waves in a material, for nearly incompressible materials such as
many soft tissues, the assumption of incompressibility allows
accurate predictions of isochoric deformations. Guo et al. (2015)
have recently published a method to estimate three material
parameters for an ITI material from the curl of a displacement field
measured by MRE. In their material model, Guo et al. (2015)
assume incompressibility, a priori, in the derivation of the equa-
tions used in the inversion. The estimation approach introduced
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by Guo et al. (2015) requires taking the curl of the displacement
field and does not explicitly require that both slow and fast shear
waves are included for inversion. The paper by Feng et al. (2013)
includes the derivation of inverse equations before applying the
incompressibility assumption, which can be used to determine
ranges of the bulk modulus for which the approach is valid. Feng
et al. (2013) demonstrate how the compliance tensor with the
incompressibility approximation can be used to find expressions
for Young's moduli, shear moduli, and Poisson's ratios.

Romano et al. (2012) introduced a spatial-spectral filter in order
to identify five viscoelastic material parameters from MRE data.
Combined with Helmholz Decomposition (Romano et al., 2012,
2005), shear and pressure waves are separated within a waveguide
in which fibers follow a known path. Wave speeds estimated
in a local reference frame relative to the waveguide are then used
to estimate material properties. A nine-parameter, orthotropic
material model is assumed, and the five independent components
of the transversely isotropic material model are revealed through
redundancies.

This material model used by Romano et al. (2012) captures both
shear and pressure waves and does not require the assumption of
near-incompressibility. However, the model is described in terms
of the stiffness tensor rather than the compliance tensor which
greatly increases the complexity of the estimation problem. In a
nearly incompressible material, the speed of the pressure waves
tend to be orders of magnitude larger than the speed of the shear
waves; corresponding elements of the stiffness matrix may also
differ by orders of magnitude.

A phenomenon specific to anisotropic elastic or viscoelastic
media is the concurrent existence of slow and fast shear waves,
which can be exploited to estimate material properties. The three-
parameter model (Feng et al., 2013) is the simplest approach that
captures both shear waves. In this paper, we develop and
demonstrate a method to identify the three incompressible,
transversely isotropic (ITI) material parameters using a directional
filter inversion (DFI) approach. The DFI method separates the slow
and fast shear waves by projecting onto the corresponding polar-
ization vectors and using directional filters similar to the spatial-
spectral filters introduced by Romano et al. (2012). However, in the
DFI approach, arbitrary propagation directions are used with the
separated slow and fast shear waves to isolate specific compo-
nents. The proposed method explicitly requires both slow and fast
shear waves for a valid material parameter estimate and can be
performed directly on the displacement field. In this study, we
analyzed simulated data to assess the ability of DFI to estimate
shear wave speeds and material properties.

2. Methods

We first demonstrate that, in general, harmonic excitation at frequencies
typical of MRE in an ITI material results in both slow and fast shear waves. Next, we
present the DFI method which uses both slow and fast shear waves to estimate the
three ITI material parameters. We describe the simulation approach, based on a
motivating physical experiment, and show how it is used to assess the accuracy and
reliability of this approach.

2.1. Theory of shear waves in an incompressible, transversely isotropic elastic material

This section presents the basic concepts underlying shear wave behavior in a
fibrous material. (Appendix A includes a derivation of the equations described
below.) We start with a linear, elastic, ITI material model (a fiber reinforced iso-
tropic substrate), as shown in Fig. 1. Typically, both the tensile modulus in the fiber
direction and the shear modulus in planes parallel to the fibers are stiffened, as
highlighted in Fig. 1b and d, respectively. Rather than seeking the elements of the
elasticity matrix, it is convenient to use the substrate shear modulus y, shear
anisotropy ¢ =y, /u—1, and tensile anisotropy { =E;/E; —1 as the three material
parameters.

g12 g23

B = 5, H=pe = 55,

Fig. 1. (a) Transversely isotropic material with fiber reinforcement. Tensile moduli
in directions (b) parallel and (c) perpendicular to the fibers are given by E; and E,,
respectively. Shear moduli in planes (d) parallel and (e) perpendicular to the fibers
are given by p; and g, respectively. The 13-plane (not shown) has the same
shear and tensile properties as the 12-plane. The dashed boxes indicate the
undeformed case.

Consider a shear wave traveling in an ITI material with an arbitrary propagation
direction 7 at an angle @ from the fiber direction @ such as the one shown in
Fig. 2. The displacement of this shear wave can be polarized into independent slow
and fast shear wave components. The polarization direction of the slow shear wave
is given by (Appendix A)

— — —
ms=n x a, [@))]

which occurs in a direction perpendicular to both the propagation direction and the
fiber direction. The normalized vector is given by 1 = ﬁ)s/| ﬁ’s |, which is used for
all dot products. Because the slow shear wave does not stretch the fibers, the speed
of the slow shear wave only depends on the shear anisotropy and is given by

& :%(1+¢ cos2(0)). @
On the other hand, from the polarization direction of the fast shear wave given by
my=T xms, 3)
and the speed of the fast shear wave given by

cf:%(huﬁ cos2(20)+¢ sinz(Zé))). (4)

The normalized vector is given by rii; = i, /| Ti;|, which is used for all dot pro-
ducts. It is clear that the fast shear wave stretches the fiber and that its speed is
dependent on the tensile anisotropy. The result is two independent shear wave
components traveling in the same direction at different speeds.

To illustrate the differences between the slow and fast shear wave speeds due
to tensile anisotropy, consider the plots in Fig. 3 of wave speed versus tensile
anisotropy. The slow shear wave speed in Fig. 3a is independent of {, since the slow
shear wave speed does not depend on tensile anisotropy. However, the speed of the
fast shear wave does increase for larger values of tensile anisotropy as shown in
Fig. 3b. Note for the degenerate cases of @=0° and €=90°, only the slow shear wave
is present.

One of the critical assumptions of an ITI material model is incompressibility, in
which the bulk modulus x approaches infinity. To see the effects of this assumption,
consider Fig. 3 in which the fast shear wave and pressure wave speeds in a nearly
incompressible transversely isotropic (NITI) material are plotted versus bulk
modulus, k, and tensile anisotropy, {. Fig. 3¢ shows that for even a relatively small
ratio of bulk modulus to shear modulus (x/¢ = 100), the speed of the fast shear
wave is already approaching the incompressible case. The slow shear wave speed is
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Fig. 2. A displacement field with a single propagation direction, 7, at an angle ¢
from the fiber direction, @, can be decomposed into two shear waves, (a) “slow”
and (b) “fast” with different polarization directions. This is illustrated for the case in
which the fiber direction is aligned with the x-axis. (a) The displacements of the
slow shear wave are in the ﬁ)s polarization direction which lies in the shaded
plane. (b) The displacements of the fast shear wave are in the F1)f polarization
direction which lies in the shaded (xz) plane. Note that the wavelength of the fast
shear waves is longer than that of the slow shear wave for the same frequency.
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Fig. 3. The effect of tensile modulus ¢ and propagation direction ¢ on the (a) slow ¢
and (b) fast ¢y shear speeds is shown (u =p=¢ =1 and k- c0). The tensile modulus
increases along a radius from the origin with an angle ¢ from the ¢ =0 axis. An
increase in ¢ increases ¢y, but has no effect on c;. The effects of ¢ and bulk modulus «
on the (c) fast shear speed and (d) pressure wave speed c, are shown (u=p=¢ =1
and 0=135°). The fast shear speed approaches a constant value for finite «.

unaffected by the bulk modulus. In addition, in this nearly-incompressible material,
the pressure wave speed c,, is much larger than the speed of either shear wave as
shown in Fig. 3d.

2.2. Directional filter inversion

For an ITI material with a known displacement field, the three parameters can
be estimated if the slow and fast shear waves in multiple directions can be isolated
and the speeds of the waves estimated. This is the fundamental concept behind the
DFI method. Fig. 4 outlines the steps used in DFI to identify the speed of slow and
fast shear waves.

2.2.1. Isolation of wave components

The input to DFI is a harmonic displacement field such as one generated in
MRE. The first step is vector projection, in which the slow and fast shear waves are
isolated by performing a dot product between the displacement field and the
normalized slow and fast polarization directions, respectively. The polarization
directions are determined using Eqgs. (1) and (3). While the arbitrary propagation
direction, 7, may be selected, the fiber direction, @, must be known a priori using
diffusion tensor imaging (DTI) (Romano et al., 2012) or other suitable method. Next,
the propagation direction, T, is isolated by filtering the polarized data in Fourier
space (Manduca et al.,, 2003). The resulting directionally filtered dataset consists of
an independent displacement field for either the slow and fast shear wave in an
arbitrary propagation direction. In principle, any arbitrary set of propagation
directions may be chosen for the analysis, such as an equally spaced 3D set or a set
containing directions with large amplitude contributions such as the one shown in
Fig. 5d. Creating a set of propagation directions with large amplitudes typically
requires an iterative approach. The process is repeated for all propagation direc-
tions in the set, for both slow and fast shear waves.

2.2.2. Wave speed estimation

We use the well-established local frequency estimation (LFE) (Knutsson et al.,
1994) method to estimate wave speeds. However, other approaches to estimate
wave speeds such as wavelet analysis (Kingsbury, 2001) can also be used. In
addition to wave speed, LFE also provides a measure of the variance of the speed
estimate at each voxel (Okamoto et al., 2014; Knutsson et al., 1994), which they call
“certainty.” This value may be useful for assessing confidence in wave speed esti-
mates for parameter identification. We used the LFE parameters p, =1 for the
center frequency and N=11 for the number of filters (Okamoto et al., 2014).

2.2.3. Inclusion criteria

The main complication in estimating wave speeds for each direction is that a
displacement field may not include significant slow and fast shear wave compo-
nents at every location. For example, consider the filtered displacement fields in
Fig. 4, which highlight directionally filtered wave fields that fill a subset of the
domain. LFE and other techniques return wave speed estimates for the entire
domain, including regions with little displacement. In addition, directional filters
are not ideally narrow or selective. Therefore, wave speed estimates must be
carefully selected before being included in parameter identification. In this study,
we use three selection criteria: (i) amplitude of the corresponding shear wave
component, (ii) LFE “certainty,” and (iii) rejection of outlying wave speed estimates.

(i) For the amplitude threshold, the magnitude of the filtered displacement at a
particular voxel must be larger than a specified fraction of the median
amplitude of the unfiltered field. The resulting mask eliminates voxels in
which the amplitude of the specified shear wave is too low for an accurate
wave speed estimate.

(ii) The certainty threshold results in a mask in which the variance of wave speed
estimates is relatively low, based on LFE. A certainty of one corresponds to a
low variance, and a certainty of zero corresponds to a large variance.

(iii) The mean and standard deviation of the remaining wave speeds are then
calculated in order to create a mask that eliminates wave speeds one standard
deviation above and below the mean. This final step is a simple approach that
is effective in removing artifacts from imperfect directional filtering.

2.2.4. Material parameter estimation

Next, material parameters can be estimated from Eq. (2), Eq. (4), and the wave
speed. To estimate all three parameters, valid speed estimates for both types of
shear waves must be available for a range of propagation directions. Therefore,
estimates of material properties are improved by combining multiple voxels that
include waves with a variety of propagation directions. For a local inversion, which
results in an estimate centered at each voxel, a kernel or sphere of voxels is selected
to be included in the fitting process. The estimated material properties are then
assigned to the voxel at the center of the kernel. For a global inversion, all voxels
within a region are assumed to have uniform material properties, and conse-
quently, any subset of the voxels may be used for the inversion.

In this paper, we use the weighted least squares approach to estimate the
material parameters for both local and global inversion methods (see Appendix B
for more details). The weights are the relative displacement amplitudes at each
voxel for a particular propagation direction and polarization. At least two propa-
gation directions with different angles @ from the fiber direction are required for a
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Fig. 4. The process of estimating the shear wave speed for DFI begins with the 3D displacement field. The data displayed in this figure is from the cylindrical simulation
shown in Fig. 5. All slices are shown in the xy-plane with the slice location and coordinate system indicated in the upper left hand corner of this figure. The U, V, and W
displacement fields are in the x, y, and z directions, respectively. The total displacement field is decomposed into slow and fast shear waves and directionally filtered using
the propagation and polarization directions shown, resulting in slow and fast shear wave displacement fields for each direction. Next, wave speeds are estimated from the
slow and fast shear wave displacement fields using LFE. Inclusion criteria using an amplitude threshold and certainty threshold result in amplitude and certainty masks,
respectively for both the slow and fast shear waves. These amplitude and certainty masks are applied to the speed estimates resulting in the slow and fast shear wave speed
estimates shown at the end of the process. Outlier wave speeds ( > 1 standard deviation from the mean) are not included in the subsequent parameter fitting step.

valid inversion. Parameter estimates are retained using a selection criteria based on
the coefficient of determination or R value. For the local inversion, voxels with a R
value greater than the mean of the non-zero R values are kept. For the global
inversion, only estimates above 0.95 of the mean of the non-zero R values are
included in the average estimated material parameters.

It should be noted that we did not attempt to estimate dissipative viscoelastic
terms (complex moduli, loss factors, or damping ratios) in this study. These terms
were neglected in order to focus on the underlying relationship between trans-
versely isotropic elastic parameters and slow and fast shear waves. This choice
enabled us to use a simple, efficient wavelength estimation method: LFE. LFE-based
methods are limited in that information on dissipation is not estimated without
modification (Clayton et al., 2013). In principle, the directionally filtered approach
could be combined with another method such as direct inversion (Oliphant et al.,
2001) to estimate viscoelastic parameters in addition to y, ¢, and (.

2.3. Simulation approach

To evaluate the DFI approach, we created four finite element (FE) simulations in
Comsol™ with the four sets of parameters given in Table 1. The parameters in Case
1 were chosen to be similar to those expected in muscle tissue. Cases 1, 3, and
4 have a fiber orientation optimal for parameters estimation, while Case 2 has a less
favorable fiber orientation. We chose a minimum tensile anisotropy of {=0 in Case
3 and a maximum value of tensile anisotropy in Case 4 to explore the limits of DFI.
Fig. 5 shows the FE model which corresponds roughly to a motivating experiment
presented by Schmidt et al. (2015b). For each case, the fiber direction is parallel to
the xz-plane at an angle of /# from the xy-plane. For all cases we used an isotropic
loss factor of #=0.2, which is similar to ranges (0.23 <# <0.93) found for the
human brain using MRE (Bayly et al., 2014), (0.11 < 5 < 0.23) for gelatin using MRE
(Okamoto et al., 2011), and qualitatively similar in turkey breast ex vivo using MRE
(Schmidt et al., 2015a, 2015b).

The Young's moduli and Poisson's ratios in the FE simulations were calculated from
Eq =,M(4é/+3), E;=E;/(1 +€), V12 =049, vy =v12E2 /E1, and vy3 =1—191—0.01.
The cylinder in the simulation had an outer diameter of 47.75 mm, an inner diameter of

3.2 mm, and was 25 mm thick. The swept mesh was equally spaced with 15 elements
along the radius, 48 elements around the perimeter, and 15 elements along the vertical.
The excitation amplitude was A =5 x 10~ m at a frequency of 200 Hz.

We added noise to the FE simulation data of all four cases, which resulted in an
SNR of 10, to the simulation results of all four cases. The SNR is defined using the
following relationship

A
SNR=—, 5
o2 ©

where A/+/2 is the RMS of the excitation amplitude and & is the standard deviation.
The normally distributed noise was added to the total displacement.

3. Results

In this section we compare the material parameter estimates
using the DFI method with known values from the four simulation
cases from Table 1. First, slow and fast shear wave speeds are
compared with values calculated analytically from the wave speed
equations. Next, local material parameter estimates are presented
for Case 1. Finally, global estimates are compared with the known
values for all four cases.

3.1. Wave propagation speeds

Since the material parameters are known in each simulation,
the speed of both shear waves can be calculated analytically from
the material parameters for any propagation direction. This allows
a direct comparison between speed estimates from the DFI process
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Fig. 5. Finite element (Comsol™) simulation of Case 1 with displacement in the z-direction shown. The location and direction of excitation is shown by the arrow in (a), and
the resulting propagation is shown in both the (b) xz-plane and (c) xy-plane. The lines indicate fiber direction. Note that the wavelength is longer in the direction parallel to
planes containing the fibers. For all cases, the boundary conditions (BCs) include a 5 pm excitation at 200 Hz on the inner boundary radius=1.6 mm; fixed displacement on
the outer boundary radius=23 mm; and free displacement on the top and bottom faces. For all cases, the output data was discretized to simulated images with “field of
view” of 48 x 48 x 24 mm> with a 1 mm? voxel size. (d) Propagation direction vector set used for the local and global inversion approaches.

Table 1

The material properties for all four finite element simulations, where p is the
density, u is the substrate shear modulus, ¢ is the shear anisotropy, and ¢ is the
tensile anisotropy. The angle between the xy-plane and the fiber orientation is
given by .

Case p (kg/m?3) u (Pa) @ ¢ p (deg)
1 1000 1000 1 2 45
2 1000 1000 1 2 15
3 1000 1000 2 0 45
4 1000 1000 0.5 4 45

and the analytical values. Fig. 6 shows the comparison for slow and
fast shear waves for cases 1, 3, and 4 from Table 1. The estimated
wave speeds are the mean values of all selected voxels for each
direction. For clarity, wave speeds are estimated from a total of 32
equally spaced propagation directions within the xy-plane.

3.2. Local parameter estimates

The local inversion of the material parameters for the Case 1,
which is typical of all four cases, is shown in Fig. 7. Slices 8 through
17 of the total 24 are shown. A total of 48 propagation directions,
mainly near the xy-plane as shown in Fig. 5d, were used in the
estimation process. Propagation directions near the xy-plane result
in polarization directions with large components in the z-

direction, which corresponds to the direction of excitation. We
selected a fractional amplitude threshold of 0.10, a certainty
threshold of 0.25, and a kernel size (radius) of 5 voxels. We
accepted estimates for which R > 0.83 resulting in 33,065 voxels
with parameter estimates, which is about 83% of total number of
voxels in the displacement field. The mean values of the estimated
parameters and their standard deviations are given by
#=986+56, ¢=0.92+023, and {=1.57+0.23. The results
highlight the effect of the typical limited number of directions in a
relatively small kernel, which reduces the accuracy of the inver-
sion. For a homogeneous region, increasing the kernel size to the
total volume will typically give the best results. Great care should
be taken in a local approach to ensure that both slow and fast
shear waves of sufficient amplitude (good SNR) in multiple pro-
pagation directions are present. Therefore, we have chosen to
focus on the global approach in this paper and have only included
results for the local approach for Case 1.

3.3. Global parameter estimates

For the global inversion, we chose a Monte Carlo approach in
which the material properties at every voxel are assumed to be
homogeneous. The same propagation directions and threshold
values used in the local inversion where applied to the global
approach for all 4 cases with additive noise. For results without
noise, we selected a fractional amplitude threshold of 0.25. For the
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Fig. 7. Local estimates of parameter values for Case 1 (see Table 1) with added noise (SNR=10) using DFI. (a) W-displacement field of slice 12 without noise (SNR = c0) above
and with noise (SNR=10) below. The (b) shear modulus (u,, = 1000 Pa), (c) shear anisotropy (¢, = 1), (d) tensile anisotropy ({sm = 2), and (e) R? are shown for slices
8 through 17. For the parameters y, ¢, and ¢, the range shown is + 50% of the true values (this range contains 98% of all estimated values). The full range is shown for R?.

Monte Carlo analysis, we picked 100 random wave speed estimates
with an equal number of slow and fast shear wave speeds and
repeated this process 1000 times. Estimates were taken from any
voxel and direction remaining after the three selection techniques
from Section 2.2 were applied. For inversions with additive noise,
we repeated the Monte Carlo approach with 30 different sets of
noise and averaged the mean and variance of those 30 cases. Table 2
shows the known values, mean values, and standard deviations of
the estimated material parameters for all four cases with and
without additive noise.

4. Discussion

In materials that can be modeled as incompressible and
transversely isotropic, two types of shear wave can exist and their

speeds can be used to estimate material parameters. We use
simulated data in this paper to assess the accuracy and reliability
of a method based on directional filtering to estimate parameters
of an ITI material. As an intermediate step, analytical and esti-
mated shear waves speeds are compared in Fig. 6. This figure
shows that slow and fast shear waves can be successfully sepa-
rated using vector projection onto specific polarization directions
and directional filtering. Estimating the fast shear wave speed is
critical if the tensile anisotropy is to be estimated. For most pro-
pagation directions, excellent agreement is found between analy-
tical and estimated wave speeds.

Two important points are highlighted by the few directions in
Fig. 6, in which the wave speed comparison is inexact. First, a
sufficiently wide range of propagation directions is crucial for good
material parameter estimates. Such a range of directions could be
achieved either by an approach that includes multiple voxels in
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Table 2

Global material parameter estimates and their standard deviations for the four
cases from Table 1 using a Monte Carlo approach to DFI. For simulations without
noise (SNR = o), all estimated material parameters are within 25% of the known
values. For the cases with additive noise (SNR=10), most estimated material
parameters are within 25% of the known values, except for ¢ in cases 2 and 4 and ¢
in case 3, which are within 40% of the known values.

Case 1 Case 2
Material ~ Actual SNR =o0 SNR=10 Actual SNR = co SNR=10
parameter
u 1000 1040+21 994+ 25 1000 1030+36 980+ 37
¢ 1 1.04+0.07 0.91+0.08 1 1.02+0.09 0.95+0.10
¢ 2 176 +0.06 1.51+0.08 2 1.60+0.10 1.21+0.10
Case 3 Case 4
Actual SNR = o0 SNR=10 Actual SNR = oo SNR=10
H 1000 1050 +23 996 + 25 1000 1040 +20 986 +27
3 2 1.53+0.08 132+0.09 0.5 0.59 +0.06 0.60 + 0.08
¢ 0 0.00 +0.04 0.01+0.04 4 310+ 011 247 +0.11

each inversion or by adding excitations that induce shear waves
with different propagation directions. Second, good selection cri-
teria for determining which wave speed estimates to include in
the inversion process is essential for accurate material parameter
estimates.

4.1. Local approach

The capabilities and limitations of the local DFI approach are
highlighted by the inversion results shown in Fig. 7. Valid esti-
mates were found for most of the central voxels, but could not be
found for voxels near the vertical edges on the left and right of the
cylinder. For voxels with valid estimates, there is good agreement
between the estimated and known parameters. More than 99% of
4 estimates, 93% of ¢ estimates, and 62% of { estimates are + 25%
from the known values. For soft tissue, in which properties are
difficult to measure, accuracy within 25% is noteworthy. Voxels in
which no estimates were achieved reveal a limitation of the local
approach. Namely, for a given wave field, at certain locations there
may be too little information to accurately estimate all three
parameters. Caution should, therefore, be used when taking the
local approach. However, potentially good selection criteria can be
used to eliminate a majority of poor estimates as demonstrated in
the presented case.

4.2. Global approach

The results of the global DFI approach in Table 2 indicate that
DFI is quite accurate and not sensitive to the fiber direction or
material parameters. Estimated material parameters are within
25% of the known values for all four cases, with the exception of {
in cases 2 and 4 with noise added and ¢ in case 4 with noise
added. For the BCs in the simulation, a fiber direction of f#=45°
from the xy-plane is optimal for estimating material properties,
since the amplitude of both shear waves will be similar. However,
as the fiber direction approaches the xy-plane, the amplitude of
the fast shear wave is also reduced. A fiber direction of f#=0° will
result in only slow shear waves being excited. Case 2, which
includes a fiber angle of f=15° from the plane, is expected to be
challenging for DFI, but the accuracy of the material parameter
estimates for this case is similar to the other cases. Accurate esti-
mates were obtained for both large and small values of tensile
anisotropy ratio, .

5. Summary and conclusions

Material parameters of soft, anisotropic tissue can be esti-
mated from shear wave measurements such as those acquired
from MRE. The accuracy of DFI was evaluated using simulated
data for both a local and global approach. Using a local approach,
good estimates could be found in some but not all regions of the
sample. However, using information from multiple regions in the
sample, very accurate global estimates of all parameters could be
obtained. Improvements to the DFI method could include
incorporating more sophisticated selection criteria, and alter-
native inversion techniques could improve accuracy in material
parameter estimates. Adding multiple experiments with differ-
ent modes of excitation or fiber directions to the estimation
process should increase the available information and lead to
more accurate estimates especially in the local approach in
which information tends to be more limited than the global
approach. Future studies will explore the estimation of material
properties from experimental data.

Conflict of interest statement

None declared.

Acknowledgments

The authors gratefully acknowledge funding from the NIH from
Grant no. NS055951 and the NSF from Grant no. CMMI-1332433.

Appendix A. Supplementary data

Supplementary data associated with this paper can be found in
the online version at http://dx.doi.org/10.1016/j.jbiomech.2015.09.
009.

References

Bayly, P., Clayton, E., Genin, G., Okamoto, R., 2014. Magnetic resonance elastography
of the brain. In: Neu, C., Genin, G. (Eds.), Handbook of Imaging in Biological
Mechanics. CRC Press, New York.

Clayton, E., Garbow, J., Bayly, P., 2011. Frequency-dependent viscoelastic parameters
of mouse brain tissue estimated by MR elastography. Phys. Med. Biol. 56,
2391-2405.

Clayton, E., Okamoto, R., Bayly, P.,, 2013. Mechanical properties of viscoelastic media
by local frequency estimation of divergence-free wave fields. ]J. Biomed. Eng.
135, 0210251-0210256.

Feng, Y., Okamoto, R.,, Namani, R., Genin, G., Bayly, P, 2013. Measurements of
mechanical anisotropy in brain tissue and implications for transversely iso-
tropic material models of white matter. J. Mech. Behav. Biomed. 23, 117-132.

Green, M., Bilston, L., Sinkus, R., 2008. In vivo brain viscoelastic properties mea-
sured by magnetic resonance elastography. NMR Biomed. 21, 755-764.

Guo, J., Hirsch, S., Scheel, M., Braun, J., Sack, ., 2015. Three-parameter shear wave
inversion in MR elastography of incompressible transverse isotropic media:
application to in vivo lower leg muscles. Magn. Reson. Med.

Kingsbury, N., 2001. Complex wavelets for shift invariant analysis and filtering of
signals. Appl. Comput. Harmon. A 10, 234-253.

Klatt, D., Friedrich, C., Korth, Y., Vogt, R., Braun, ]., Sack, 1., 2010. Viscoelastic prop-
erties of liver measured by oscillatory rheometry and multifrequency magnetic
resonance elastography. Biorheology 47, 133-141.

Klatt, D., Papazoglou, S., Braun, J., Sack, 1., 2010b. Viscoelasticity-based MR elasto-
graphy of skeletal muscle. Phys. Med. Biol. 55, 6445-6459.

Knutsson, H., Westin, C.F, Granlund, G., 1994. Local multiscale frequency and
bandwidth estimation. In: Image Processing, 1994. Proceedings of ICIP-94,
pp- 36-40.

Manduca, A., Lake, D., Kruse, S., Ehman, R., 2003. Spatio-temporal directional fil-
tering for improved inversion of MR elastography images. Med. Image Anal. 7,
465-473.

Please cite this article as: Tweten, D.J., et al., Estimation of material parameters from slow and fast shear waves in an incompressible,
transversely isotropic material. Journal of Biomechanics (2015), http://dx.doi.org/10.1016/j.jbiomech.2015.09.009



http://dx.doi.org/10.1016/j.jbiomech.2015.09.009
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref1
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref1
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref1
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref2
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref2
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref2
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref2
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref3
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref3
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref3
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref3
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref4
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref4
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref4
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref4
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref5
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref5
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref5
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref6
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref6
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref6
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref7
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref7
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref7
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref8
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref8
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref8
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref8
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref9
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref9
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref9
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref11
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref11
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref11
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref11
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009

8 D.J. Tweten et al. / Journal of Biomechanics § (ANEEN) EER-EEN

Namani, R., Bayly, P., 2009. Shear wave propagation in anisotropic soft tissues and
gels. In: Annual International Conference of the IEEE on Engineering in Medi-
cine and Biology Society, 2009. EMBC 2009. pp. 1117-1122.

Okamoto, R., Clayton, E., Bayly, P., 2011. Viscoelastic properties of soft gels: com-
parison of magnetic resonance elastography and dynamic shear testing in the
shear wave regime. Phys. Med. Biol. 56, 6379.

Okamoto, R, Johnson, C., Feng, Y., Georgiadis, ]J., Bayly, P,, 2014. MRE detection of
heterogeneity using quantitative measures of residual error and uncertainty. In:
Proceedings of the SPIE 9038, Medical Imaging, p. 90381E.

Oliphant, T,, Manduca, A., Ehman, R., Greenleaf, J., 2001. Complex-valued stiffness
reconstruction for magnetic resonance elastography by algebraic inversion of
the differential equation. Magn. Reson. Med. 45, 299-310.

Papazoglou, S., Rump, J., Braun, J., Sack, 1., 2006. Shear wave group velocity inver-
sion in MR elastography of human skeletal muscle. Magn. Reson. Med. 56,
489-497.

Qin, E.C, Sinkus, R., Geng, G., Cheng, S., Green, M., Rae, C.D., Bilston, L.E., 2013.
Combining MR elastography and diffusion tensor imaging for the assessment of
anisotropic mechanical properties: a phantom study. JMRI-J. Magn. Reson.
Imaging 37, 217-226.

Romano, A., Abraham, P., Rossman, P., Bucaro, J., Ehman, R., 2005. Determination
and analysis of guided wave propagation using magnetic resonance elasto-
graphy. Magn. Reson. Med. 54, 893-900.

Romano, A., Scheel, M., Hirsch, S., Braun, J., Sack, L., 2012. In vivo waveguide elas-
tography of white matter tracts in the human brain. Magn. Reson. Med. 68,
1410-1422.

Schmidt, J., Tweten, D., Mahoney, M., Portnoi, T., Okamoto, R., Garbow, ]., Bayly, P.,
2015a. Experimental measurement of shear and tensile moduli in anisotropic
tissue using magnetic resonance elastography. In: Proceedings of SB3C.

Schmidt, ., Tweten, D., Mahoney, M., Portnoi, T., Okamoto, R., Garbow, ]., Bayly, P,
2015b. Magnetic resonance elastography of slow and fast shear waves illumi-
nates differences in shear and tensile moduli in anisotropic tissue. In: Pro-
ceedings of ISMRM.

Sinkus, R., Tanter, M., Catheline, S., Lorenzen, J., Kuhl, C,, Sondermann, E., Fink, M.,
2005. Imaging anisotropic and viscous properties of breast tissue by magnetic
resonance-elastography. Magn. Reson. Med. 53, 372-387.

Please cite this article as: Tweten, DJ., et al., Estimation of material parameters from slow and fast shear waves in an incompressible,
transversely isotropic material. Journal of Biomechanics (2015), http://dx.doi.org/10.1016/j.jbiomech.2015.09.009



http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref13
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref13
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref13
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref15
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref15
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref15
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref15
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref16
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref16
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref16
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref16
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref17
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref17
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref17
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref17
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref17
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref18
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref18
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref18
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref18
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref19
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref19
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref19
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref19
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref22
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref22
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref22
http://refhub.elsevier.com/S0021-9290(15)00503-5/sbref22
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009
http://dx.doi.org/10.1016/j.jbiomech.2015.09.009

	Estimation of material parameters from slow and fast shear waves in an incompressible, transversely isotropic material
	Introduction
	Methods
	Theory of shear waves in an incompressible, transversely isotropic elastic material
	Directional filter inversion
	Isolation of wave components
	Wave speed estimation
	Inclusion criteria
	Material parameter estimation

	Simulation approach

	Results
	Wave propagation speeds
	Local parameter estimates
	Global parameter estimates

	Discussion
	Local approach
	Global approach

	Summary and conclusions
	Conflict of interest statement
	Acknowledgments
	Supplementary data
	References




