1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2018 December 01.

-, HHS Public Access
«

Published in final edited form as:
Magn Reson Med. 2017 December ; 78(6): 2360-2372. doi:10.1002/mrm.26600.

REQUIREMENTS FOR ACCURATE ESTIMATION OF
ANISOTROPIC MATERIAL PARAMETERS BY MAGNETIC
RESONANCE ELASTOGRAPHY: A COMPUTATIONAL STUDY

DJ Tweten!, RJ Okamoto?, and PV Baylyl2
IMechanical Engineering and Materials Science, Washington University in St. Louis

2Biomedical Engineering, Washington University in St. Louis

Abstract

Purpose—Establish the essential requirements for characterization of a transversely isotropic
material by magnetic resonance elastography (MRE).

Theory and Methods—Three methods for characterizing nearly incompressible, transversely
isotropic (ITI) materials were used to analyze data from: closed-form expressions for traveling
waves; finite element (FE) simulations of waves in homogeneous ITI material; and FE simulations
of waves in heterogeneous material. Key properties are the complex shear modulus z», shear
anisotropy ¢ = (a/ib — 1, and tensile anisotropy = £/E, — 1.

Results—Each method provided good estimates of ITI parameters when both slow and fast shear
waves with multiple propagation directions were present. No method gave accurate estimates
when the displacement field contained only slow shear waves, only fast shear waves, or waves
with only a single propagation direction. Methods based on directional filtering are robust to noise
and include explicit checks of propagation and polarization. Curl-based methods led to more
accurate estimates in low noise conditions. Parameter estimation in heterogeneous materials is
challenging for all methods.

Conclusion—Multiple shear waves, both slow and fast, with different propagation directions,
must be present in the displacement field for accurate parameter estimates in ITI materials.
Experimental design and data analysis can ensure these requirements are met.
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INTRODUCTION

Magnetic Resonance Elastography (MRE) (1) is a noninvasive, imaging technique which has
been used widely to estimate the material properties of living tissue. In MRE, the
displacements of small-amplitude shear waves are measured as the waves travel through the
tissue. For isotropic, homogeneous materials such as the liver, an elastic modulus is readily
estimated from the wave speed (2). However, biological tissue is often fibrous, resulting in
material properties that depend on direction. Such a tissue is anisotropic and requires several
material parameters to describe it. A number of MRE studies have been conducted for
anisotropic tissues such as skeletal muscle (3,4), breast tissue (5), and the white matter in the
brain (6). Additional complexities encountered in living tissue include heterogeneity and
boundary effects, such as those observed in the brain (7-9).

The speed of a shear wave travelling in an anisotropic tissue depends on both the direction of
propagation and the direction of material motion (polarization) (10). Instead of a single
elastic modulus, a more sophisticated material model is required to interpret the MRE image
of anisotropic tissues. Material models such as the transversely isotropic (T1) model (11) or
the orthotropic model (6,12) require five or more material parameters. The number of
material parameters can be reduced by approximating the tissue as incompressible. The
incompressible, transversely isotropic (ITI) material model requires three elastic material
parameters, which is the fewest material parameters required to fully describe a fiber-
reinforced tissue (13). In earlier work by Romano et al. (6) the components of the full Tl
elasticity tensor were sought by MRE. In contrast, in the ITI model the elasticity tensor is
not estimated, as its components diverge as the bulk modulus becomes infinite. In practice,
while the bulk modulus of soft tissue is finite, it is usually several orders of magnitude
greater than the shear modulus. As a consequence, the elements of the elasticity tensor vary
over a similar range, making the accurate recovery of the full T elasticity tensor very
difficult. This is also true for the isotropic case; in isotropic MRE it is typical to estimate
only the shear modulus, rather than the full elasticity tensor as in (6). In the isotropic case
the shear modulus uniquely specifies the incompressible compliance tensor. Similarly in
anisotropic MRE, the ITI model requires only the 3 key parameters that uniquely determine
the compliance tensor.

Spatial heterogeneity is an additional complication that must be considered when estimating
material parameters in tissue such as the brain. The brain has regions of white and grey
matter and cerebrospinal fluid which can affect the accuracy of estimates. Many
investigators (Clayton et al. (14), e.g.) have reported spatial differences when estimating an
isotropic, viscoelastic shear modulus across the brain. In studies incorporating an orthotropic
model, Romano et al. (6) incorporated the heterogeneity of white and gray matter to estimate
viscoelastic material parameters. McGrath et al. (15) evaluated the effects of heterogeneity
and boundary conditions on isotropic, viscoelastic material parameters estimates from finite
element models (FEM). They showed that errors tended to occur at material boundaries due
to the violation of the local homogeneity assumption of the direct inversion algorithm (15).

We seek to clarify what minimum set of experimental measurements from MRE are needed
to estimate anisotropic material parameters, particularly in a realistic case with
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heterogeneous properties. It is intuitive that more data should be required to estimate the
material properties of an anisotropic tissue than for an isotropic material. In particular, since
properties depend on direction, it is clear that experimental conditions should create wave
motions that depend upon all of the anisotropic material parameters. To date, minimum
requirements for parameter estimation have been reported only for specific methods, such as
impulse excitation in 1Tl materials (Papazoglou et al. (3) and Rouze et al. (16)).

Recently, Guo et al. (17) and Tweten et al. (18) proposed methods to estimate I1T1 material
parameters from MRE images during harmonic excitation. The paper of Guo et al. (17) does
not explicitly specify the minimum conditions required for material parameter estimates
from their curl-based inversion method (henceforth denoted as the “Curl” algorithm). The
directionally filtered inversion (DFI) method proposed by Tweten et al. (18) specifies two
requirements in experimental measurements: 1) both slow and fast shear wave polarizations
and 2) shear waves propagating in multiple directions. In addition, both methods assume
local homogeneity, which may lead to errors, as shown by McGrath et al. (15). To our
knowledge, neither the DFI nor the Curl methods have been systematically evaluated in
heterogeneous materials using simulations with known material parameter values.
Establishing the minimum experimental conditions required for estimating T1 material
parameters, independent of estimation approach, would be of great value to the MRE
experimentalist.

The primary objective of this paper is to show that the minimum experimental conditions for
estimating anisotropic material parameters proposed by Tweten et al. (18) for the DFI
method apply to other methods which incorporate an ITI material model. Using analytically
created data sets and FE simulations, we evaluate the performance of the Curl (17) and DFI
(18) methods using displacement fields which either meet or do not satisfy the proposed
minimum requirements. We also introduce a modification to the DFI method which enables
estimates of the viscoelastic shear modulus. The performance of both methods is evaluated
for a heterogeneous FE simulation with known material parameter values. Finally, we
discuss how to assess whether MRE measurements meet the minimum conditions and how
to accommodate experiments when no single MRE measurement meets the minimum
conditions.

We start with an incompressible, transversely isotropic material as our model for fiber-
reinforced tissues. An ITI material is fully described using three parameters (13,17,18),
which can be a combination of two tensile moduli (£1 and £, ) and two shear moduli (¢4 and
16 ). Here the tensile modulus is defined as £; and the shear modulus is defined as 4. The
three ITI material parameters are defined in this paper as the substrate shear modulus x = b,
shear anisotropy ¢ = h/tp — 1, and tensile anisotropy ¢ = £;/E, — 1. For this set of
parameters, the subscript 1 indicates the fiber orientation, which is assumed to be in the x=
Xy direction (18,19). However, the following equations are applicable for any arbitrary fiber
direction.
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During MRE studies of anisotropic tissue, multiple shear waves travel through the material
and the resulting displacement field is measured. For small, elastic displacements such as
those excited in MRE, individual waves can be modeled using the solution for traveling
plane waves:

u(x)=uomexp(—i2rkn - x—wt), [1]

where u is the displacement, m is the polarization unit vector of the wave, upis the
amplitude, kis the wavenumber, X is the spatial location, n is the propagation direction unit
vector, and w is the frequency. Note that the polarization indicates the direction of shear
displacements. Equation [1] is the solution to the equation of motion

21L
Vo= 12

where o is a second order Cauchy stress tensor, V - is the divergence of g, p is the density,
and ¢is the time.

For an ITI material, the acoustic tensor from Christoffel’s equation (20) can be found by
combining Egs. [1] and [2] with the material mode (compliance and stiffness tensors) from
Tweten et al. (18). This eigenvalue problem provides the speeds (eigenvalues) and
polarizations (eigenvectors) of the slow (pure transverse, or PT) and fast (quasi-transverse,
or QT) shear waves. The slow and fast shear wave speeds are given by

ci=£(1+¢cos’(f)) and 3]

ch=4(1+¢cos(20))+Csin® (26)), 4]

respectively, where cos(6) = n - a and a is the fiber direction unit vector. The polarizations of
the slow and fast shear waves are given by

ms=n X a and [5]

my=n xms, [g]

respectively. A third eigenvalue and associated eigenvector represent longitudinal waves
which will have much longer wavelength; longitudinal waves may be removed by filtering
approaches (18). The loss factor of the material can be estimated by
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which requires estimating complex material properties (#= 4" + ii,” ). Note that to use
Egs. [3] and [4] with LFE, the loss factor is assumed to be small, so 4" ~ |. For the DFI-
LDI method, the complex shear modulus  is estimated explicitly.

Using the Curl method, Guo et al. (17) estimated the shear moduli 142 and (43 and the
tensile modulus in the fiber direction E3, but individual slow and fast shear waves were not
resolved. Table 1 provides a comparison of the material properties used by both Tweten et al.
(18) and Guo et al. (17), see Appendix A for more details.

METHODS

Directional Filter Methods

In this section, we summarize the DFI method presented by Tweten et al. (18) which relies
on LFE (21) to estimate wave speed, and introduce a modified DFI method which instead
uses local direct inversion (LDI) (22) to estimate complex wave speed. LDI adds the
capability of estimating the loss factor to the DFI method. Steps in the DFI approach are: (i)
isolate shear waves, (ii) estimate wave speeds, (iii) apply inclusion criteria, and (iv) estimate
material parameters.

i First, the fiber direction @ must be known, and a set of arbitrary propagation
directions (or filter directions) n are selected. For each filter direction, a dot
product is taken between the displacement field and mgand mg resulting in two
polarized displacement fields (s and ur). Each polarized field is directionally
filtered along n in Fourier space (23), resulting in directionally filtered (DF) data
sets.

ii. Next, the wave speeds of the DF displacement fields are estimated using the LFE
method (21), which we refer to as DFI-LFE. DFI-LFE cannot estimate 7. In a
second method, we use the LDI method proposed by Okamoto et al. (22) to
estimate wave speeds, which we refer to as DFI-LDI. LDI provides estimates of
complex wave numbers and can be used to estimate 7.

iii. In this paper, we use amplitude and “certainty” thresholds as inclusion criteria.
For the amplitude threshold, the amplitude of the DF displacement field must be
larger than a specified fraction of the median amplitude of the unfiltered field.

iv. Finally, material properties are either estimated for an entire homogeneous
volume (global) or for each voxel (local) using a least squares (LS) approach
(18). Local estimates use a kernel or “sphere” of voxels with the estimated
parameters assigned to the voxel at the center of the kernel. In DFI-LFE the LS
approach is weighted by the relative amplitude of the filtered wave field at each
voxel (18).
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For each data set, we selected a set of filter directions based on the observed wave
propagation patterns, which are defined in the following sections. For the DFI-LDI method,
we chose a total least squares parameter of A=1 for all data sets (22). For DFI-LFE, we
chose a “certainty” threshold of 0.25 for all data sets. For both methods we chose an
amplitude threshold of 0.2 for all data sets. Finally, we removed the outer four layers of
voxels from all homogeneous volumes to reduce errors due to boundary effects.

Curl Method

In this section we extend the Curl method (17) to accommaodate arbitrary fiber directions
using a Bond transformation (20) and to incorporate multiple data sets. Guo et al. (17)
begins with Navier’s equation applied to the curl of the displacement field:

pG=p2Ag+(p13—p12) A+(E3—3u13) B, [g]

where g =V x u is the curl of the displacement field and Aq is the Laplacian of the curl.

The original derivation of the Curl method assumes the fiber direction is the z= x3 direction.
The Bond transform (20) can be applied to accommaodate arbitrary fiber directions. First, we
completely expand the vectors in Eq. [8] in terms of their derivatives:

ow __9v

oy Oz

— du __ dw

= | 575 |-
v __ Ou
9x oy [9]

_ 9%y 9% 23w + 9w 93v 4 93w
922 9z ng Oz 82 9y Og 922 923 dy3
3 u Bu 03w 9w 93u_ 9w

Aq_ 0x2 9z 0y2 Oz Ox 032 oz 022 923 o3
°v

3w 3u v 23y 9%u_y 93w J 7

8x2 Oy - Oy Oz Oz dy dx 822 ay3

93

3w 3w 23 + Bw

" 9z2 9y ' 9y 922 923 9y3

A: \‘ _ 9w 3w +83u7831u J ’and

oz 0y2 Oz 922 923 93
23y 23u

Az 922 Ay 922

[11]

0 J [12]

The components of the displacement u are defined by v= tq, v= th, and w= i, and the
components of the direction x are defined by x= X1, y= X, and z= xa.
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Next, we create a rotation matrix /2 that transforms the arbitrary fiber direction a = [&, &,

a] into a new coordinate system in which o #=2:%, where the superscript R indicates the
new coordinate system. In most cases, the rotation matrix can be defined by

__ajag ____agag 1—a- 2
R [ \/l—a32 \/1—0,32 3 -‘
R= 22 o
V/1-a3? V1-a3? 0 J
a1 a2 as [13]

The final step is to transform the derivatives of the displacements in Eq. [9] through [12]
using R. The transformation for a single derivative is given by

R __ du
Ui j=Rm i Ry j 55, [14]

where /refers to the components of uR and /7 refers to the components of u. The index j
indicates the components of x”?and 7 indicates the components of x. Eq. [14] is in Einstein
notation, in which the summation occurs over the indices /mand 7. The transformation for a
third derivative is given by

R _ ) ) a3
Ui gk =L, i B, Bk Bs 1 5500 [15]

where /refers to the components of uR and /7 refers to the components of u. The indices J; &,
and /indicate the components of x%, and the indices 7, 7, and s indicate the components of x.

A concrete example is given by u}'yp;=0%w"/ 9y 9",

In order to apply a kernel approach or incorporate multiple data sets, we implement a LS
approach for estimating material parameters. Least squares methods require an equation in
the form of

Hz=y, [16]

where H is the observation matrix, X is a set of parameters to be estimated, and y is a set of
measurements. The parameters x can be estimated using

s=(H"H) H"y, [17]
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where xare the estimated parameters. After modifying Navier’s equation to fit the form of
Eq. [16] we have

[ (Aqi—A), (A1—3B1), (B1); ] [ (wa1); ]
(Aga—As2), (A2—3Bs), (B2), (wg2),
(Ags—As), (A3—3B3), (Bs), 12 (wgs);

5 : : K3 | =—p : )
(AQm*Am)n (Am*?)Bm)n (Bm)n ES (W(Zm)n
L (AQWL;AWL)R (AmféBm)N (BI;L)N J L (wq;n)N J []_8]

where the subscript on each variable is the component of the corresponding vector. The
subscripts on the parentheses indicate an additional voxel which may come from a kernel
approach or a different data set or both. For example, (B, , indicates the mt" component of
the vector B and the n' voxel of the kernel.

In this paper, we apply the Curl method by (i) applying a spatial filter, (ii) calculating the
first and third derivatives, (iii) applying the Bond transformation, and (iv) estimating the
material parameters.

i Following the example of Guo et al. (17), a Butterworth low-pass spatial filter is
applied to the displacement field u in all three directions.

ii. We calculate the 15t derivatives using Matlab’s® gradient command and calculate
the 3™ derivatives using a combination of the central difference method (2nd
derivative) and the gradient command. All derivatives are taken of the filtered
displacement field from step (i).

iii.  Next we apply a Bond transformation (20) to the 15t and 3" derivatives.

iv. The vectors g, 8q, A, and B in Eq. [8] are constructed from the transformed 15t
and 3'd derivatives from step (iii). Material parameters are found using the LS
approach, and we use the same kernel approach for the local inversions as we use
for the DFI methods.

For all data sets, we chose a cut-off frequency of 1000 rad/m for the low-pass filter. Finally,
we removed the outer four layers of voxels from all homogeneous volumes to reduce errors
due to boundary effects.

Analytical Data from Closed-Form Solutions of the Wave Equation

We generated analytical displacement fields based on harmonic plane wave motion in
anisotropic viscoelastic media to represent MRE data. For a harmonic excitation, Eg. [1] can
be reduced to

up(z)=ugmpexp (—i2wk,n, - ), [19]
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where u, is the slow or fast displacement fields of the pth propagation direction ny The
polarization m, and the wave number & correspond to the pth propagation direction for the
slow or fast shear wave. The complex wavenumbers are calculated from &, = #c, and from
Eq. [3] and [4] using a complex shear modulus. The magnitude of the shear wave
displacements are ¢ = 70 um, and the frequency is £= 150 Hz for all shear waves. The
displacement field is a 70x70x70 grid of 1 mms3 voxels.

We created six independent data sets with either slow or fast shear waves in one of three
directions, see Figure 1. The data sets analyzed in this study are obtained by combining
these independent data sets using superposition. For all of the data sets, we selected the
parameters 4/ =1000 Pa, $=1, (=2, 1=0.2, and @=[1/ V2,0, =1/ V2] We chose the
following three propagation directions nq = [-sin15°, 0, —c0s15°], n, = [sinl°, 0, —cos1°],
and n3 = [sin15°, 0, —cos15°], with 8= 30°, &~ 45°, 8= 60°, respectively. We chose the
filter directions for the DFI methods to be the known propagation directions of the waves.

Simulation Approach

FE simulations of wave propagation in homogeneous and heterogeneous anisotropic
materials were performed using the commercial FE software Comsol™ (Comsol v.5.1,
Comsol, Inc., Burlington, MA). In all simulations, we set the parameters z/ =1000 Pa, ¢=1,
(=2, and n=0.2 for the ITI material, which are similar to recent experimental values in fibrin
gels (10). In the simulations of the heterogeneous material, we chose 4 =1000 Pa and
1=0.2 for the isotropic material. The Young’s moduli and Poisson’s ratios in the FE

simulations were calculated from £; = ((4¢ + 3), E2=1’i—1<, vi2 = 0.49, yﬂ:v%iﬂz, and w3 =
1 - v»7, — 0.01. Based on prior work (18), we expect shear wave speeds and ITI parameters

to be insensitive to bulk modulus for nearly incompressible materials (K > 100 4). In the

current simulations, bulk modulus K:%ﬁj';m:mg@:m MPa, corresponding to
slight compressibility. This is intended to complement the analytical cases above, which
correspond to the ideal case of perfect incompressibility. Since estimates of soft tissue bulk
modulus range up to ~3 GPa (from longitudinal wave data at MHz frequencies) (11),
representative computations were performed with a factor of 10 increase in bulk modulus,

with quantitatively consistent results.

Schematic depictions of the four simulations with homogeneous material are shown in

Figure 2. All simulations have a uniform fiber direction of @=[1/ V2,0, —1/ V2] we chose
n = yand n = -z corresponding to expected primary propagation directions (See Figure 2).
The geometry consists of a 50x50x50 mms3 cube with a swept mesh with 13 elements in
each direction. The results are sampled with 1 mms3 voxels. The excitation of a 5 N/m?
distributed force at 100 Hz is applied on one face of the cube for each of the four
simulations.

The effects of noise were studied by adding normally-distributed white noise to the real and
imaginary components of the displacement field in all three directions. The level of noise is
defined by
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A

SNR="T5 [20]

where SNR is the signal-to-noise ratio, A is the median amplitude of the displacement field,
and o is the standard deviation of the noise.

The three simulations of the heterogeneous material are shown in Figure 3. The geometry of
each simulation is a 70x70x55 mm?3 box with a free tetrahedral mesh (maximum element
size of 0.00385 mm and a minimum size of 2.8x10~4 mm). The material is composed of two

lobes of ITI material with a fiber direction of @=[1/ v'2,0,1/ V2] and two lobes of ITI

material with a fiber direction of @=[1/ V2,0, =1/ V2], For the Curl method, we assume a
constant rotation matrix /2 for each lobe. We chose n = -x and n = -z corresponding to
expected primary propagation directions (See Figure 3). The remainder of the volume
contains isotropic material. The lobes have a width of 28 mm and are oriented in the same
direction as the fiber. An excitation of 5 N/m? distributed force at 150 Hz is applied on one
face of the box for each simulation.

Estimates of Anisotropic Parameters from Analytical Data

Global parameter estimates for the analytical data sets, from all three inversion methods, are
compared in Table 2. For the data set with only fast shear waves, none of the methods were
able to estimate 4, ¢, or ¢ accurately. For the data set with only slow shear waves, the DFI-
LFE and Curl methods led to estimates of g and ¢ within 25% of the known values. For the
data sets in which only a single propagation direction was present, none of the methods were
capable of accurately estimating the material parameters. When both slow and fast shear
waves were present in the data set in all three propagation directions, all three inversion
methods were able to estimate all the material parameters within 25% of the known values
except DFI-LFE which estimated ¢ within 30% of the known value.

Estimates of Anisotropic Parameters from Simulations of Homogeneous Material

Global parameters estimated for each of the four simulations of the homogeneous material
are given in Table 3. In the first simulation, predominantly fast shear waves are excited, and
estimates from all three methods are poor. In the second simulation, slow shear waves are
mainly excited, and all three inversion methods are able to estimate the x within 25% of the
known values. The Curl method was also able to estimate ¢ within 25% of the known value.
Both the third and fourth simulations include displacement fields in which both slow and
fast shear waves are excited equally. In these simulations, the DFI-LFE method estimates y
and ¢ within 25% of the know values, and the Curl method estimates all material parameters
(with the exception of ¢') within 25% of the known values.

Global material parameter estimates using all four simulations with added noise are
compared in Figure 4. Typical experimental MRE displacement fields are expected to have
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SNR values between 1 and 10. The DFI-LFE method estimated g within 25% and ¢ and ¢
within about 40% of the known values for SNRs between 1 and 10. The DFI-LDI method
estimated all four material parameters within 25% of the known values for a SNR of 10 and
Hand nwithin 25% of the known values for SNRs below 10. The Curl method gave
estimates of xand 7 within 25% of the known values for SNRs of 5 and 10 but was not able
to accurately estimate any of the parameters within 25% for a SNR of 1.

Local parameter estimates using all four simulations of the homogeneous material are
compared in Figure 5. All three inversion methods provide reasonably consistent and
accurate estimates for zand 4. In general, estimation errors tend to be larger near the
boundaries. For estimates of ¢, the DFI-LFE method provides consistent estimates, while the
DFI-LDI and Curl methods have larger areas of greater errors. For the Curl method, we
compared the direct inversion approach (17) and the kernel approach using least squares.
Supplementary Figure S1 shows that using a kernel approach results in better local estimates
in this case.

Estimates of Anisotropic Parameters from Simulations of Heterogeneous Material

Global and local parameters estimated by combining the three simulations of the
heterogeneous material are compared in Figure 6. Under these conditions and for all
methods, the global estimates of g and n are within 35% of the known values. Errors in
global estimates of both ¢ and ( are typically at least 50% of the correct values. A notable
exception is the global estimate of ¢ by the DFI-LFE method, which is within 30% of the
known value. Local estimates of y are noticeably better than estimates of the other
parameters.

DISCUSSION

Requirements for Accurate Parameter Estimation in Transversely Isotropic Materials

In order to estimate properties of an ITI material, (I) both slow and fast shear waves and (1)
multiple shear waves propagating in different directions must be present in the displacement
field. These conditions are explicitly required by the directional filter methods (DFlI, e.g.). In
the initial exposition of the Curl method (17), requirements for both slow and fast shear
waves in multiple propagation directions are not explicitly specified. Current results using
analytical data sets and simulations of waves in homogeneous material confirm that the Curl
method requires the same minimum set of experimental measurements as the DFI
approaches.

First, if only slow or fast shear waves were present, neither the Curl nor the DFI methods
were capable of accurately estimating all of the material parameters, as shown in Table 2.
For the analytical data set with only fast shear waves, none of the three methods estimated
the material parameters accurately. For the analytical data set with only slow shear waves, it
is possible to estimate the parameters 4, ¢, and 7, since the slow and fast shear waves are
independent from each other. However, the estimates for the slow data set are deceptive,
since accurate estimates of parameters 4, ¢, and n, are not sufficient to describe the material
anisotropy.
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During a MRE experiment it is also possible to excite either predominantly slow or fast
shear waves. Fast shear waves dominate in the first simulation in Figure 2b, and the results
in Table 3 show poor parameter estimates for all three methods. We designed the second
simulation in Figure 2c to excite mainly slow shear waves, but the amplitudes of both slow
and fast shear waves are nearly equivalent. The results in Table 3 show that the Curl method
is able to accurately estimate xzand ¢, which is consistent with the analytical results. Due to
the presence of the fast shear waves, the Curl method estimates € within 40% of the known
value as well. The poor estimates by the DFI methods may be due to a suboptimal choice of
filter directions. For example, shear waves induced by reflections at the boundaries would
not be accounted for in the chosen filter set.

Second, we consider the condition that multiple shear waves propagating in different
directions must be present in the displacement field. This requirement is most clearly
observed in the results from the analytical data in Table 2. Neither DFI method is capable of
estimating parameters from a single propagation direction, by definition. While the Curl
method can estimate the parameters from data sets with a single propagation direction, the
estimated parameters from these data sets are poor. The results illustrate that the Curl
method also requires the condition of shear waves traveling multiple propagation directions.

Recommended Procedures for MRE Measurements in ITI Materials

Directional filters can be used to evaluate whether a MRE measurement meets the two basic
conditions (I & 1) required for estimating ITI material parameters in the following way.

. Steps (i) and (ii) of the DFI method are applied to each MRE measurement. The
filter set is chosen to include at least three expected propagation directions
differing by at least 10-15 degrees, or an evenly spaced set of directions if the
propagation directions are not known.

. Next, the amplitudes of the filtered fields, for each filter direction and for each
polarization, are compared. Amplitudes for both slow and fast shear waves in at
least two different directions must meet a minimum threshold. Selecting
directions for which the amplitude of the filtered field is at least 20% of the
maximum unfiltered amplitude is a reasonable guideline.

. The number of slow and fast shear waves should be balanced (we suggest no
more than 75% of the included wave components be of one type).

. If waves from a single propagation direction are dominant, no method we
investigated will provide reliable material parameter estimates. Additional
experiments may be necessary to provide waves in other directions. Fortunately,
directional filtering can readily identify a single strong filter direction, for
example by identifying cases in which a single filtered field contains more than a
given fraction (say 50%) of the variance in the data.

Once a set of MRE measurements is obtained that meet the two minimum conditions (I & 11)
for estimation, according to the practical guidelines above, the measurements may be
combined and the ITI parameters estimated. For example, in the analytical data sets, the six
data sets each include either a slow or fast shear wave in one direction. When the six data
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sets are combined, all three methods are able to estimate the material parameters accurately.
Likewise, combining all four simulations of the homogeneous material results in most of the
estimates within 25% of the known values as shown in Figure 4 (SNR = 0). The
improvement in the estimates by the Curl method when using all four simulations is
especially noteworthy, since diversity of shear wave type and propagation direction were not
explicitly stated as requirements for that method.

Effects of Noise

The Curl method is more sensitive to noise than either DFI method, as shown in Figure 4.
Since the Curl method requires additional numerical derivatives compared to either DFI
method, this sensitivity to noise is not surprising. The DFI-LFE method is the most robust to
noise with a maximum percent difference in parameters (based on the known value) of about
10% between the maximum and minimum SNR values. LFE relies on filters in the Fourier
domain rather than taking derivatives of the data to estimate wave speed, so this result is also
reasonable. The DFI-LDI method falls between the other two methods since it requires
fewer derivatives than the Curl method but more than the DFI-LFE method.

Effects of Heterogeneity

The three methods compared in this paper assume local homogeneity, which can lead to
errors when characterizing heterogeneous materials. Since estimation errors tend to arise at
the interfaces of dissimilar materials (15), we chose to erode four voxels from around the
region of interest to limit the impact of interface errors. Errors can also arise from reducing
the number of wavelengths in the eroded volume. The simulations of the heterogeneous
material were designed to include a minimum of 2 wavelengths per domain in the expected
propagation directions after erosion to reduce potential errors from a smaller volume.

Both global and local estimates of the heterogeneous material are poor for all three methods
with the exception of the global estimates of x. The local estimates in Figure 6 provide
additional insight to these global estimates. Local estimates from the DFI-LFE approach are
fairly uniform throughout the estimated region suggesting that the global estimates are also
reliable. We believe that the DFI-LFE method is more effective in removing poor estimates
than the other approaches due to its multiple selection criteria. The additional complexity of
directional filters and selection criteria is an advantage in this case. For the DFI-LDI and
Curl methods, local estimates vary, sometimes significantly, from one region to another,
creating the appearance of heterogeneity. This variance in the local estimates suggests that
the global estimates may not be entirely reliable.

Even using analytical or numerical solutions of waves in uniform samples, the effects of
discretization, finite domain size, and finite filter bandwidth limit the accuracy of each
anisotropic inversion method. Just as in isotropic MRE, the best estimates can be obtained
when the spatial extent of the sample contains many wavelengths, and each wavelength
contains many voxels. In addition, it should be noted that separating wave polarizations with
finite bandwidth filters, and estimating three elastic parameters (anisotropic case) is
significantly more difficult than estimating one parameter (isotropic case), especially in a
realistic domain size with realistic discretization. These effects may explain why the results
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were typically only within 20-30% of the correct values, even though the data is noiseless.
For example with data that is closer to ideal (more than 6 wavelengths in the domain, at least
10 points per wavelength, and at least 6 propagation directions), all three methods were
capable of estimating the three elastic parameters within 10% of the known parameters.
CONCLUSION

In this paper, we demonstrate that there are two essential requirements for the accurate
estimation of material parameters in (nearly incompressible) transversely isotropic materials.
The displacement field must include:

. both slow and fast shear waves and
1. multiple shear waves propagating in different directions.

While these conditions are explicit for the DFI methods, we show that these requirements
also apply to the Curl method (and, by extension, any other method). This finding is notable
since the Curl method is independently derived and has no explicit reference to requirements
for slow or fast shear waves or propagation direction (17). The two minimum conditions
identified in this paper can be used to both design experiments and evaluate MRE
measurements. We also show how to combine multiple measurements to meet the minimum
conditions for estimation when individual measurements do not meet the conditions.

All three methods considered in this paper assume local homogeneity of the material. Using
this assumption, the simplicity of the underlying equations provides an intuitive relationship
between shear wave behavior and material parameters. However, as we show in the case of
the heterogeneous material in Figure 6, this assumption can break down, especially when
wavelengths are longer than locally homogeneous regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A: Comparison of Nearly Incompressible, Transversely Isotropic

Material Parameters

In this appendix, we compare four sets of parameters from Feng et al. (13), Guo et al. (17),
Rouze et al. (16), and Royer et al (11) used to describe nearly-incompressible, transversely
isotropic (T1) material models in the literature. TI materials are specified with five
independent parameters, and incompressible TI materials require only three parameters.
These parameters can be defined using elastic moduli, the stiffness matrix, or a combination
of these approaches.

First, we specify a standard set of elastic moduli for TI material. The Young’s modulus in
the fiber direction (normal to the plane of isotropy) is defined as £, and the modulus
perpendicular to the fiber direction is defined as £, . The shear modulus in planes parallel to
the fiber direction is defined as £y, and the modulus in the plane perpendicular to the fiber
direction is defined as |, as shown in Figure 7. The fiber direction a is arbitrary for this
definition of the elastic moduli. Fiber directions are defined as a = x; (13) or a = X3
(11,16,17).

A TI constitutive model using the stiffness matrix C can be defined by

o11 c1 c2 ca3 0 0 0 €11
|[ 022 -} |[ cl2 ¢ c3 0 0 0 —! |[ €22 -}
o33 | | c13 c3 c33 0 0 O €33
‘ 7923 ' N 0 0 0 Cq4 0 0 ‘ } 2523 ’
J13 0 0 0 0 Cs5 0 2613
[ 012 J [ 0 0 0 0 0 ce J [ 2e12 J [A1]

where o= Ce, o,pare the Cauchy stresses, and e, are the strains. In the case of a = Xy, the
following equalities are defined for a Tl material: ¢y = ¢33, €12 = €13, &2 = g6, aNd Cp3 =
G2 — 244 (13). For the case of a = X3, a different set of inequalities are defined: ¢11 = &9,
C23 = €13, C44 = G55, And €1 = €11 — 2656 (25).

In Table 1, the universal set of elastic moduli and the bulk modulus are defined in terms of
each parameter set. Feng et al. (13) chose the parameters 4, ¢, and ¢; Guo et al. (17) chose
the parameters (40, (i3, and E3; and Rouze et al. (16) chose the parameters u, 4, and the
ratio £7/E;. Royer et al. (11) used the components of the stiffness matrix as parameters.
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) i)

Figure 1.
Approach for creating analytical slow and fast shear wave data sets in three propagation

directions. (a) The analytical data sets were created in a 70x70x70 mms3 cube of ITI material

with a voxel size of 1 mm3; a fiber direction of @=[1/ V2,0, -1/ v2]: and material
properties of #=1000 Pa, ¢=1, (=2, and n=0.2. The displacements of the slow and fast
shear waves relative to their polarizations are shown in (b) and (c), respectively. The
polarizations of the slow mg and fast mg shear waves are shown with respect to the
propagation directions in (d) ny = [~ sin 15°,0, - cos 15°], (e) n, = [sin 1°,0, — cos 1°], and
(f) n3 = [sin 15°,0, — cos 15°]. Relative displacements of the slow and fast shear waves are
compared for the propagation directions (g) n1, (h) ny, and (i) n3. Slow shear wave
displacements are displayed in the white planes in (d), (e), and (f), and the fast shear wave
displacements are shown in the planes which include the fiber directions (black stripes).

Magn Reson Med. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tweten et al.

Page 18

[pm]

g)

Figure 2.
Approach for simulation of wave propagation in an ITI, homogeneous material with the

material parameters shear modulus x = 1000 Pa, shear anisotropy ¢ = 1, tensile anisotropy ¢
=2, and loss modulus 7= 0.2. The cube volume is 50x50x50 mm?3 with a voxel size of 1

mm3, and the fiber direction is given by @=[1/ V2,0, =1/ V2] The top xy-plane is excited
with 5 N/m?2 at 100 Hz in the (b) x-direction and (c) y-~direction. This excitation is expected
to result in a primary propagation direction of n = —z. The expected primary polarizations
for both simulations in (b) and (c) are shown in (a). For the simulations in which The xz
plane is excited with 5 N/m?2 at 100 Hz in the () x-direction and (f) zdirection, the expected
primary propagation direction is n =y. The expected primary polarizations for both
simulations in (e) and (f) are shown in (d). The displacement in the x-direction is plotted in
(b) and (e), the displacement in the y-direction is plotted in (c), and the displacement in the
z-direction is plotted in (f). Directionally-filtered (DF) displacements from (e) are shown in
(h), and DF displacements from (f) are shown in (i). In both cases, the assumed primary
polarizations from (d) are used for the filter. Displacements for the slow and fast shear waves
are plotted in the planes containing the mg and m¢ polarizations, respectively. Note that the
fast shear waves have longer wavelengths than the slow shear waves. The set of filter
directions in (g) were used as the filter directions in Table 3.
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Figure 3.
Approach for simulation of wave propagation in heterogeneous anisotropic material. The

overall volume is 70x70x55 mms3 with a voxel size of 1 mm3. Each of the four lobes in (b)
and (c) contain ITI, homogeneous material with the parameters = 1000 Pa, ¢ =1, = 2,

and 7= 0.2. The fiber direction in the lobes are (b) @=[1/ V2, —1/ v/2,0] and (c)

a=[1/V2,1/ V2,0 The material outside the lobes is isotropic with the material parameters
4 =1000 Pa and = 0.2. For the simulation shown in (g), the yz-surface farthest from the
origin is excited in the y~direction by 5 N/m? at 150 Hz with an expected primary
propagation direction of n = — x as shown in (d). The same yz-surface is excited in the =
direction in the simulation (h) by 5 N/m? at 150 Hz with an expected primary propagation
direction of n = —x as shown in (e). Finally, the top yz-surface is excited in the x-direction in
the simulation (i) by 5 N/m? at 150 Hz with an expected primary propagation direction of n
= —z as shown in (f). The primary polarizations for the simulations are shown in (d), (e), and
(f). The displacement in the x-direction is plotted in (i), the displacement in the y~direction is
plotted in (g), and the displacement in the zdirection is plotted in (h).
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Figure 4.

Global estimates of parameters obtained by combining four simulations of waves in
homogeneous material are shown for a signal-to-noise ratio (SNR) of 1, 5, 10, 100, and oo
(no noise added). Noise was added to all displacement directions of each of the four
simulations. The bars represent the estimated value for each material parameter; the dotted
lines are the known parameter values (¢ = 1000 Pa, =1, (=2, and n=0.2.). Note that the
DFI-LFE method cannot provide an estimate the loss factor 7; only estimates of 7 from the
DFI-LDI and Curl methods are shown.
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Local parameter estimates obtained from combining the four simulations of waves in
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homogeneous material are shown for the xy~planes of 13, 25, 31, and 44. An estimation
kernel with a radius of 5 voxels is used for all three estimation methods. The outlining box
indicates the full extents of the material (50 nm x 50 nm). The outer 4 voxels have been

removed from the estimates leaving a smaller shaded region (42 nm x 42 nm) of local

parameter estimates. Color bars show a range for each material parameter from a minimum
value of zero to a maximum value of 150% of the known values of ¢ = 1000 Pa, ¢=1, (=2,
and n = 0.2. Estimates from the DFI-LFE method for (a) g, (b) ¢, and (c) ¢ are shown in the
top row. Estimates from the DFI-LDI method for (€) 4 (f) ¢, (9) ¢, and (h) n are shown in
the second row. Estimates from the Curl method (with kernel approach) for (i) 4 (i) ¢, (k) ¢,

and (I) nare shown in the third row.
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Figure 6.

Local and estimates of parameters from combining the three simulations of waves in
heterogeneous material are shown for the xy~planes of 13, 25, 31, and 44. The outlining box
indicates the full extents of the material (70 nm x 70 nm), and the outlined “X” within each
box indicates the outline of the 4 lobes. The outer 4 voxels have been removed from the
estimates leaving a smaller shaded “X” region of local parameter estimates. Color bars show
a range for each material parameter from a minimum value of zero to a maximum value of
150% of the known values of =1000 Pa, ¢=1, ¢ =2, and 1= 0.2. Global estimates are
given under the local results for each parameters and method. Estimates obtained by the
DFI-LFE method for (a) 4 (b) ¢, and (c) ¢ are shown in the top row. The smaller outlines in
(a), (b), and (c) indicate areas for which the DFI-LFE indicated that insufficient information
was available for estimates. Estimates obtained by the DFI-LDI method for (e) 4, (f) ¢, (9) ¢,
and (h) nare shown in the second row. Estimates obtained by the Curl method for (i) 4 (j) ¢,
(k) ¢ and (1) nare shown in the last row. Note that in the case of the DFI-LDI and Curl
methods, estimates were found for all voxels and the white areas are outside the chosen

range of the material parameters.

Magn Reson Med. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tweten et al.

Page 23

X Xy X,

9 Bt ) PR-%gu-fr f)u-f

Figure 7.
Transversely isotropic material with a fiber orientation defined by (a) a =x = x4 and (b) a =

z = X3. Tensile moduli in directions (c) parallel and (d) perpendicular to the fibers are given
by £,and £, respectively. Shear moduli in planes () parallel and () perpendicular to the
fibers are given by g, and u, respectively. The dashed boxes indicate the undeformed case.
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Table 1

A standard set of elastic moduli of a transversely isotropic material £, £, £ and £, and the bulk modulus

x are defined in terms of the parameter sets proposed by Feng et al. (13), Guo et al. (17), Rouze et al. (16)
(consistent with Papazoglou et al. (3)), and Royer et al. (11). The first three parameter sets include the
approximation of incompressibility which leads to x — ©o and require a total of only three parameters. All
five parameters are required to describe the TI material of model without the incompressibility approximation,
as expressed by Royer et al. (11).

Modulus  Fengetal. (13) Guoetal. (17) Rouze et al. (16) Royer et al. (11)
E 2
T
ﬁ\ HAC+3) £ Hp (4*E—> C33— 13
L C11—C66

-1 2
g MU B (4 (&) 1) Jegg s

14+¢ p12+E3 E, cr1¢33—C
A M1+ ¢) H3 M Can
ML H Hi2 Hr Co6
2
x x{(0) e o Ca3— (c13—c33)

c11—2c¢13+C33—C66
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