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Abstract

Magnetic resonance elastography (MRE) is a noninvasive imaging technique capable of
quantifying and spatially resolving the shear stiffness of soft tissues by visualization of
synchronized mechanical wave displacement fields. However, MRE inversions generally assume
that the measured tissue motion consists primarily of shear waves propagating in a uniform,
infinite medium. This assumption is not valid in organs such as the heart, eye, bladder, skin,
fascia, bone and spinal cord in which the shear wavelength approaches the geometric dimensions
of the object. The aim of this study was to develop and test mathematical inversion algorithms
capable of resolving shear stiffness from displacement maps of flexural waves propagating in
bounded media such as beams, plates and spherical shells using geometry-specific equations of
motion. MRE and finite element modeling (FEM) of beam, plate, and spherical shell phantoms of
various geometries were performed. Mechanical testing of the phantoms agreed with the stiffness
values obtained from FEM and MRE data and a linear correlation of r2 > 0.99 was observed
between the stiffness values obtained using MRE and FEM data. In conclusion, we have
demonstrated new inversion methods for calculating shear stiffness that may be more appropriate
for waves propagating in bounded media.
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Introduction

It is generally appreciated that the intrinsic mechanical properties of soft tissues provide
insight into a variety of disease processes including liver fibrosis (1), breast lesions (2),
myocardial infarction (3), hypertension (4), diastolic dysfunction (5), arterial stiffness (6),
and muscle function (7). While in clinical practice the assessment of tissue stiffness using
palpation has proven effective, this technique is limited due to its superficial and subjective
nature. As such, there exists a continuing need for the improved noninvasive detection,
assessment, and quantification of tissue mechanical properties.

In response to the need for improved methods of assessment of tissue elasticity, several
imaging based approaches have been developed. Techniques such as ultrasound
elastography based on cross-correlation analysis (8), transient elastography (9), as well as
magnetic resonance elastography (MRE) (10-13) are capable of quantifying the stiffhess of
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soft tissues noninvasively and are based on imaging tissue response to intrinsic or extrinsic
motion sources. A drawback of ultrasound-based techniques is that they are limited to
imaging within a given acoustic window, cannot measure the full 3D displacement of the
tissue, and provide only a global measure of stiffness. MRE (14,15) on the other hand, is a
MRI-based, phase-contrast imaging technique that is capable of producing images of the
shear modulus distribution within tissue. By synchronizing motion-encoding gradients
(MEG) in the MR pulse sequence with externally applied motion, the full 3D tissue
displacement field can be encoded into the phase of the MR image. These wave images are
then processed using a so-called inversion algorithm to obtain spatially resolved shear
stiffness maps.

Existing MRE-based methods for calculating the shear modulus generally assume that the
measured tissue motion consists primarily of shear waves propagating in a uniform, infinite
medium (15). However, this assumption is not valid in many organs, such as the heart, eye,
spinal cord, bone and bladder, where the shear wavelength can be of the order of the
dimensions of the organ. Although, finite element methods have been proposed for inverting
MRE wave displacements (16) and optical coherence tomography images (17) that include
geometric effects in the inversions, these techniques are computationally very intensive.
Therefore, a more efficient inversion analysis that takes into account the geometric and
boundary conditions is required.

The purpose of this work is to demonstrate new MRE inversion techniques for estimating
shear modulus that from waves propagating in bounded media such as beams, plates and
spherical shells, using geometry-specific equations of motion.

In order to apply MRE-based methods for resolving the shear modulus of organs, in which
geometric considerations must be taken into account, three separate models are considered.
In this work, the models considered are thin beams, plates and spherical shells. The
appropriate geometric conditions, mathematical descriptions of wave propagation, and
method of calculating shear modulus for each model is described.

Beam Inversion—Beams can respond not only to longitudinal but also to transverse
vibrations. In an elastic beam whose length is greater than its thickness, these vibrations give
rise to flexural waves (i.e., the wavelength of the vibrations is greater than the thickness of
the beam). The basic hypothesis (from the Bernoulli-Euler theory of beams) involved in
deriving the equations of motion is that cross-sectional planes initially perpendicular to the
axis of a uniform, homogenous, isotropic beam remain planar and perpendicular to the
neutral axis during bending (18). When the forces and moments acting on a small
differential element experiencing these flexural vibrations are balanced, the result gives rise
to Eq.1 (18), where | = moment of inertia, E = Young’s modulus of the material, x =
distance along the length of the beam, w = displacement in the transverse direction, S =
cross-sectional area of the beam, p = density of the material (assumed to 1000 kg/mq) and ®
= rotational frequency.

(1)

MRE can be used to determine the mechanical properties of a beam by encoding the
transverse component of displacement (w), which is input to Eq.1 to determine E. E is then
converted to shear modulus () using the relationship pu = E/2(1+v), where v = Poisson’s
ratio.
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Plate Inversion—Thin plates are a 2D extension of thin beams. As with the beam
analysis, the analysis of flexural motion in a uniform, homogenous, isotropic plate adheres
to the Bernoulli-Euler theory and is obtained by balancing the forces and moments on all
sides of a small differential element. The resulting equation of motion is shown in Eq. 2
(19), where h = thickness of the plate, p = density of the material (assumed to 1000 kg/m3),
w = transverse displacement in the direction of the plate thickness, x and y = in-plane
directions perpendicular to w, and D = bending stiffness of the plate, which is related to
Young’s modulus (E) by Eq. 3. This equation fails when thickness exceeds A¢/20, where Ag
is the shear wavelength.
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To assess the mechanical properties of a plate, MRE can be used to encode the through-
plane component of displacement (w), which is input to Eq. 2. E is calculated from D, which
is converted to the shear modulus (u) using the relationship p = E/2(1+v).

Spherical Shell Inversion—The vibrations of a spherical shell include flexural effects
that result in wave propagation guided by the boundary conditions of the sphere. The
equations of motion can be obtained by applying Hamilton’s variational principle (18) and
by assuming mid surface deflections and nontorsional axisymmetric motions. Other
assumptions made during the derivation of the equation of motion include; 1) the
displacement of the shell is small in comparison to its thickness, 2) the thickness of the shell
is small compared with the smallest radius of curvature, 3) “fibers” or elements of the shell
initially perpendicular to the middle surface remain so after deformation and are themselves
not subject to elongation, and 4) the normal stress acting on planes parallel to the shell
middle surface is negligible in comparison with other stresses. Expressed in the polar
coordinate system, the flexural motion is described by Eq. 4 (18), where a = shell inner
radius, u = circumferential component of displacement, w = radial component of
displacement, c, = flexural plate speed (Cp2 = E/(1-v?)p), E = Young’s modulus, p = density
(assumed to be 1000 kg/m3), v = Poisson’s ratio, p = h?/12a2, h = thickness of the shell, 6 =
angular position around the shell, double dots above a variable indicate differentiation with
respect to time, and p, = applied load. If the circumferential and radial displacements are
known, Eq. 4 can be solved for E. The shear modulus (i.e. shear stiffness or stiffness) of the
material can then be calculated according to the relationship p = E/ 2(1+v).
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In this application, MRE techniques can be used to quantify the in-plane Cartesian
components of displacement, which can be converted to circumferential and radial
components of the displacement for use in Eq. 4.

Magn Reson Med. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kolipaka et al. Page 4

Methods

Experimental Setup

To investigate the ability of MRE to determine the intrinsic mechanical properties of
materials in the presence of significant geometric effects, several phantom experiments were
performed to test the above equations of motion in beams, plates, and spherical shells.

Beam MRE—Three cylindrical beams of diameters 2.25 cm, 2.5 cm, and 3.7 cm and
lengths of 16.3 cm, 16.7 cm and 18.5 cm, respectively, and Poisson’s ratio of 0.49 (20)
(obtained from a mechanical pull test performed using a servo hydraulic MTS testing
machine (Model 810, MTS testing system, Eden Prairie, MN)) were constructed with
silicone rubber (Wirosil, BEGO, Germany). As shown in figure 1(a), the beams were
supported and fixed at the ends and a pneumatic driver was used to produce vertical
displacements at the center of the beam.

Plate MRE—Two plates 1 cm thick x 17.0 cm length x 17.0 cm breadth and 2 cm thick x
17.0 cm length x 17.0 cm breadth and Poisson’s ratio of 0.49 (20) (obtained from a
mechanical pull test performed using servo hydraulic MTS testing machine (Model 810,
MTS testing system, Eden Prairie, MN)) were constructed with silicone rubber (Wirosil,
BEGO, Germany). As shown in figure 1(b), the plates were placed in a rigid frame with the
top and bottom surfaces open to generate fixed boundary conditions at the edges. The
phantom and the frame were then rigidly mounted in the scanner 1 cm above the surface of
the scanner table and a pneumatic driver was used to produce vertical displacements at the
center of the plate.

Spherical Shell MRE—Two spherical shells of 10 cm diameter, thicknesses of 1 cm and
1.5 cm, and Poisson’s ratio of 0.45 (20) (obtained from a mechanical pull test performed
using servo hydraulic MTS testing machine (Model 810, MTS testing system, Eden Prairie,
MN)) were constructed with silicone rubber (Wirosil, BEGO, Germany). The mixing ratios
of the two components of the rubber were adjusted to make a softer rubber than was used for
the beams and plates for easier construction of the spherical shell. A pneumatic driver was
used to produce vertical displacements at the top of the shell as shown in the figure 1(c). The
shell was placed on a flat surface in the MR scanner for data acquisition.

Image Acquisition
All imaging was performed on a 1.5 Tesla MRI scanner (Signa, GE Health Care,
Milwaukee, WI). A standard gradient-recalled echo (GRE) MRE sequence equipped with
first-order gradient moment nulled MEG was used to image induced displacements within
the beams, plates and shells.

Beam MRE—Data acquisition was performed on the three beams at three different
frequencies of excitation (200 Hz, 250 Hz, and 300 Hz). Additional GRE MRE imaging
parameters included TR: 150 ms, TE: 15.7 ms (200 Hz), 14.7 ms (250 Hz) and 14.6 ms (300
Hz), slice thickness: 10 mm, FOV: 18 cm for the 2.25 cm and 2.5 cm beams, 20 cm for the
3.7 cm beam, acquisition matrix: 256x64, flip angle: 30°, receiver bandwidth: 15.63 kHz,
and imaging plane: axial (shown in figure 1(a) as a dotted line). MEG durations of 5 ms
(200 Hz), 4 ms (250 Hz), and 3.33 ms (300 Hz) were applied to encode the 200 Hz, 250 Hz
and 300 Hz motion, respectively.

Plate MRE—TFor each plate external motion at 60 Hz, 75 Hz and 100 Hz was applied. GRE

MRE imaging parameters were the same as for the beam acquisitions except for TE: 27.7 ms
(60 Hz), 24.3 ms (75 Hz) and 21 ms (100 Hz), FOV: 20 cm, MEG durations of 16.67 ms (60
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Hz), 13.33 ms (75 Hz), and 10 ms (100 Hz), and imaging plane: coronal (shown in figure
1(b) with dotted line).

Spherical Shell MRE—The two spherical shells were vibrated each at a frequency of 200
Hz. The in-plane components of displacement were encoded using the GRE MRE sequence
with 5 ms duration MEG. The imaging parameters were the same as for the plates and
beams except for TE: 15 ms, FOV: 14 cm, and imaging plane: axial (shown in figure 1(c) as
the dotted line).

Finite Element Modeling

Finite element modeling (FEM) was performed to validate the inversion equations in beams,
plates and spherical shells and to compare the stiffness estimates from FEM to those from
the MRE experiments. All FEM was performed in beams, plates and spherical shells using
COMSOL Multiphysics (3.4v, COMSOL AB, Stockholm, Sweden). A 3D frequency-
response analysis with a quadratic discretization consisting of the degrees of freedom and
number of mesh elements tabulated in Table 1 was performed on beams, plates and shells
assuming a homogeneous, isotropic material with Poisson’s ratio of 0.49 for beams and
plates and 0.45 for shells, density of 1000 kg/m3, and Young’s modulus ranging from 210—
600 kPa as described below. This yields complex valued displacements at every point on the
grid. The frequency-response equation for solving the FE models is given in Eq.5 (21),
which was based on principle of virtual work and Newton’s equation of motion, where » =
rotational frequency, p = density, n = loss factor (assumed to be 0.05), ¢ = stiffness tensor
and u = displacement vector. When the loss factor in Eq. 5 approaches zero, the equation
deduces to Helmholtz’s wave equation.

wsz1)= -V ‘c(l+j77)V_u) (5)

Beam FEM—A 3D FEM was developed of each of the three beams with the same
dimensions as the constructed beams described in the MRE experimental setup. A
frequency-response analysis was performed at frequencies of 200 Hz, 250 Hz, and 300 Hz
using E = 429 kPa (obtained from mechanical testing described following). Additional
simulations were performed with the Young’s modulus for the 2.5 cm diameter beam set to
several values including 210 kPa, 300 kPa, 390 kPa, 510 kPa, and 600 kPa. A frequency-
response analysis was performed at 200 Hz in each case to compare the stiffness estimates
provided in the FEM to those obtained by inverting Eq. 1. For all models, the ends of the
beams were fixed to match the experimental setup.

Plate FEM—A 3D FEM of plates was performed using the same dimensions as the
constructed plates described in the MRE experimental setup. A frequency-response analysis
was performed at frequencies of 60 Hz, 75 Hz, and 100 Hz with E = 429 kPa (obtained from
mechanical testing described following) and with the edges of the plates fixed. Additional
simulations were performed with the Young’s modulus for the 2 cm thick plate set to several
values including 210 kPa, 300 kPa, 429 kPa, 525 kPa, and 600 kPa. A frequency-response
analysis was performed at 75 Hz to compare the true stiffness estimates provided in the
FEM to those obtained by inverting Eqg. 2.

Spherical Shell FEM—A 3D FEM for each spherical shell was performed using the same
dimensions as the constructed shells described in the MRE experimental setup. A frequency-
response analysis was performed at frequencies of 200 Hz, 250 Hz, and 300 Hz with E =
210 kPa. Additional simulations were performed with the Young’s modulus for the shell of
1 cm thickness and 5 cm radius set to several values including 210 kPa, 300 kPa, 390 kPa,
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510 kPa, and 600 kPa. A frequency-response analysis was performed at 200 Hz to compare
the true stiffness estimates provided in the FEM to those obtained by inverting Eqg. 4.
Furthermore, a frequency response analysis at 200 Hz was performed on shells with 5 cm
radius and varying thickness from 0.75 to 4.5 cm (in increments of 0.25 cm up to 1 cm
thickness, then in increments of 0.5 cm thereafter) and E = 150 kPa, 300 kPa and 450 kPa to
determine the effect on the stiffness estimates as the radius-to-thickness ratio is changed.

Mechanical Testing

A 3-point bending test was performed on the 2.5 cm diameter beam used for the MRE
experiments using a servo hydraulic MTS testing machine (Model 810, MTS testing system,
Eden Prairie, MN). The beam was supported at both ends and the loading was applied at the
center of the beam. The sample was deformed with a known load (i.e., force) at the rate of
10 mm/min until the beam was visibly deformed. The displacement due to the deforming
force was recorded. The slope of force versus displacement (i.e., F/D) was calculated and
input into Eq. 6 (22) to obtain the stiffness of the material, where F = applied force (N), L =
distance between the two supports (m), r = radius of the beam, D = displacement (m), and E
= Young’s modulus of the material. Once E is determined from Eq. 6 the shear modulus can
be calculated using the relationship p = E/2(1+v).

3
EzL.
127* D (6)

Image Analysis

MRE and FEM provide Cartesian displacements within the beams, plates and shells, which
are then input to Eq. 1, Eq. 2, and Eq. 4, respectively. Because these displacements are
spatially resolved, they also provide stiffness maps of the object under investigation. For the
shells, the Cartesian displacements were first converted to radial and circumferential
components of displacements using a polar coordinate transformation. The load p,, which
describes the externally applied vibration of the shell was modeled as a Gaussian function
with a standard deviation of 0.005 radians and a pressure amplitude of 10° Pa. Derivative
estimates of the displacement data were performed using Savitzky-Golay filters (23-25)
with filter size equal to 0.67 times the wavelength and an order of 3. To demonstrate the
biases that can arise when analyzing displacement data in bounded media using algorithms
which assume an unbounded geometry, 2 dimensional phase gradient (PG), local frequency
estimation (LFE), and direct inversion (DI) (15) inversions on the MRE data from beams,
plates and shells were also performed and compared to the results from Eq. 1, Eq. 2 and Eq.
4. As part of the PG, LFE, and DI inversions, directional filtering (26) was performed in 8
directions with a Butterworth bandpass radial filter (cutoff frequencies of 2—40 cycles/FOV).
The PG and DI inversions were performed on each directionally filtered dataset using 5x5
and 11x11 local windows respectively.

Noise Analysis—Noise was added to the FEM displacements obtained for the beams,
plates and shells to investigate the robustness of the inversions. Gaussian white noise with a
standard deviation of 1-25% of the displacement amplitude was added to the transverse
component of displacement for one of the beam models (2.5 cm diameter, frequency = 200
Hz, and E = 429 kPa) and to the through-plane direction for one of the plate models (2 cm
thick, frequency = 75 Hz, and E = 429 kPa). Noise with a standard deviation of 1-25% of
the displacement amplitude was added to the radial and circumferential components of
motion for one of the spherical shell models (5 cm radius and 1 cm thick, frequency = 200
Hz, and E=210 kPa). For each model and each noise level, the displacement data were input
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to their respective inversion equations and the mean and variance of the stiffness maps were
recorded to determine the sensitivity of the stiffness estimates to noise.

Statistical Analysis

Results

Stiffness estimates obtained from the inversion equations for the beams, plates and shells
were validated against estimates obtained from FEM data. To determine any statistically
significant difference in the MRE and FEM stiffness estimates, a least-squares linear
regression was performed using the stiffness estimates, which were input to the FEM and
those obtained from the MRE inversion equations.

Mechanical Testing

Beams

Plates

Figure 2 shows the plot of force versus displacement obtained from the 3-point bending
experiment performed on a beam of 2.5 cm diameter. The slope was provided as an input to
Eqg. 6 to determine that the shear stiffness of the beam was 143 kPa.

Figure 3(a,b) show the transverse component of displacement at one time point in the wave
cycle obtained from FEM and MRE, respectively, for a 2.5 cm diameter beam vibrated at a
frequency of 200 Hz. In the FEM, the shear modulus was assumed to be 143 kPa, the result
obtained from the mechanical testing. The corresponding stiffness maps obtained using Eq.
1 and using a phase gradient (PG) inversion algorithm (15) are shown in figure 3(c,d) and
figure 2(e,f) respectively. The mean MRE stiffness values obtained from the regions of
interest (ROIs) shown in black using Eq. 1 and the PG algorithm were 145.9+24 kPa and
91.3+31 kPa, respectively. The results for the FEM were 141.2+16.2 kPa using Eq. 1 and
84.1+7 kPa using the PG inversion algorithm. Similarly, the mean MRE stiffness values
obtained using LFE and DI were 76.7+13.7 kPa, and 81.2+22.1 kPa respectively. And the
mean FEM stiffness values obtained using LFE and DI were 74.2+12.4 kPa, 72.6+8.9 kPa
respectively. Figure 4(a) shows the stiffness values obtained from the MRE experimental
data and from the FEM simulation data using Eq. 1, and the values obtained from the MRE
data processed with the PG method, for different sized beams at different frequencies. Only
the PG results are shown because the LFE and DI results behaved similarly. The expected
shear stiffness for the FEM data was 143 kPa and from the figure it can be seen that the
beam inversion produced precise stiffness estimates, whereas the other unbounded
inversions such as PG, LFE and DI methods were biased, underestimating the stiffness
measurements in all three beams and at all three frequencies. However, PG, LFE and DI
estimates of stiffness improved as the shear wavelength decreased with increasing frequency
and beam diameter. Figure 4(b) shows a plot of the shear stiffness values provided as an
input to the FEM compared to the stiffness estimates obtained from Eq.1 for a beam of 2.5
cm diameter. A linear correlation coefficient (R?) of 0.99 was determined between the input
stiffness values and the stiffness estimates obtained by solving Eq. 1. Figure 4(c) shows the
variation in stiffness measurements obtained using Eq.1 with the amount of noise added for
the 2.5 cm diameter beam at a frequency of 200 Hz. The mean stiffness remains unbiased
with the increase in noise level, but the uncertainty in the stiffness estimates as represented
by the error bars (1 SD) increases with increasing noise level.

Figure 5(a,b) show the through-plane component of displacement at one time point in the
wave cycle obtained from the FEM simulations and MRE experiments for a 2 cm thick plate
vibrated at a frequency of 75 Hz. The corresponding stiffness maps obtained using Eq. 2 are
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shown in figure 5(c,d) and those obtained from using the PG MRE inversion algorithm are
shown in figure 5(e,f). The mean MRE stiffness values obtained from the ROIs shown
(regions indicated by “+” and avoiding the numerically unstable regions shown by “*, #”)
using Eg. 2 and the PG algorithm were 146.5+24.3 kPa and 57.4+24.8 kPa, respectively.
The results for the FEM were 141.2+6.1 kPa using Eq.2 and 42.8+8.3 kPa using the PG
inversion algorithm. Similarly, the mean MRE stiffness values obtained using LFE and DI
were 53.4+4.5 kPa, and 68.7+18.2 kPa respectively. The mean FEM stiffness values
obtained using LFE and DI were 41.4+4.4 kPa, and 42.1+4.2 kPa respectively. Figure 6(a)
shows the stiffness values obtained from the MRE experimental data and the FEM
simulation data for the two different sized plates at different frequencies using Eg. 2 and the
PG method. Only the PG results are shown because the LFE and DI results behaved
similarly. The input shear stiffness for the FEM was 143 kPa, the result of the mechanical
testing. The results from the inversion of Eq. 2 agree well with the known stiffness values,
whereas the other unbounded inversions such as PG, LFE and DI techniques underestimated
the stiffness in both plates and at all frequencies. As with the beam data, PG, LFE and DI
estimates of stiffness improved as the shear wavelength decreased with increasing frequency
and plate thickness. Figure 6(b) shows a plot of different shear stiffness values provided as
an input to the FEM compared to the stiffness estimates obtained from Eq. 2 for the 2 cm
thick plate vibrated at 75 Hz, yielding a linear correlation with R2 = 0.99. Figure 6(c) shows
the variation in stiffness measurements obtained using Eq. 2 with the amount of noise added
to the displacement data for the same plate. As the noise level was increased, the mean
stiffness estimate remained unbiased while the uncertainty increased, as indicated by the
error bars (1 SD).

Spherical Shells

Figure 7(a, b, d, e) show the radial (first column) and circumferential (second column)
components of the displacement field at one time point in the wave cycle produced in a
spherical shell 10 cm in diameter and 1 cm thick obtained from FEM (top row) and MRE
(bottom row) experiments at a vibration frequency of 200 Hz. The corresponding stiffness
maps obtained by inverting Eq. 4 are shown in figure 7(c, ) for the FEM and MRE data,
respectively. The mean stiffness values obtained from the ROIs described by the black
dotted lines are 71+14 kPa and 71.6+14.3 kPa for the FEM and MRE data, respectively. The
input shear stiffness for the FEM was 70 kPa. The MRE results obtained by application of
the PG inversion method on the radial and circumferential components of displacement
separately (not shown) were 30.8+10.3 kPa and 15.1+10.6 kPa, respectively. The results
from applying the LFE inversion method on the radial and circumferential displacements
were 9.9+ 4.8 kPa, and 8.9+3.9 kPa, and with the DI method were 45.1+ 16.5 kPa, and
39+14.2 kPa respectively. Furthermore, the spherical shell inversion was performed on
MRE data acquired using the thicker shell (not shown) 10 cm in diameter and 1.5 cm thick,
yielding a stiffness value of 65.8+17 kPa. For the same shell, the PG analysis reported a
mean stiffness of 28.8+16.9 kPa and 11.6+11.5 kPa for the radial and circumferential
displacements, respectively. Similarly, using LFE, the stiffness measurements were
12.31+5.3 kPa, and 10.23+6.1 kPa for the radial and circumferential displacements
respectively. For the DI method, the stiffness measurements were 48.3+22.1kPa and
43.5+18.3 kPa respectively. The results indicate that unbounded inversions such as PG, LFE
and DI are significantly biased and underestimated the stiffness measurements in both shells.

Figure 8(a) shows the stiffness measurements obtained by solving Eq. 4 using the FEM
displacement data generated with an input shear stiffness of 100 kPa at frequencies ranging
from 200 Hz to 400 Hz. The shear stiffness measurements were unbiased at all frequencies.
Figure 8(b) shows a plot of different shear stiffness values provided as an input to the FEM
compared to the stiffness estimates obtained from Eq. 4 for the 1 cm thick shell at a
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frequency of 200 Hz, which yielded a linear correlation with R? = 0.99. Figure 9(a) shows
the variation in stiffness measurements obtained using Eq. 4 with different amounts of noise
added to the displacement data for the same shell model generated from an input stiffness of
70 kPa. As the noise level increased, a small bias was observed in the mean stiffness
measurements and the uncertainty in the estimates increased as indicated by the error bars
(£1 SD).

Figure 9(b) shows the results of the study to determine the amount of error that may arise in
the stiffness estimates of spherical shells with various radii and thicknesses. The plot shows
the measured stiffness (normalized to the shear stiffness used in the FEM) as a function of
the ratio of radius to shell thickness. The thin spherical shell analysis is accurate for shells
whose radius-to-thickness ratios > 2. Below that, an error is introduced due to violations of
the assumed model of the shell, which must be corrected. A nonlinear fit was performed as
indicated in figure 9(b) to determine the required correction factor for an arbitrary shell
when the ratio falls below 2.

Discussion

Current MRE inversion algorithms, which assume an infinite medium are expected to be
biased when estimating the true stiffness of media when the induced stress waves are
propagating in a confined geometry with dimensions comparable to their shear wavelengths
(27). These results demonstrate this for PG, LFE, and DI inversions in all three geometries
considered. The bounded media inversions on all three geometries estimated precise
stiffness values at different frequencies, different input FEM stiffnesses, and were robust to
different noise levels. Therefore, new inversion equations that include the geometric
conditions of the object under investigation are required in order to precisely estimate its
true stiffness.

For the thin beam model, excellent agreement between experimental, FEM data and
mechanical testing (3-point bending) was observed. However, banding artifacts can be
observed in the stiffness maps shown in figure 3. These artifacts correspond to the nodes in
the displacement data. When inverting the beam wave equation around these nodes, the
displacement and the fourth derivative of displacement approach zero, which yields unstable
solutions in Eq. 1. The MRE elastogram obtained using the beam inversion shown in figure
3 is also non uniform within the ROIs due to the presence of noise, which also affects the
quality of the derivative estimates.

The plate inversion is a 2D extension of the beam inversion and as such, the plate wave
equation also has regions where the displacement and derivatives of displacement yield
numerically unstable results, such as the thin annular region indicated by an arrow with “#”
in figure 5. This wave equation is also valid only in plates whose thickness does not exceed
/20, where ) is the shear wavelength. Hence, appropriate frequencies for analysis must be
chosen that satisfy the thin-plate theory. Previous studies (24,25) have used plate inversion
equations to detect defects in orthotropic wood slabs by inverting dynamic surface
displacements and also to identify rib detachments in a thin metal plate by inverting laser
Doppler vibrometry data. These techniques use surface measurements of displacement and
variational techniques to determine variations in mechanical properties, whereas the present
technique inverts MRE-encoded displacements from throughout the medium to provide
estimates of the true stiffness of the material.

The stiffness estimates from MRE-encoded displacements obtained using the thin spherical
shell inversion agreed well with the FEM simulation results. As with the beams and plates,
the elastograms obtained from the thin-shell inversion are not uniform throughout the
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phantom, as shown in figure 7. Two potential reasons for the variation in the elastograms
throughout the central portion of the shell are first, the attenuation of the wave away from
the driver source resulting in a decrease in the amplitude of wave displacements and hence
increased noise and secondly because the through-plane component of motion was neglected
in the model. The artifacts at the top and bottom of the elastograms arise because of
numerical instabilities due to the cotangent function in the wave equation going to zero in
these regions. Under the experiments performed in this study, as shown in figure 9, the thin-
shell inversion fails when the ratio of the shell radius to thickness falls below 2. If the ratio
falls below this threshold in a particular application, correction factors calculated from the
equation shown in figure 9(b) can be used to obtain a more precise estimate of the stiffness
of the material.

While excellent agreement was observed between the MRE and corresponding FEM results
in this study, there are several limitations of this study that affect the agreement between the
two techniques. First, the MRE-encoded displacements vary slightly from the corresponding
FEM displacements due to practical limitations in recreating the exact boundary conditions
and driver positions of the FEM, which can be manifested as slight variations in the
elastograms. Furthermore, the phantoms themselves may not be perfectly uniform in size or
material properties due to manufacturing limitations, thus also slightly perturbing the
induced wave fields and reconstructed elastograms. Second, the presence of an
indeterminate amount of attenuation or viscosity in the real phantoms was only
approximately reproduced in the FEM. This difference can impact the wave propagation
model, as well as the inversions themselves, since the wave equations used in this work do
not assume any attenuation. Third, the assumption of no through-plane motion in the
spherical shell inversion causes some nonuniformity in the elastograms. Despite these
limitations, the inversion algorithms described here demonstrated close agreement with non
MRE-based methods (FEM and mechanical testing). Additional work incorporating the use
of FEM will include a more thorough analysis of each geometry to try to determine the
impact on the quality of these inversions due to significant/relative variations in geometry,
geometric size with respect to stiffness and excitation frequency, location and direction of
the motion source(s), and boundary conditions. Preliminary investigations into this behavior
for the spherical shell inversion were presented here (figure 9(b)), but a thorough treatment
of all geometries was considered to be beyond the scope of this current work.

In the real world, the geometries of the organs deviate from the ideal structures considered
here. However, several studies (28-30) have demonstrated the feasibility of applying beam
and spherical shell inversions to anatomical structures such as bone, spinal cord and heart.
The measured stiffness estimates in bone (28) and spinal cord (29) using a beam
approximation were in the range of stiffness measurements quoted in the literature (31,32).
With a spherical shell approximation of the heart, stiffness estimates of the myocardium
throughout the cardiac cycle have been obtained (30). These stiffness measurements
demonstrated a strong correlation with pressure measurements obtained throughout the
cardiac cycle. The stiffness measurements obtained using the spherical shell inversion were
also validated in a simulated spherical left ventricular phantom with an established pressure-
volume model that determines stiffness (33). However, the purpose of the work presented in
this manuscript was to highlight a limitation of current inversion algorithms and propose an
improved analytic method for MRE of bounded media. The preliminary tissue results
described above, though incorporating the bounded media inversions, were considered to be
beyond the scope of this manuscript because each application would require its own detailed
account of the assumptions, methods, results and validation appropriate for each study.

Future work involves a continued investigation of the use of these inversion algorithms for
obtaining the stiffness of tissues and for identifying different disease states in tissue whose
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dimensions will affect wave propagation, such as the spinal cord, bone, skin, heart, and eyes.
Improved capabilities for assessing bone and spinal cord stiffness in vivo could find
application in the diagnosis of osteoporosis, tissue-engineered constructs, and surgical
simulations which may aid in the development of new treatments for acute and chronic back
problems. Being able to determine the shear stiffness of the myocardium in vivo could be
useful for the diagnosis of disease states such as diastolic dysfunction, hypertension, and
myocardial infarction. Since high-order derivatives are used in these inversion algorithms,
more robust methods will be implemented for determining these derivatives to reduce the
sensitivity of these techniques to noise. In the future, the existing spherical shell inversion
equation should be extended to incorporate the through-plane component of motion and
torsional motion likely to occur in in vivo tissue. Also, the effects of heterogeneity and
anisotropy on these inversions must be further explored. Investigations into the effects of
heterogeneity will show if an assumption of local homogeneity will be as appropriate for
these models as it has been used for previous algorithms, such as PG and DI. Similarly,
applying the current bounded media inversions to anisotropic media will return a composite
or effective shear stiffness reflective of the properties of the material. While work to
incorporate anisotropy into this kind of analysis is ongoing, the effective shear stiffness that
would be currently obtained may still have clinical utility by providing a quantifiable and
discriminating quantity when applied to diseased tissues.

In conclusion, we have demonstrated novel MRE inversion methods for wave propagation in
bounded media to determine the true stiffness of the material under study. While existing
inversion algorithms (e.g., PG, LFE, DI) assume wave propagation in infinite media, and
thus incorrectly assess the mechanical properties of bounded media, the proposed technique
uses information about the structure of the object to solve for its true material properties.
Each inversion algorithm (beams, plates and shells) was validated using FEM and has been
shown to be precise over a range of material stiffnesses, media dimensions, excitation
frequencies, and noise levels.
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Schematic diagrams of the experimental models and the driver locations for inducing
mechanical motion in each type of phantom with imaging plane shown in dashed line.
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Figure 2.
Force versus displacement data obtained from the 3-point bending experiment. The slope of
this fit was used to calculate stiffness using Eq.6.
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a) FEM MRE b)

Figure 3.

(a, b) Transverse displacement maps obtained from FEM and MRE experiments at one time
point in the wave cycle, respectively, in a beam of 2.5 cm diameter at a vibrating frequency
of 200 Hz. (c, d) Corresponding stiffness maps obtained from using Eq. 1 with a mean
stiffness of 141.2+16.2 kPa and 145.9+24 kPa, respectively, in the ROIs shown with the
black solid line. (e, f) Corresponding stiffness maps obtained using PG with a mean stiffness
of 84.1+7 kPa and 91.3+31 kPa, respectively.
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Figure 4.

(a) Compiled shear stiffness results from the MRE and FEM analysis of the 3 beams at 3
different frequencies. The results include the MRE and FEM data processed using Eqg. 1, and
the MRE data processed with PG. The dashed line indicates the true shear stiffness value of
143 kPa. (b) A plot showing the correlation between the shear stiffnesses provided as inputs
to the FEM and the shear stiffness estimates obtained using Eq. 1 with the transverse
displacement data obtained from the FEM in a beam of 2.5 cm diameter at a frequency of
200 Hz. (c) A plot of shear stiffness versus the noise level added to the transverse
displacement data from the FEM of a beam 2.5 cm in diameter vibrated at a frequency of
200 Hz. The error bars represent £1 SD.
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Figure 5.

(a, b) The through-plane displacement maps obtained from the FEM simulations and MRE
experiments at one time point in the wave cycle, respectively, in a 2 cm thick plate at a
vibration frequency of 75 Hz. (c, d) The corresponding stiffness maps obtained using Eq. 2
with a mean stiffness of 141.2+6.1 kPa and 146.5+24.3 kPa, respectively, in the ROI shown
(between the black solid lines indicated by “+”). The “*” indicated at the center is an
unstable region because the source of motion is located there. (e, f) Corresponding stiffness
maps obtained using the PG with a mean stiffness of 42.8+8.3 kPa and 57.4+24.8 kPa,
respectively.
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Figure 6.

(a) Compiled shear stiffhess results from the MRE and FEM analysis of the 2 plates at 3
different frequencies. The results include the MRE and FEM data processed using Eq. 2, and
the MRE data processed with PG. The dashed line indicates the true shear stiffness value of
143 kPa. (b) A plot of the shear stiffnesses provided as inputs to the FEM versus the shear
stiffness estimates obtained using Eq. 2 on the displacement data generated from the FEM of
the 2 cm thick plate at a frequency of 75 Hz. (c) A plot of shear stiffness versus the noise
level added to the FEM displacement data generated for the 2 cm thick plate vibrated at a
frequency of 75 Hz. The error bars represent +1 SD.
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Figure 7.
(a, b, d, e) The radial and circumferential components of motion from the FEM and MRE

experiments at one time point in the wave cycle, respectively, for the 1 cm thick shell
vibrated at a frequency of 200 Hz. (c, f) The corresponding stiffness maps obtained from Eq.
4 with a mean stiffness of 71.6+14.3 kPa and 71+14 kPa within the ROIs outlined by the
dotted black lines for the FEM and MRE data, respectively.
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(a) A plot of shear stiffness obtained at different frequencies in a FEM of the 1 cm thick

shell for an input shear modulus of 100 kPa. (b) A plot of the shear stiffnesses provided as
inputs to the FEM versus the shear stiffness estimates obtained using Eq. 4 on the
displacement data generated from the FEM of the 1 cm thick shell at a frequency of 200 Hz.
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(a) A plot of shear stiffness versus the amount of noise added to the radial and
circumferential components of displacement obtained from the FEM of the 1 cm thick shell
vibrated at a frequency of 200 Hz. The error bars represent £1 SD. (b) Plot of the
reconstructed stiffness using Eq. 4 (normalized to the FEM input stiffness) versus the radius-
to-thickness ratio of the shell for various simulated datasets. An exponential function was fit
to the data, which can be used to correct the stiffness estimates of the shell when the ratio of

radius to thickness falls below 2.
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Mesh statistics including mesh type and number of points, elements and degrees of freedom used in FEM for

Table: 1
each model.
FEM Mesh Statistics
Model Mesh Type #Points # Elements  # Degrees of

freedom
Beam: 2.25cm Dia  Tetrahedral 1528 64344 278400
Beam: 2.5 cm Dia Tetrahedral 1543 66423 287022
Beam: 3.7 cm Dia Tetrahedral 429 51970 224310
Plate: 1 cm Thick Tetrahedral 2492 29382 136803
Plate: 2 cm Thick Tetrahedral 590 66710 294705
Shell: 1 cm Thick Tetrahedral 1068 29994 142041
Shell: 1.5 cm Thick  Tetrahedral 1412 56911 255501
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