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Abstract
The mechanical model commonly used in magnetic resonance elastography (MRE) is linear
elasticity. However, soft tissue may exhibit frequency-and direction-dependent (FDD) shear
moduli in response to an induced excitation causing a purely linear elastic model to provide an
inaccurate image reconstruction of its mechanical properties. The goal of this study was to
characterize the effects of reconstructing FDD data using a linear elastic inversion (LEI)
algorithm. Linear and FDD phantoms were manufactured and LEI images were obtained from
time-harmonic MRE acquisitions with variations in frequency and driving signal amplitude. LEI
responses to artificially imposed uniform phase shifts in the displacement data from both purely
linear elastic and FDD phantoms were also evaluated. Of the variety of FDD phantoms
considered, LEI appeared to tolerate viscoelastic data-model mismatch better than deviations
caused by poroelastic and anisotropic mechanical properties in terms of visual image contrast.
However, the estimated shear modulus values were substantially incorrect relative to independent
mechanical measurements even in the successful viscoelastic cases and the variations in mean
values with changes in experimental conditions associated with uniform phase shifts, driving
signal frequency and amplitude were unpredictable. Overall, use of LEI to reconstruct data
acquired in phantoms with FDD material properties provided biased results under the best
conditions and significant artifacts in the worst cases. These findings suggest that the success with
which LEI is applied to MRE data in tissue will depend on the underlying mechanical
characteristics of the tissues and/or organs systems of clinical interest.

1. Introduction
In vivo characterization of soft tissue mechanical properties offers insight into tissue health
and can aid in clinical diagnosis. Magnetic resonance elastography (Muthupillai and Ehman
1996) is a relatively new imaging modality that non-invasively quantifies the elastic
property distribution of a tissue or organ system of interest. The MRE technique employed
here generates time-harmonic shear waves within tissue and measures the resulting
deformations in the dynamic steady-state with a phase-sensitive MR pulse sequence
(Weaver et al 2001). These displacements are used to produce spatially distributed estimates
of tissue stiffness by iteratively solving the inverse elasticity problem (Van Houten et al
2001, Van Houten et al 1999). Direct inversion methods are also available (Manduca et al
2001, Sack et al 2008, Sinkus et al 2005, 2007, Raghavan and Yagle 1994, Sumi et al 1995)
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which are attractive computationally. In exchange, the iterative inversion requires more
computational effort but has more immunity to the inherent noise in the data.

Under the simplest assumptions, biological tissues behave according to the laws of linear
elasticity and various studies have successfully estimated linear elastic mechanical
properties in vivo, including in breast (Lorenzen et al 2002, McKnight et al 2002, Van
Houten et al 2003), brain (Green et al 2008, Kruse et al 2008), liver (Huwart et al 2007,
Rouviere et al 2006, Yin et al 2007), heel fat pads (Weaver, Doyley et al 2005) and muscle
(Bensamoun et al 2006), among other tissues. Nevertheless, many tissues respond
differently to induced motion, exhibiting viscoelastic, poroelastic or anisotropic behavior, in
which case the purely linear elastic assumption is likely to be a poor approximation.
Viscoelastic and anisotropic properties have been observed in breast lesions (Paulsen et al
2002, Sinkus et al 2005, 2007) and viscoelastic models have been used successfully in MRE
studies of brain parenchyma (Cheng and Bilston 2007, Sack et al 2008, Weaver, Perrinez et
al 2005). A recent report (Perriñez et al 2009) investigated the effects of using a purely
linear elastic model to recover images from experimental data acquired in a poroelastic
medium and highlighted the misleading material property distributions that were estimated
with the linear elastic approach (Van Houten et al 2003).

The goal of this study is to characterize the behavior of linear elastic inversion (LEI) when
applied to data recorded from phantom materials with frequency- and direction-dependent
(FDD) mechanical properties. Experiments in both linearly elastic and FDD phantoms were
conducted over a range of driving signal amplitudes and frequencies and the MRE
measurements were reconstructed with LEI to estimate the resulting material stiffness
distributions. The purely linear elastic model assumes the displacement field to be real
valued (i.e. perfectly in and/or out of phase across the entire phantom)—an assumption that
does not hold true when the material is FDD. Results are shown which highlight the
limitations of LEI of FDD data. Specifically, LEI produced spatially intact but biased
property estimates in FDD phantoms under the best conditions and significant artifacts in the
worst cases, the appearance of which (either biased estimates or artifacts) is not easily
predicted even in the relatively simple phantom geometries considered.

2. Materials and methods
2.1. Reconstruction algorithm

The reconstruction method employed in this study assumes an isotropic and purely linear
elastic response of the phantom to the MRE stimulus in which case its mechanical properties
can be characterized by two material parameters known as the Lamé constants. The equation
describing the small-scale distortions in an isotropic and linearly elastic material is

(1)

where u is the displacement vector, ρ is the density of tissue, and μ and λ are the shear and
longitudinal modulus, respectively. The Lamé constants, μ and λ, were estimated using a
Newton–Raphson iterative scheme based on repetitive solution of (1) with the finite element
(FE) method, which we term as LEI throughout this paper as a notational convenience. The
computational details of the iterative LEI algorithm have been described elsewhere (Van
Houten et al 1999, 2001, 2003). Briefly, LEI performs a parameter optimization to find the
mechanical property distribution that minimizes the difference between the measured and
the computed displacements. The ill-posed nature of LEI is averted by constraining the
solution using spatial regularization (Doyley et al 2004, Franchois and Pichot 1997,
Marquardt 1963). The high computational cost of solving the LEI problem over the entire
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domain has been reduced by dividing the region into smaller overlapping zones (Van
Houten et al 2001) and by parallelizing the code. The influence of zoning parameters (size
and overlap) as well as regularization and spatial filtering on the outcome of LEI
reconstructions has been investigated (Doyley et al 2007). The LEIs reported here were
carried out on a Linux cluster with dual-and quad-core AMD opteron nodes.

2.2. Phantoms
A wealth of published data exists on the physical and chemical properties of hydrogels (Al-
Ruqaie et al 1997, Chatterjee and Bohidar 2005, Doyley et al 2005, Gilsenan and Ross-
Murphy 2001, Hall et al 1997, Higgs and Ross-Murphy 1990, Madsen et al 2003, 2005,
Sridhar et al 2007, Yapp et al 2007, Zhang et al 2007), but the range of mechanical stiffness
values reported is large (e.g. up to two orders of magnitude from less than 1 kPa to more
than 100 kPa). The array of material properties listed in a given study depends principally on
the type of commercial gelatin (bloom number, animal provenience) and the recipe for
making the phantom mixtures. Phantoms are mainly composed of water and gelatin or agar
in various proportions. Table salt (NaCl), ethylenediaminetetraacetic acid (EDTA) or
formaldehyde is typically added to correct or alter the pH of the solution and to increase the
cross linking of collagen strands (extending the shelf life of the phantom and increasing its
stiffness). Copper sulfate is often used to produce contrast for MR imaging. The presence
and proportion of these additives make the resulting mechanical properties very specific to
the particulars of the phantom recipe. It is also worth noting that experimental measurements
employ a wide range of techniques: compression tests (Hall et al 1997, Hamhaber et al 2003,
Madsen et al 2003, 2005, Sridhar et al 2007, Yapp et al 2007, Zhang et al 2007), indentation
(Sridhar et al 2007), shear creep (Gilsenan and Ross-Murphy 2001), dynamic oscillation
measurements (Al-Ruqaie et al 1997, Chatterjee and Bohidar 2005, Doyley et al 2003,
Higgs and Ross-Murphy 1990, Madsen et al 2005, Ringleb et al 2005, Yapp et al 2007),
through-transmission substitutions (Madsen et al 2003, 2005), shear wave time-of-flight
measurements (Zhang et al 2007), and crawling wave estimations (Zhang et al 2007) which
also contribute to variability in the values reported in the literature.

In this study, various phantoms of 95 × 95 × 40 mm in size were fabricated to exhibit
different FDD material properties including viscoelastic, poroelastic and orthotropic
characteristics. The composition of each recipe and the materials used in the phantoms are
listed in table 1. The linear elastic phantom recipe consisted of porcine skin gelatin (Type A,
300 bloom, Sigma Aldrich) and deionized water (Doyley et al 2007) in various proportions
for inclusions or background as indicated in table 1.

We used two recipes to create viscoelastic phantoms which exhibited comparable values of
the storage modulus but different amounts of loss modulus (see table 5). The first
viscoelastic phantom recipe, denoted as viscoelastic (1) in table 1, followed Zhang et al
(2007) and contained food-based gelatin (Knox), glycerol (Sigma-Aldrich), deionized water
and table salt. Its reported loss modulus is below 10% of the storage modulus. The second
viscoelastic recipe, listed as viscoelastic (2) in table 2, used porcine skin gelatin (type A, 300
bloom, Sigma Aldrich), glycerol (Sigma Aldrich), EDTA and deionized water (Doyley et al
2010) and has a higher percentage of loss modulus (up to 20%). In each phantom, a very
small amount of cupric sulfate was added to enhance MR contrast between the inclusions
and the background. After manufacture (when necessary, inclusions were formed 24 h
before the background), the phantoms were cured at 4 °C for 24 h and warmed to room
temperature before testing (for ~3 h).

The phantoms evaluated in this study are described in table 2 for the frequency-dependent
materials and in table 3 for the direction-dependent ones.
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To evaluate our MRE findings, we obtained independent mechanical measurements of the
storage and loss modulus of samples of the gelatin-based phantom materials in table 1 by
performing dynamic oscillation tests. These measurements assume an underlying
mechanical model (solid viscoelastic material) in order to yield mechanical properties so
they might not have led to entirely accurate results for some of the phantom materials used
in the study.

2.3. Data acquisition and modeling
A pneumatic actuator was used for inducing motion in the phantom which was placed on the
MR table (Philips Achieva 3T) and coupled to an elastic diaphragm as illustrated in figure 1.

Experiments involving the phantoms listed in table 2 were performed with the gelatin block
in the position with its widest base in contact with the elastic diaphragm (direction D1 in
figure 1(ii)). Complete MRE acquisitions were recorded at three frequencies (75 Hz, 100
Hz, 125 Hz) for three driving signal amplitudes (300, 600 and 900 mV). To investigate
directional dependence, the phantoms listed in table 3 were scanned at a frequency of 100
Hz with a driving signal amplitude of 300 mV while oriented in each of three different
directions (shown schematically in figure 1(ii)). Direction D1 corresponds to the phantom
sitting in the same position as the one used to actuate the table 2 phantoms, while directions
D2 (shown in the figure 1(i) photograph) and D3 (rotated vertically 90° from this position)
have the phantom sitting with its other two (narrower) bases placed on the diaphragm.

Displacements were measured using a 2D phase contrast spin-echo MR pulse sequence
(Weaver et al 2001) (TR = 267 ms, TE = 53 ms for 75 Hz, TR = 240 ms, TE = 40 ms for
100 Hz, TR = 192 ms, TE = 32 ms for 125 Hz). The motion-encoding gradients (MEGs)
were synchronized with the mechanical excitation and eight different phase offsets were
used to characterize the motion. Ten to fifteen slices of 2 mm thickness were acquired with a
64 × 64 in-plane image matrix. The signal-to-noise ratio values for the data sets considered
ranged between 30 and 50. Using the motion conversion algorithm described in Wang
(2008) and Wang et al (2008), continuous phase and amplitude fields were obtained for each
individual data set with optional phase unwrapping.

Linear tetrahedral FE meshes (Zhang et al 2005) were constructed for each data set. A mesh
sensitivity study was conducted which determined that an element size of approximately
0.14 mm (corresponding to meshes with approximately 250 000 elements) was sufficient to
obtain modulus estimates that were not influenced by mesh resolution. The displacements
were interpolated from the image volume (voxels) onto the mesh nodes and the problem was
solved with the LEI algorithm previously described. Each computational run consisted of
100 global iterations, a number which ensured acceptable numerical convergence.
Computation of the parallelized LEI reconstruction on eight processors required
approximately 5 h of wall clock time.

2.4. Mechanical testing
To obtain independently measured values of the stiffness of the phantom materials
evaluated, a dynamic mechanical analyzer (DMA Q-800 TA Instruments)was used. As
measuring material stiffness at frequency is not straightforward, the principle of time–
temperature superposition (Peters et al 1997) was used to retrieve the mechanical properties
at frequencies up to 150 Hz, using the Williams–Landel–Ferry equation (Williams et al
1955). The mechanical model assumed in the analysis was solid linear viscoelastic and led
to values of the storage and loss moduli for each material. Under oscillation, a viscoelastic
material presents a dynamic complex modulus defined as the ratio of stress to strain, that can
be decomposed into a storage modulus representing the stiffness of the material,
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proportional to the energy stored during a loading cycle, and the loss modulus, proportional
to the energy dissipated during a loading cycle (Finley et al 1989). Cylindrical samples of
5% and 15% elastic gelatin and viscoelastic materials (1) and (2) of 37.3 mm in diameter
and height varying between 3.7 and 5.5 mm were manufactured. Before loading in the
compression clamp, the samples were lightly coated with mineral oil to prevent water loss
and shearing effects at the specimen surface. Frequency sweeps for values between 1 and 20
Hz for a temperature range of 10–20 °C at the same strain rate of 0.3% were conducted. The
frequency range was chosen after preliminary testing, such that no resonance effects were
encountered, as we found that at frequencies higher than 20 Hz the stress–strain curves were
unstable. Five isothermal curves were recorded at temperatures of 10, 12.5, 15, 17.5 and 20
°C respectively, with the 20 °C being the reference temperature. Although we initially
considered the 5 °C isothermal curves, we found the data inconsistent, probably due to the
high water content of the samples.

3. Results
3.1. Frequency-dependent phantoms: LEI and material testing results

Typical LEIs of the phantoms listed in table 2 are presented in figure 2. The reconstructed
stiffness map showed accurate recovery of the location and geometry of the inclusion in the
baseline elastic phantom with sharp contrast between the inclusion (15% gelatin) and
background (5% gelatin). By contrast, LEI images of phantoms A–D either did not reveal
well-defined outlines of the inclusions or inaccurately represented their contrast with the
background, except for the linear elastic inclusion in phantom C. In the case of phantom A
and the viscoelastic sphere in phantom C (figures 2(ii) and (iv)), the inclusions were not
even visible. When the inclusions were clearly evident in the LEI reconstructions, as in
phantoms B and D (see figures 2(iii) and (v)) their contrast was estimated inaccurately.

The LEI shear modulus results are shown in table 4 as a function of excitation frequency.
The mean shear modulus values were calculated over the geometries occupied by the
inclusion and background, respectively, in each phantom. The segmentation was performed
on the MR magnitude images and the masks applied to the shear interpolated back to image
space. Corresponding standard deviation values are listed. The range of reconstructed values
for inclusions and background was large depending on the materials used in each phantom
and their volume fraction. In the baseline elastic phantom, an increase in stiffness
proportional with frequency and inversely proportional with driving signal amplitude was
observed. The reconstructed shear for the 5% gelatin background varied slightly around 4.60
kPa for all the frequencies considered. The estimated mean shear modulus ranged between
11.64 and 13.11 kPa for the 15% gelatin inclusion.

Generally, LEI of the frequency-dependent phantoms exhibited lower values of stiffness at
lower frequencies but this trend was reversed in phantoms B and D which showed higher
inclusion stiffness at 100 Hz relative to 125 Hz. LEI results in phantom C showed a more
consistent trend due to the lower viscoelastic material fraction present. The same
viscoelastic material inclusions were recovered with ranges of 2.59–3.73 kPa and 4.71–4.87
kPa in phantoms A and C, respectively. However, the overall stiffness of phantom C was
estimated to be higher than that of phantom A presumably because of the higher stiffness of
its overall elastic fraction (due to the presence of an elastic inclusion which was stiffer than
the background). LEI yielded a range of reconstructed stiffness values from 7.53 to 11.85
kPa for the viscoelastic inclusion in phantom B that was below the values shown in the
baseline elastic inclusion which had the same percentage of gelatin but no glycerol or
EDTA. LEI reconstruction of the poroelastic inclusion in phantom D exhibited values
between 4.89 and 5.80 kPa.
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The stiffness of the linearly elastic background (5% gelatin) in all phantoms reconstructed
lower or higher depending on the presence of a relatively softer or stiffer inclusion,
indicating that the presence of a linearly non-elastic region in the phantom, i.e. the inclusion,
can influence the LEI reconstructions in complex and unpredictable ways. For example, in
phantom A where the stiffness of the inclusion was low, the background stiffness ranged
between 1.91 and 3.25 kPa, whereas in phantoms B and C which had stiffer inclusions the
range was 3.89– 4.21 kPa. However, the values reconstructed for the background were even
higher at 4.08– 5.06 kPa in phantom D despite the presence of a relatively soft poroelastic
inclusion.

Table 5 contains the mechanical properties at a frequency of 100 Hz determined by applying
the time temperature superposition principle to the dynamic mechanical measurement data.
LEI of the baseline elastic phantom resulted in reconstructed stiffness estimates which show
good agreement with the measured storage modulus values, at 100 Hz, for the lower
amplitudes. The percentage difference between measured and computed (mean) values was
2% and 14% for the inclusion and background, respectively.

LEI reconstruction of the frequency-dependent phantoms was not as consistent when
comparing the imaged and independently measured modulus values. The LEI reconstructed
15% elastic inclusion in phantom C resulted in a percentage difference of 35% relative to the
mechanical measurements, which was much higher than the same material inclusion in the
baseline phantom. The inclusions in phantoms A and C which were made from viscoelastic
(1) material had differences of 25% and 2%, respectively, between the measured and LEI
reconstructed stiffness. The reconstructed-measured stiffness percentage difference for the
inclusion in phantom B (composed of viscoelastic (2) material) was 82%. Quantitatively, the
viscoelastic (2) gel is relatively more viscous, in terms of loss modulus, than viscoelastic gel
(1), and the variation between the error values obtained for the two gels when comparing
computed and experimentally deduced values supports the fact that the more nonlinearly
elastic the material the less accurate LEI proves to be.

A large discrepancy (up to 95%) between the LEI reconstructed data and measured values
was also found in the poroelastic inclusion in phantom D for which independent mechanical
tests determined the shear modulus to be between 2.0 and 4.0 kPa (Perriñez et al 2009).

3.2. Direction-dependent phantom: LEI reconstructions
LEIs of the isotropic and orthotropic phantoms listed in table 2 are presented in figure 3.

The pineapple ring consists of stiffer radial fibers that reinforce an inhomogeneous softer
matrix; hence, it was expected to be stiffer than the elastic background, but no mechanical
testing was performed to measure its mechanical properties because of the complexity of the
material and the uncertainty of the validity of the test results. The mean LEI shear modulus
values corresponding to background and inclusions for the two phantoms are listed in table
6.

The mean shear modulus values were calculated over the volumes occupied by the inclusion
and background, segment based on the MR magnitude images. LEI images from the
isotropic phantom were consistent in terms of the recovered shear stiffness from the three
different directions of the applied motion, especially in the background. LEI of the
orthotropic phantom resulted in an interesting map of material properties as listed in table 6.
The reconstructions found the ring inclusion to be stiffer than the background in two of the
three directions (D2, D3) evaluated. When the excitation was applied in direction D1
(perpendicular to the ring), the stiffness of the gelatin core was essentially the same as the
pineapple ring.
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3.3. Correspondence between model and data
3.3.1. Frequency-dependent data—Introduction of a uniform phase shift of π/4, π/2,
3π/4 in the measured motion shows that LEI produced consistent results in the baseline
phantom as expected. Panels (i) and (ii) in figure 3 indicate variations in stiffness with phase
shift that between 1 and 15% for both the inclusion and background over the range of
frequencies and amplitudes considered. Higher vibration signal amplitudes (figure 3, panels
(v)–(vi)) resulted in a slightly raised variability in the shear estimates, but the differences
were still relatively modest.

By contrast, the frequency-dependent phantoms led to LEIs with much higher percentage
differences, up to 50% in the shear modulus reconstructed for various amounts of the phase
shift as shown in figure 4. In viscoelastic phantoms A–C and poroelastic phantom D, no
trends in the shear curves are apparent. These results indicate that neglecting the relative
phase of the motion in the frequency-dependent phantoms when assuming linear elastic
behavior does not lead to LEI reconstruction of consistent shear modulus values.

3.3.2. Direction-dependent data—The influence of the direction of actuation on the
LEI results for the isotropic and orthotropic phantoms is illustrated in figure 6. LEI
reconstructions of the isotropic phantom shear stiffness based on the three actuation
directions tested show close values for the elastic inclusion—the relative difference between
the results for directions D1 and D2 is 5% and increases to 8% for direction D3. However
the values for the background register higher differences: 17% between D1 and D2 and 45%
between D1 and D3. Figure 5(i) shows the trends in the mean shear modulus estimates
recovered from the three different driving directions.

LEI images of the orthotropic phantom show less consistency with actuation direction
highlighting its anisotropy. The inclusion is recovered with increasing stiffness values in
directions D1, D2, D3 respectively, with an increase of almost 50% between directions D1
and D3. The background stiffness presents an interesting array of values. The background
was divided into two different regions: an inner area corresponding to the core of the
pineapple ring and an outer area external to the ring. Although both regions comprise the
same (isotropic) elastic material, the LEI reconstructions produced different values in the
two regions for each direction with variations of up to 50% as illustrated in figure 5(ii).

4. Discussion
MRE data acquired in phantoms with linearly elastic and FDD mechanical properties were
analyzed in order to investigate LEI image reconstruction performance under conditions of
data-model match and mis-match. As expected, time-harmonic MRE motion maps recorded
in linear elastic phantoms led to LEI images with shear modulus estimates that reflected the
values obtained from independent mechanical measurements. The results were stable across
variations in frequency and driving signal amplitude and were also largely insensitive to
additions of uniform phase shifts in the motion data, consistent with expectations for time-
harmonic displacement wave behavior in isotropic, linearly elastic solid materials.

When LEI was applied to data collected from phantoms with FDD mechanical property
characteristics, the image results and concomitant shear modulus estimates became more
variable and less predictable. While in general the more a phantom material deviated from
being linearly elastic the poorer was the LEI performance, simple relationships such as a
consistent over-estimation of shear modulus in viscoelastic materials with LEI were not as
evident as has been found in other studies (Oudry et al 2009). Instead, LEI was observed to
be consistently less accurate but in somewhat unpredictable ways that resulted from a
complex interplay between multiple factors (e.g. size, shape and contrast of inclusion(s)).
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Interestingly, the results reported here were produced under full-developed, steady-state,
time-harmonic wave propagation in heterogeneous phantoms which may cause a degree of
parameter interplay that did not occur in the Oudry et al studies in which plane wave
measurements in homogeneous phantoms were evaluated.

The degree of visual degradation in inclusion recovery with LEI in FDD phantoms depended
on multiple factors, including the underlying shear modulus contrast, and LEI images
appeared to be of lowest quality as the phantom data—LEI model mismatch increased,
especially in the poroelastic (phantom D) and anisotropic (phantom E) cases. However, even
when the LEI image was visually accurate (e.g. in phantom B), the shear modulus estimates
were substantially incorrect and they were certainly less accurate than their counterparts
recovered in the linearly elastic phantoms. The strongest evidence of the robustness of LEI
in linearly elastic phantoms and the corresponding inconsistency of LEI in FDD phantoms
appears in figures 4–6 which report mean shear modulus estimates as a function of added
values of uniform phase shift for different frequencies and driving signal amplitudes. Here,
variations in the mean shear modulus in both the inclusions and the background were erratic
and not as predictable when LEI was applied to phantoms with FDD material properties,
suggesting some caution should be exercised when interpreting LEI results in tissues
exhibiting these types of mechanical characteristics. In this regard, viscoelastic behavior
appears to be tolerated better by LEI in terms of recovering shear modulus contrast relative
to poroelastic and anisotropic properties, although the quantitative accuracy of the shear
modulus estimates may not be dependable. The overall performance of LEI in FDD
phantoms indicates that LEI may be sufficient in certain types of tissue but less effective in
others depending on the underlying mechanical composition of the organ system and/or
tissues of clinical interest.

5. Conclusions
Data-model match and/or mis-match is an important consideration in the successful
deployment of MRE image reconstruction algorithms. In this study, we have applied linear
elastic inversion (LEI) to time-harmonic MRE data acquired in phantoms with purely linear
elastic as well as frequency- and direction-dependent (FDD) mechanical properties. When
the data-model match is consistent, both visual contrast and quantitatively accurate shear
modulus values are evident in the images recovered with LEI. LEI images obtained from the
data recorded in phantoms with FDD mechanical properties are more variable and less
predictable. When sufficient shear modulus contrast exists, visual image contrast is retained
in viscoelastic inclusions, although the values estimated are not likely to be accurate. LEI
image contrast is less evident in phantoms with poroelastic and anisotropic mechanical
properties and the resulting shear modulus estimates are more variable and sensitive to
changes in the data acquisition conditions. These findings are important because they
suggest that that successful utilization of LEI in tissues is possible but dependent on the
specific mechanical property characteristics of the tissues and/or organs systems of clinical
interest. Further, even when contrast is observed with LEI in tissue, the underlying shear
modulus estimates are not likely to be very accurate. Based on the phantom results reported
here, viscoelastic mechanical properties appear to cause less degradation in LEI images
relative to poroelastic and anisotropic material property behavior.
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Figure 1.
(i) MRE experimental set-up. Phantom is set in position for acquisition direction, D2, with
the inclusion perpendicular to the plane of the elastic diaphragm; (ii) the three orthogonal
actuation directions used to evaluate the phantoms in table 3: D1, D2 and D3, respectively.
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Figure 2.
MR magnitude and LEI images at a frequency of 100 Hz and a driving signal amplitude of
300mV: (i) baseline phantom (elastic), (ii) phantom A (viscoelastic), (iii) phantom B
(viscoelastic), (iv) phantom C (viscoelastic), (v) phantom D (poroelastic). Shear modulus
scales in kPa.
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Figure 3.
LEI images of the (i) isotropic and (ii) orthotropic phantoms based on the D3 actuation
direction data. Shear modulus scales in kPa.
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Figure 4.
LEI mean shear modulus values for the background and inclusion (the domains were
segmented based on the MR magnitude images) in the baseline phantom as a function of the
motion magnitude when a uniform phase shift (0, π/4, π/2, 3π/4) was added. The excitation
frequencies considered were 75, 100 and 125 Hz, and the driving signal amplitudes were
300, 600 and 900 mV, respectively.
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Figure 5.
The influence of introducing a uniform phase shift (0, π/4, π/2, 3π/4) in the measured
motion on the LEI shear modulus estimates in phantoms A–D (containing viscoelastic and
poroelastic materials). The signal amplitude is 300 mV.

Perreard et al. Page 16

Phys Med Biol. Author manuscript; available in PMC 2013 September 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
The influence of the direction of actuation (D1, D2, D3) on the LEI stiffness results for the
isotropic and orthotropic phantoms.
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Table 1

Phantom material compositions.

Material Composition

Elastic inclusion (I) 15% porcine gelatina

Elastic background (BG) 5% porcine gelatin

Viscoelastic (1) 7.8% Knox gelatin + 12% glycerol

Viscoelastic (2) 15% porcine gelatin + 20% glycerol + 2% EDTA

Poroelastic Tofu, Mori-nu firm

Orthotropic Pineapple ring, Dole canned

a
% by weight.
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Table 2

Description of frequency-dependent phantoms.

Phantom Materials Volume fraction (%)

Baseline BG Elastic cube (95 × 95 × 40 mm) 94

Elastic I Elastic sphere (r = 17.5 mm) 6

Phantom A BG Elastic cube (95 × 95 × 40 mm) 94

Viscoelastic I Viscoelastic (1) sphere (r = 17.5 mm) 6

Phantom B BG Elastic cube (95 × 95 × 40 mm) 94

Viscoelastic I Viscoelastic (2) sphere (r = 17.5 mm) 6

Phantom C BG Elastic cube (95 × 95 × 40 mm) 93

Viscoelastic I1 Elastic sphere (r = 9 mm) 1

I2 Viscoelastic (1) sphere (r = 17.5 mm) 6

Phantom D BG Elastic cube (95 × 95 × 40 mm) 93

Poroelastic I Poroelastic cylinder (r = 14 mm, h = 40 mm) 7
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Table 3

Description of isotropic and directiongroupsy dependent phantoms.

Phantom Materials Volume fraction (%)

Baseline BG Elastic cube (95 × 95 × 40 mm) 94

Isotropic I Elastic sphere (r = 17.5 mm) 6

Phantom E BG Elastic cube (95 × 95 × 40 mm) 85

Orthotropic I Orthotropic ring (R = 38 mm, r = 18 mm, h = 10 mm) 15
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Table 4

LEI shear modulus values from the frequency-dependent phantoms.

Mean shear stiffness (kPa) at 300 mV amplitude

Phantom 75 Hz 100 Hz 125 Hz

Baseline BG 4.67 (SDa 1.11) 4.59 (SD 1.12) 4.60 (SD 1.16)

Phantom I 11.64 (SD 2.65) 12.63 (SD 5.79) 13.11 (SD 4.47)

Phantom A BG 1.91 (SD 0.81) 2.86 (SD 0.84) 3.25 (SD 0.75)

Viscoelastic I 2.59 (SD 0.93) 3.62 (SD 0.96) 3.73 (SD 0.95)

Phantom B BG 3.89 (SD 0.86) 3.84 (SD 0.80) 4.21 (SD 0.75)

Viscoelastic I 8.53 (SD 1.76) 11.85 (SD 2.14) 9.52 (SD 1.42)

Phantom C BG 3.89 (SD 1.29) 4.08 (SD 1.50) 4.15 (SD 1.03)

Viscoelastic I1 6.78 (SD 3.20) 8.41 (SD 3.56) 8.95 (SD 3.04)

I2 4.71 (SD 1.26) 4.84 (SD 1.22) 4.87 (SD 0.67)

Phantom D B 4.08 (SD 1.36) 4.44 (SD 1.70) 5.06 (SD 2.27)

Poroelastic I 4.89 (SD 1.51) 5.80 (SD 2.23) 5.36 (SD 2.40)

a
SD = standard deviation.

Phys Med Biol. Author manuscript; available in PMC 2013 September 18.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Perreard et al. Page 22

Ta
bl

e 
5

St
or

ag
e 

an
d 

lo
ss

 m
od

ul
i v

al
ue

s 
de

du
ce

d 
fr

om
 in

de
pe

nd
en

t m
ec

ha
ni

ca
l m

ea
su

re
m

en
ts

.

75
 H

z
10

0 
H

z
12

5 
H

z

Sa
m

pl
e

St
or

ag
e 

(k
P

a)
L

os
s 

(k
P

a)
St

or
ag

e 
(k

P
a)

L
os

s 
(k

P
a)

St
or

ag
e 

(k
P

a)
L

os
s 

(k
P

a)

E
la

st
ic

 5
%

3.
83

 ±
 0

.3
4

0.
15

 ±
 0

.1
0

4.
01

 ±
 0

.4
9

0.
17

 ±
 0

.1
6

4.
19

 ±
 0

.6
4

1.
86

 ±
 0

.3
3

E
la

st
ic

 1
5%

12
.5

0 
±

 2
.4

8
1.

28
 ±

 0
.2

0
12

.9
1 

±
 2

.3
4

1.
34

 ±
 0

.3
0

13
.1

5 
±

 2
.3

4
1.

39
 ±

 0
.4

0

V
is

co
el

as
tic

 (
1)

4.
92

 ±
 0

.9
9

0.
55

 ±
 0

.1
5

4.
95

 ±
 0

.9
6

0.
54

 ±
 0

.1
7

5.
00

 ±
 0

.9
2

0.
57

 ±
 0

.1
7

V
is

co
el

as
tic

 (
2)

5.
28

 ±
 1

.7
6

0.
83

 ±
 0

.2
4

6.
50

 ±
 1

.5
9

1.
09

 ±
 0

.2
7

6.
54

 ±
 1

.6
8

1.
13

 ±
 0

.3
3

Phys Med Biol. Author manuscript; available in PMC 2013 September 18.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Perreard et al. Page 23

Table 6

LEI shear stiffness modulus for the isotropic and direction-dependent phantoms.

Mean shear stiffness (kPa)

Phantom D1 D2 D3

Isotropic phantom BG 4.59 (SDa 1.12) 3.82 (SD 2.06) 2.53 (SD 0.97)

I 12.63 (SD 5.79) 12.06 (SD 3.38) 13.65 (SD 12.92)

Orthotropic phantom BG ib 4.12 (SD 1.03) 4.04 (SD 1.40) 5.84 (SD 3.01)

BG o b 2.96 (SD 0.96) 3.38 (SD 1.55) 3.70 (SD 1.82)

I 3.94 (SD 1.85) 5.07 (SD 2.51) 5.86 (SD 4.11)

a
SD = standard deviation

b
i = inner, o = outer background regions relative to the ring shaped inclusion.
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