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Abstract

MRE has been introduced in clinical practice as a possible surrogate for mechanical palpation, but
its application to study the human brain in vivo has been limited by low spatial resolution and the
complexity of the inverse problem associated with biomechanical property estimation. Here, we
report significant improvements in brain MRE data acquisition by reporting images with high
spatial resolution and signal-to-noise ratio as quantified by octahedral shear strain metrics.
Specifically, we have developed a sequence for brain MRE based on multi-shot, variable-density
spiral imaging and three-dimensional displacement acquisition, and implemented a correction
scheme for any resulting phase errors. A Rayleigh damped model of brain tissue mechanics was
adopted to represent the parenchyma, and was integrated via a finite element-based iterative
inversion algorithm. A multi-resolution phantom study demonstrates the need for obtaining high-
resolution MRE data when estimating focal mechanical properties. Measurements on three healthy
volunteers demonstrate satisfactory resolution of grey and white matter, and mechanical
heterogeneities correspond well with white matter histoarchitecture. Together, these advances
enable MRE scans that result in high-fidelity, spatially-resolved estimates of in vivo brain tissue
mechanical properties, improving upon lower resolution MRE brain studies which only report
volume averaged stiffness values.
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INTRODUCTION

Magnetic resonance elastography (MRE) is a non-invasive technique for measuring the
mechanical properties of tissues in vivo [1] and is potentially of high clinical value as a
means of virtual palpation of internal organs. The technique has been used for in vivo
probing of the liver, breast, and skeletal muscle [2], and has been introduced into clinical
practice as a possible replacement for liver biopsies in the diagnosis of fibrosis [3].
Recently, MRE has been utilized in studies of brain diseases that result in diffuse
neurodegeneration such as multiple sclerosis [4,5], normal pressure hydrocephalus [6,7], and
Alzheimer’s disease [8]. Mechanical properties estimated using MRE and averaged over
large regions of the parenchyma have been shown to correlate with the putative degeneration
of brain tissue; however, the ability of in vivo MRE to produce accurate local estimates of
brain mechanical properties is less well understood. This is primarily due to the mechanical
complexity of the brain as an inhomogeneous and anisotropic medium with properties
potentially varying between fine tissue structures [9,10], thus high-resolution, full vector
field MRE acquisitions in three dimensions with high signal-to-noise ratio (SNR) are
required for resolving focal mechanical properties of brain tissue. The need for high spatial
resolution in MRE has been recently reinforced by demonstrated local correlations between
decrease in viscoelastic properties and demyelination of white matter in a murine model of
multiple sclerosis [11].

The role of MR spatial resolution in MRE has not been systematically investigated. In
general, high-resolution image acquisitions are necessary for most MRI techniques to reduce
partial-volume effects, and thus, allow for delineation of finer features [12,13]. The
achievable resolution of MRE is influenced by two factors: spatial resolution and SNR of
the displacement data. Small-scale variations in the displacement field caused by fine tissue
structures require the acquisition of high-resolution displacement data, and smaller
structures will become detectable by the inversion process as resolution improves. In
practice, however, MRE displacement images are noisy, and low SNR data requires
significant regularization to stabilize the inversion. If the SNR of high-resolution
displacements is insufficient, the smoothing effect of the necessary regularization works
against the gains achieved by increased resolution. In this sense, we can describe the
imaging resolution as “achieved” in a given MRE examination only when there is adequate
SNR. In this work, the octahedral shear strain-based SNR (OSS-SNR) measure is used as it
has been previously demonstrated that an OSS-SNR of 3.0 will give accurate inversion
results [14]. In addition to noise, model-data mismatch also limits the achievable quality of
MRE property distributions, as any continuum tissue model is only an approximation of the
net effect of enormous numbers of complicated micro-scale interactions. Use of more
sophisticated material models can reduce this source of error, however the increase in the
number of unknown properties which must be estimated places even more demands on the
data, reinforcing the need for high-resolution, high-SNR displacement images. For this
work, we adopt a subzone based Non-Linear Inversion (NLI) algorithm [15] and model the
tissue as a Rayleigh damped material [16], which has been validated previously in phantoms
[17].

In attempting to capture local variations in brain tissue with MRE, the challenge is to
develop an MR acquisition scheme that enables high-fidelity MRE data to be obtained
during a comfortable and safe subject exam [18,19]. Obtaining high-resolution MRE
datasets with adequate SNR relies on the MR sequence used for acquisition. The most
common sequences for MRE of the brain are based on single-shot, spin-echo echo-planar
imaging (EPI) [20]. EPI-based sequences are attractive because of their rapid acquisition,
which keeps examination times short and minimizes subject discomfort. However, in high-
resolution protocols, single-shot EPI sequences suffer from very long readout durations.
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Long readouts result in large distortions from field inhomogeneity and also require long
echo times, thus reducing SNR and ultimately limiting the resolution achievable in a short
scan time.

In this work, MRE images with high spatial resolution and adequate SNR are acquired
through the implementation of a novel multi-shot, spin-echo sequence with variable-density
spiral readout gradients [21,22]. The multi-shot spiral sequence allows easy tradeoffs
between resolution, overall acquisition time, and field inhomogeneity distortions, while the
self-navigating properties of the variable-density readout allow for correction of any
resulting phase errors. In the current work, MRE measurements are performed on phantoms
in order to demonstrate the benefits of a high-resolution MRE acquisition, and on three
healthy subjects to highlight the potential clinical advantages afforded by the improved
scheme. We were able to acquire full-vector field MRE displacement data at an isotropic
2×2×2 mm3 resolution on human subjects with an OSS-SNR over 3.0, with a total
acquisition time under 10 minutes, well within the limits for safety as proposed by Ehman et
al [18]. Though MRE displacement data in the brain has been acquired at the same
resolution in other studies [23,24], it is difficult to make comparisons since neither SNR
estimates nor conventional MRE inversions are available. In this study, we also adopt an
advanced 3D mechanical model and inversion method that has not previously been applied
to human brain MRE data, although the sensitivity of the MRE results to model selection
and inversion algorithm is beyond the scope of the current investigation.

THEORY

Multi-Shot Spiral Acquisition

Data is acquired in MRE through the incorporation of motion-encoding gradients in MRI
sequences for mapping displacement to the phase of the MR signal. Though not always the
case [25], these gradients are generally bipolar with period matching to that of the vibration.
In brain MRE, which utilizes vibrations in the range of 50–100 Hz, these gradients
necessitate the use of long echo times. The most common brain MRE sequence is based on
single-shot, spin-echo EPI, which extends the echo time further, especially in high-
resolution protocols, due to the symmetric readout gradients. The use of spiral-out readout
gradients [26], which have the entire readout after the echo time, enables shorter echo times
for a given level of contrast, which is dependent on the total time of the motion-encoding
gradients. As no readout gradients are required before the echo time, the spiral sequence
allows high-resolution, short echo time acquisitions with echo times that are not dependent
on the acquired resolution.

Although spiral readout gradients will accommodate reduced echo times, single-shot
sequences still suffer from very long readout times in high-resolution acquisitions. The long
readout time can lead to significant distortions in the presence of magnetic field
inhomogeneities and susceptibility differences at air-tissue interfaces. These distortions not
only degrade the quality of the image, but may also lead to model/data mismatch during the
inversion, which produces errors in the resulting estimates of mechanical properties. As an
example, geometric distortions from field inhomogeneity can cause compression and
stretching of spatial information in certain regions, which can impact the inversion
algorithms for determining mechanical properties. Alternatives to single-shot sequences are
their multi-shot counterparts, which segment k-space into separately acquired interleaves, or
shots. This approach reduces the readout time for each acquisition, and provides access to
tradeoffs between acquisition time, resolution, and sensitivity to off-resonance effects and
T2*-induced blurring during readout. It should be noted that the use of parallel imaging
could also be used to reduce readout duration, and thus the effects of field inhomogeneity,
though with a penalty in SNR that would require averaging to recover.
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We have developed an MRE sequence that utilizes multi-shot spiral readout gradients, thus
providing high-resolution acquisitions with high SNR and reduced distortions. Specifically,
we use 6 shots to acquire a matrix size of 128, giving 2 mm in-plane spatial resolution, with
a 15 ms readout duration per shot. The pulse sequence diagram is shown in Figure 1. The
motion-encoding gradients are equal in period to the induced vibration (50 Hz for the brain),
with the second bipolar gradient pair being placed after the refocusing pulse and one-half
period apart [27,28]. Finally, variable-density spiral readout gradients are employed [29], as
opposed to constant-density, so that the center of k-space is oversampled with each shot,
which ensures that the center of k-space is appropriately captured with each acquisition. It
also provides a navigator for motion correction as discussed in the following section.

Correction for Motion-Induced Phase Errors

One drawback of multi-shot imaging in the presence of motion-encoding gradients is the
potential for significant phase errors between shots from bulk motion not related to the
vibrations of interest. This phase error can lead to phase cancellation and signal loss. Phase
error is a well-known phenomenon in diffusion-weighted imaging, where subject motion
between the large encoding gradients leads to significant image degradation [30–33]. For an
MRE multi-shot sequence, the most likely source of phase error arises from variations in
mechanical actuation, which can result from strained mechanical components when loaded
with the weight of the head. The applied motion is assumed to be harmonic with constant
amplitude; hence, the same motion is mapped to the phase of each shot. However, the output
from actuators typically used in MRE does vary in amplitude by a small amount based on
their loading, even after reaching an apparent steady-state [34]. Additionally, phase errors
may result from brain pulsation since the sequence is not cardiac gated, and also small
subject motions not controlled in the experiment.

The majority of accumulated phase in brain MRE is a result of rigid body motion (RBM) –
the induced shear waves of interest are diminished in amplitude due to protection of the
brain by the skull and cerebrospinal fluid [20]. The amplitude of RBM more closely reflects
the applied displacement from the actuator, and thus, any variations can lead to phase errors
between shots. In effect, variations in RBM appear as an additional, unwanted RBM phase
component, which can be described as a combination of translations and rotations
corresponding to bulk phase offsets and linear phase ramps, the latter resulting in k-space
trajectory shifts. Anderson and Gore [30] and Van et al. [33] provide a more complete
analysis of the effect of RBM phase errors in multi-shot imaging and serve as important
references on the topic.

In brief, the measured (and phase corrupted) signal for shot n of a multi-shot image, Ŝn can
be described in k-space as (Eq. 1):

(1)

In Eq. 1, Sn is the desired signal for shot n, Δϕn is the bulk phase offset,  and  are the

nominal k-space trajectories for shot n, and  and  are the k-space trajectory shifts. As
the RBM variations can be different for each shot, all values are defined for a specific shot,
n. The corrupted image, Î, is the Fourier transform of the k-space signal summed over all
shots (Eq. 2):

(2)
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In order to recover the uncorrupted image, the phase offsets and k-space shifts need to be
estimated for each shot of each image. Estimation was accomplished by using the variable-
density spiral readouts as appropriate navigators. To register both k-space shifts and phase
offsets for each shot of a specific image, the center of k-space was estimated using the
oversampled portion of the spiral readout as the self-navigator, and the k-space center was
determined as the sampled point with maximum signal intensity [35] (Eq. 3):

(3)

The phase offset for each shot was determined as the phase of the center k-space point (Eq.
4):

(4)

Shifts in k-space were corrected by adjusting the k-space trajectory so the center coincided
with this same point of maximum signal intensity, and phase offsets were registered between
shots by multiplying each shot by the negative of the phase. Applying these corrections to
the corrupted signal allowed the uncorrupted signal to be recovered (Eq. 5):

(5)

Finally, the corrected image, I, is the Fourier transform of the corrected k-space data
summed over all shots (Eq. 6):

(6)

A schematic depicting the correction steps is given in Figure 2.

Non-Linear Inversion

An NLI algorithm [15,36] was used to produce material property estimates from the
measured displacement data. The elastographic inversion is posed as an optimization
problem, whereby the function (Eq. 7)

(7)

is minimized by iteratively updating the material property description, θ. Here,  is
measured displacement amplitude at location i,  is a computational model of the
material behavior (sampled at location i), and the * indicates the complex conjugate. The
minimization is performed using the conjugate gradient method, and a numerical solution of
most any conceivable mechanical model can be used for . For this study a finite element
implementation of a nearly incompressible Rayleigh damped material was used [16,17],
where the motion amplitude field, u, was calculated from Navier’s equation (Eq. 8)

(8)
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Here, λ is the first Lamé parameter, μ is the second Lame parameter, or the shear modulus,
ρ is the density, and ω is the actuation frequency. In a Rayleigh damped model, both shear
modulus and density are complex-valued and account for two mechanisms of damping [17]:
the imaginary shear modulus includes damping effects proportional to the elastic forces in
the material, and the imaginary density provides damping related to inertial forces. The
combination of these two effects may allow better characterization of the micro-scale
interactions that cause motion attenuation, compared to the more commonly used
viscoelastic model, which does not incorporate inertial damping effects. The material
properties estimated during the inversion were the real and imaginary shear modulus, and
imaginary part of the density. The real component of the density was set to 1020 kg/m3, and
λ was assumed to be large (108 Pa) to model the nearly incompressible behavior expected
for fluid saturated tissues such as the brain.

For comparison with MRE results using viscoelastic models, Van Houten et al. [17] also
define an effective shear modulus, μ̃, for an equivalent viscoelastic material (Eq. 9):

(9)

In this equation, μ is the complex-valued Rayleigh shear modulus, ρR is the real-valued
density of a viscoelastic model, and ρ is the complex-valued counterpart in the Rayleigh
model. In homogeneous property regions, a viscoelastic model with a complex-valued shear
modulus of μ̃ is indistinguishable from the Rayleigh model; however, when spatially
varying properties are present (as assumed in nearly all tissues), Rayleigh and viscoelastic
damping predict different behavior.

METHODS

Phantom experiments were performed to evaluate the impact of spatial resolution in the
MRE acquisition scheme we have introduced on the detection of features in the resulting
stiffness maps. MRE measurements were also acquired on three healthy volunteers
following approval for the study by our Institutional Review Board, and after obtaining
written informed consent. Participants were all male, and are identified as subjects A, B, and
C (24, 34, and 52 years old, respectively). All scanning was performed using a Siemens 3T
Allegra head-only scanner (Siemens Medical Solutions; Erlangen, Germany).

Phantom Experiments

The phantom used in the experiments was a rectangular parallelepiped composed of agarose
gel (1%) with three stiffer inclusions (2%) embedded. The inclusions were cubes of three
different sizes: 10, 15, and 20 mm on a side. Shear waves were generated by vibrating the
lower surface of the phantom at 100 Hz.

Images were acquired using the multi-shot spiral MRE sequence with bipolar motion-
encoding gradients matched in period to the vibration frequency of 100 Hz. MRE encoding
was performed on each of the three cardinal gradient directions independently, and a single
period of vibration was sampled with eight evenly spaced points. Six interleaved spiral shots
were used to cover k-space with a 64×64 matrix size for the phantom, with resolution
achieved by adjusting the overall field-of-view: 128, 192, and 256 mm. Twenty slices were
acquired with 2, 3, or 4 mm thickness, corresponding to the in-plane resolution resulting in
isotropic resolutions of 2×2×2, 3×3×3, and 4×4×4 mm3, respectively. The repetition and
echo times for all acquisitions were 2000 ms and 35 ms, respectively.
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The NLI inversion process interpolated the displacements to 1.7 mm resolution, providing
approximately 16 nodes per wavelength for the finite element forward problem [37].
Interpolation allows a consistent mesh resolution for the finite element computational model
used in the inversion regardless of the data resolution. As a result, the quality of the
mechanical property images is primarily governed by the acquired data resolution and the
ability to capture small variations in the displacement field. The properties were
reconstructed at the resolution of the acquired data to hold the ratio of independent
measurements to unknowns constant.

In Vivo Brain Experiments

Actuation during the brain MRE experiments was performed with a system that comprised a
remote electromagnetic shaker having a long rod that vibrates a custom cradle the subject’s
head rests on, similar to the one used in other brain MRE studies [20]. The actuator imparts
a nodding motion to the head at the driving frequency of 50 Hz. Imaging was performed in
the same manner as the phantom studies with motion encoding along three axes and eight
samples over a single period. Imaging parameters included: six k-space interleaves; 256 mm
field-of-view; 128×128 matrix; 20 axial slices (2 mm thick) in the region of the corpus
callosum; 2000/55 ms repetition/echo times. This acquisition resulted in an isotropic
resolution of 2×2×2 mm3 and was repeated with negatively polarized gradients to remove
background phase effects and to provide a signal average. Total acquisition time was less
than 10 minutes.

Each image was reconstructed using the motion correction procedure described previously.
Complex-valued subtraction was used to combine corrected images with positive and
negative gradient polarization, and the resulting phase images were unwrapped [38]. Motion
at the first harmonic was extracted using a temporal Fourier transform, and the result was a
set of 3D complex-valued displacements in three motion directions. No further filtering was
applied to the data prior to inversion with the NLI algorithm. To estimate the quality of each
acquired MRE dataset, the OSS-SNR was calculated [14].

In addition to MRE, a T1-weighted MPRAGE scan was acquired for each subject
(2000/900/2.2 ms repetition/inversion/echo times; 1×1×1 mm3 resolution). The MPRAGE
data was registered to the MRE acquisition and segmentation of grey matter, white matter,
and cerebrospinal fluid was performed using the BET [39], FLIRT [40], and FAST [41]
tools in FSL 4.1.9 (FMRIB, www.fmrib.ox.ac.uk/fsl; [42]).

RESULTS

The estimated real shear modulus of the phantom was calculated for each of the three
datasets (2, 3, and 4 mm isotropic resolutions), and the resulting distributions are presented
in Figure 3 along with a T2-weighted image clearly depicting the inclusions (cubes of size
10, 15, and 20 mm). The average estimated stiffness of each inclusion, as measured with
each resolution, was calculated over regions-of-interest, and are presented in Figure 4.

Though the phantom data did not exhibit significant motion-induced phase errors, such
errors were prevalent in the in vivo brain data due to the increased loading of the head on the
actuator. The motion-induced phase error correction method provides significantly increased
coherence and SNR across shots for in vivo brain data, thus leading to an improvement in
the calculated mechanical property distributions, as shown in Figure 5. Signal lost due to
phase cancellation is recovered, as seen in the magnitude of the raw MRE images before
processing (Figure 5A–B). This signal recovery leads to an improvement in the quality of
MRE displacement data (Figure 5C–D) as assessed by OSS-SNR, which is presented for the
same slice in Figure 5E–F. The mean OSS-SNR for this dataset before recovery was 3.47
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and after recovery was 5.76, demonstrating a gain of 1.66 for this subject. The mean OSS-
SNR for each phase-corrected dataset was calculated by averaging over the imaged volume,
excluding regions of cerebrospinal fluid, and these results are presented in Table 1. Finally,
the real shear modulus distributions calculated from data without and with phase correction
are given in Figure 5G–H.

Real shear modulus distributions of all three volunteers are presented in Figure 6 as axial
slices with sagittal and coronal reformats around the corpus callosum. For an equivalent
estimate of the complex viscoelastic shear modulus, the data was converted using Eq. 9. For
each subject, the average real and imaginary parts of the equivalent viscoelastic modulus
(μ̃R and μ̃I respectively) were determined for both white matter and grey matter of the
cerebral cortex, and the results are presented in Table 1. Also included in Table 1 are values
reported in the brain MRE literature [43] for comparison.

DISCUSSION

Phantom Experiments

The need for acquiring MRE data with high spatial resolution is often overlooked when
performing studies and quantifying the resulting estimates of mechanical properties. Doyley
et al. [44] previously investigated the limits of elastography in detecting and characterizing
focal lesions, and determined that both detection and characterization are dependent on
lesion size and stiffness. However, the Doyley study was performed at a fixed spatial
resolution, and did not consider how the resulting estimates might change with the data
acquisition resolution. In this work, we performed a multi-resolution phantom experiment to
determine whether spatial resolution of the MRE acquisition played a role in detection and
characterization of material inclusions.

The estimates of real shear modulus presented in Figure 3 demonstrate the importance of
spatial resolution in MRE. Of the three resolutions investigated – 2, 3, and 4 mm – only data
acquired at 2 mm and 3 mm allowed detection of the smallest inclusion, which is 10 mm in
size and marked by the arrow in Figure 3. The rectangular shape of the inclusions was also
recovered more accurately at higher data resolution. The quantitative characterization of the
inclusions also changes with spatial resolution, as the estimated real shear modulus increases
with improved resolution and size of the inclusion. The largest inclusion was found to be
approximately 18.5 kPa, compared to a 4.0 kPa background, which agrees roughly with
expected values from literature, while considering uncertainty due to the sensitivity of
agarose shear modulus to thermal history [45–47]. However, this value was found only with
the highest resolution, and was not recovered for the other inclusions or other resolutions, as
the estimated contrast decreases with both decreasing size and data acquisition resolution
(Figure 4). This finding is consistent with Doyley [44], who showed that accurate stiffness
characterization of focal inclusions is dependent on size of the heterogeneity.

From the results of the phantom experiment presented in Figures 3 and 4, it is apparent that
there is a certain resolution relative to inclusion size needed to accurately recover the true
shear modulus of the inclusion. Based on this experiment, we can estimate that
approximately ten voxels across the inclusion would be needed for accurate quantification,
though without independent mechanical testing to determine the true modulus and a finer
range of tested spatial resolutions, it is difficult to pinpoint an exact limit. Additionally, this
limit will likely also depend on frequency of actuation, contrast of inclusion modulus with
the background, and SNR. In this experiment, all acquisitions had very high SNR (OSS-
SNR > 15), and we do not expect noise to have played a role in our results.
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In Vivo Brain Experiments

Producing accurate, reliable estimates of the mechanical properties of tissue with NLI
algorithms is critically dependent on the quality of the acquired MRE displacement images,
with quality being defined here as both adequate spatial resolution and measurement SNR.
In this work, we developed an MRE sequence capable of acquiring high-resolution, high-
SNR datasets through multi-shot, variable-density spiral readouts. Multi-shot imaging,
however, introduces the need to account for phase errors between shots, which result in loss
of signal in the MR images as observed in Figure 5A. In MRE, these phase errors can be
attributed to variations in the amplitude of motion imparted by the actuator, which
effectively contributed an additional, erroneous RBM phase component to the signal. We
corrected for these phase errors using a technique well known in diffusion-weighted
imaging, which led to a marked increase in image quality (Figure 5B). This correction leads
to high-quality MRE displacement data, as visualized in Figure 5D. There is a visible
increase in quality over the uncorrected displacement data (Figure 5C), especially in the left/
right asymmetry in shear wave pattern.

Improvements in the quality of MRE data can be visualized through the calculated OSS-
SNR distributions (Figure 5E–F). Phase errors lead to signal loss in the MR images resulting
in an increase in noise in the displacement fields calculated from the phase, and significantly
decreasing the OSS-SNR to levels that are below the threshold required for accurate
inversion, which is approximately 3.0 [14]. Correction for RBM-induced phase errors results
in the recovery of high fidelity displacement data with an improvement in OSS-SNR by a
factor of approximately 1.5 across all subjects. In this case, the OSS-SNR value was
determined as the average over the imaged volume, though the distribution (in Figure 5F)
demonstrates that data with high OSS-SNR is obtained even in the center of the brain where
motion is significantly attenuated. The correction for phase errors also improves the
resulting shear modulus distributions, shown in Figure 5G–H. The distribution calculated
from the uncorrected data demonstrates significant left/right asymmetry compared with the
corrected data. Additionally, anatomical features visible in the corrected data are obscured in
the uncorrected data.

The mechanical properties of white and cortical grey matter have been reported in several
prior MRE studies [43,48,49]. In Table 1, we chose to compare with the values reported by
Zhang et al. [43], who also used a 3D mechanical model. It should be noted that the values
from Zhang are the averages over eight subjects (aged 22–43 years) of their average white
and grey matter moduli, and thus the standard errors of those measures are not directly
comparable to the standard errors reported for each of the subject in this study. In general,
good agreement occurs for both μ̃R and μ̃I of white matter; however, the μ̃R and μ̃I of grey
matter found here are lower than those reported by Zhang, with the difference between white
and grey matter reported here being more similar to ex vivo studies [10,50]. The discrepancy
in calculated grey matter values may be related to the increased spatial resolution used in
this study (2 mm isotropic vs. 3 mm isotropic), allowing for the two tissue types to be better
resolved in our case, as demonstrated by the multi-resolution phantom study. Despite
improved resolution, the cortex is a very thin structure [51] and it is unlikely that MRE is yet
capable of capturing the true shear modulus of cortical grey matter, thus the results
presented here must be considered preliminary.

The value of our technique is that it allows brain MRE to capture local variations in the
viscoelastic properties of tissue. By obtaining brain MRE data with improved spatial
resolution and adequate SNR, we can begin to identify structures in the white matter based
on their shear stiffness. Referring to the top row of Figure 6, which shows the real shear
modulus on a single slice through the genu and splenium of the corpus callosum for each of
the three volunteers, the two ventricles are clearly outlined as soft regions. This is expected
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as the ventricles are fluid-filled structures and should exhibit zero shear modulus, though in
this case they are modeled along with the tissue as a solid and must have finite stiffness.
Qualitatively, the genu of the corpus callosum and the forceps anterior tracts can be
identified as stiffer regions in each subject on the axial slice, while the body of the corpus
callosum can be identified superior to the ventricles in the sagittal and coronal planes. The
importance of spatially resolving the mechanical properties of the corpus callosum became
clear by the recent MRE study of the murine model of multiple sclerosis [11]. Additionally,
the corticospinal tracts inferior to the corona radiata appear as very stiff regions to the left
and right of the ventricles in the axial view, though are not uniform bilaterally. The coronal
plane reveals the corona radiata tracts themselves superior to regions of lower stiffness
corresponding to grey matter of the lateral sulci.

We have presented qualitative evidence that high-resolution MRE is capable of resolving
local variations in tissue stiffness which correlate with the white matter structures in the
brain. To our knowledge, no other reports delineating brain structures directly from MRE
stiffness maps to this degree have been published. Noteworthy is the recent “waveguide
elastography” study by Romano et al. [23], where the corticospinal tracts were first
delineated by fiber tracking prior to applying an anisotropic inversion for the evaluation of
the elastic parameters. The regional variation of mechanical properties, however, seems to
be consistent with the variation of the volume fraction of axons, as demonstrated by
Abolfathi et al. [52], who considered the white matter as a composite medium consisting of
axons embedded in a matrix. This representation is consistent with the data presented in
Figure 6. Indeed, regions with highly oriented axons (corpus callosum, corticospinal tracts,
corona radiata) have higher volume fraction of axons and higher viscoelastic values. Future
work will look to quantify the mechanical properties of individual structures in the white
matter architecture.

CONCLUSIONS

To improve the prospects of magnetic resonance elastography (MRE) as a non-invasive
technique for measuring focal mechanical properties of brain tissue in vivo, we have
increased the spatial resolution of the method without compromising image acquisition
speed or SNR. We have developed and implemented a brain MRE sequence based on multi-
shot and variable-density spiral imaging to measure tissue displacement vectors in 3D with
high spatial resolution. A Rayleigh damped model of brain tissue mechanics was adopted for
the inversion, and was employed via a finite element-based iterative inversion algorithm.
Our method was validated on an agarose gel phantom with embedded inclusions and
demonstrated that spatial resolution plays a significant role in both detecting and
characterizing local variations in viscoelastic properties. MRE measurements on healthy
volunteers demonstrate that a plethora of white matter structures can be delineated directly
from the MRE stiffness maps. These results set the stage for mechanical property contrast
delineation of white matter structures, and future work will investigate the accuracy and
repeatability of the quantitative mechanical property measures generated using the MRE
data acquisition scheme presented here.
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FIG 1.
Diagram of MRE sequence incorporating multi-shot, variable-density spiral readout
gradients. Bipolar motion encoding gradients (dashed) are shown on each gradient axis,
though are only applied one at a time.
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FIG 2.
Schematic depicting correction for RBM-induced phase errors, including phase offsets and
k-space trajectory shifts. The center of k-space is determined for each acquired shot as the
point with maximum signal amplitude (black dot). Correction is accomplished by shifting
the position of the center and applying the negative of the phase to the signal, resulting in
the corrected shot and the uncorrupted image. Note that spirals and shifts are greatly
exaggerated only for purposes of display.
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FIG 3.
Calculated real shear modulus distributions for the phantom study. (A) High-resolution T2-
weighted image showing inclusions. Real shear modulus estimates from different isotropic
resolutions: (B) 2 mm, (C) 3 mm, and (D) 4 mm. The white arrows show the location of the
smallest inclusion.
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FIG 4.
Calculated real shear moduli of each inclusion compared to background plotted against
isotropic spatial resolution used to obtain displacement data.
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FIG 5.
Comparison of MRE data without (top row) and with (bottom row) phase correction: (A and
B) magnitude from raw MRE images; (C and D) displacement in the Z direction (superior/
inferior); (E and F) resulting OSS-SNR distributions; and (G and H) calculated real shear
modulus distributions.
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FIG 6.
Axial (top), sagittal (mid), and coronal (bottom) views of real shear modulus distribution
from all three volunteers (A, B, and C). Images are presented in radiology convention
(subject right is image left; subject anterior is image left in sagittal panel).
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