BJR https://doi.org/10.1259/bjr.20200265

© 2021 The Authors. Published by the British Institute of Radiology
under the terms of the Creative Commons Attribution-NonCommercial
4.0 Unported License http:/creativecommons.org/licenses/by-nc/4.0/,
which permits unrestricted non-commercial reuse, provided the original
author and source are credited.

Accepted:

09 December 2020

Received:
20 March 2020

Revised:
20 November 2020

Cite this article as:
Arani A, Manduca A, Ehman RL, Huston lll J. Harnessing brain waves: a review of brain magnetic resonance elastography for clinicians and
scientists entering the field. Br J Radiol 2021; 94: 20200265.

REVIEW ARTICLE

Harnessing brain waves: a review of brain magnetic
resonance elastography for clinicians and scientists
entering the field

TARVIN ARANI, PhD, 2ARMANDO MANDUCA, PhD, 'RICHARD L EHMAN, MD and 'JOHN HUSTON lIII, MD

'Department of Radiology, Mayo Clinic, Rochester, MN, USA
?Physiology and Biomedical Engineering, Mayo Clinic, Rochester, MN, USA

Address correspondence to: Dr Arvin Arani
E-mail: arani.arvin@mayo.edu

ABSTRACT

Brain magnetic resonance elastography (MRE) is an imaging technique capable of accurately and non-invasively meas-
uring the mechanical properties of the living human brain. Recent studies have shown that MRE has potential to provide
clinically useful information in patients with intracranial tumors, demyelinating disease, neurodegenerative disease,
elevated intracranial pressure, and altered functional states. The objectives of this review are: (1) to give a general over-
view of the types of measurements that have been obtained with brain MRE in patient populations, (2) to survey the
tools currently being used to make these measurements possible, and (3) to highlight brain MRE-based quantitative
biomarkers that have the highest potential of being adopted into clinical use within the next 5 to 10 years. The specifics
of MRE methodology strategies are described, from wave generation to material parameter estimations. The poten-
tial clinical role of MRE for characterizing and planning surgical resection of intracranial tumors and assessing diffuse
changes in brain stiffness resulting from diffuse neurological diseases and altered intracranial pressure are described. In
addition, the emerging technique of functional MRE, the role of artificial intelligence in MRE, and promising applications

of MRE in general neuroscience research are presented.

INTRODUCTION

Magnetic resonance elastography (MRE) is an MRI-
based technology for quantitatively imaging the mechan-
ical properties of tissues in vivo." MRE is now widely used
for the clinical evaluation of liver disease and is regarded
as the most accurate non-invasive method for assessing
liver fibrosis.>® Ongoing research has indicated that
MRE has potential applications in assessing other organ
systems.””® One of the most promising emerging appli-
cations is the use of MRE to non-invasively measure the
mechanical properties of the living human brain. Some of
the quantitative metrics that can be explored are storage
modulus, loss modulus, viscosity, damping, non-linearity,
dispersion, anisotropy, and the functional mechanics of
the brain.” The measurement of the mechanical proper-
ties of the brain can then be used to investigate biological
changes from the normative state to various disease states
resulting from the formation of tumors, demyelination,
increased/decreased intracranial pressure, or altered
functional states.®”'° This information can provide both
global and localized estimates of quantitative mechanical

properties of brain tissue, including regions that are inac-
cessible to palpation, and can act as a probe into tissue
function. The mechanical properties of tissue are used to
non-invasively measure the stiffness and viscosity of brain
tissue. However, the complexity and inherent anisotropy
of brain tissue, as well as common confounders such as
brain atrophy, can impact the accuracy of these measure-
ments. This review article has three objectives: (1) to give
a general overview of the types of measurements that have
been obtained with brain MRE in patient populations,
(2) to help readers identify what tools are currently being
used in the field in order to make these measurements
possible, and (3) to highlight brain MRE applications that
have the highest potential of being adopted into clinical
use within the next 5 to 10 years. Applications of MRE for
assessing brain disease are currently investigational and
the studies discussed in this review were conducted with
the approval of institutional review boards and written
informed consent of the patients.
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MAGNETIC RESONANCE ELASTOGRAPHY
METHODOLOGY

MRE is composed of three steps: (i) actuation, (ii) imaging the
vibrations, and (iii) generating images of the mechanical proper-
ties of tissue from the vibrational information.

Actuation - the generation of vibrations

The introduction of vibrational motion (more precisely, shear
waves) into the brain is generally required for most applications
of MRE. Many groups have investigated unique ways of gener-
ating vibrations into the brain including scanner table motion,'!
bite-bars,'* and utilizing intrinsic pulsatile motion."> For a
combination of reasons, such as limited wave amplitudes, long
scan durations, and patient comfort, the two most commonly
adopted approaches for human use have been: (i) a pneumatic
active driver with a pillow-type passive driver'* and (ii) a head-
rocker unit in conjunction with a rigid rod.'> Recently, McGrath
et al'® used simulations to test the optimal wave delivery meth-
odology for brain MRE and concluded that the pillow and
head-rocker approaches resulted in the lowest levels of errors in
stiffness map inversions. MRE of the brain can be implemented
using the standard active pneumatic driver equipment available
in regulatory-approved commercial implementations of MRE,
with the addition of a specially constructed pillow-like passive
driver, as illustrated in Figure 1. As depicted, the active driver is
located in the equipment room, outside the MRI scan room, and
sends longitudinal (sound) waves through a flexible plastic tube
to a passive pillow-like driver that is placed under the subject’s
head. The passive pillow driver transmits acoustic energy
through the brain, a proportion of which is converted into shear
waves, due to mode conversion. In human applications, where
an external vibration source is used to achieve steady-state
motion, frequencies between 20 and 150Hz have previously been
used.”"** However, due to the increase in attenuation at higher
frequencies and signal-to-noise considerations, frequencies in
the range of 60 Hz are used in the clinical research environment.
Uffmann et al** provide a summary of several external actua-
tion methods used for MRE. Alternatively, intrinsic activation
techniques rely on measuring waves produced from a cardiac or
pulsatile impulse function and converting that to brain stiffness/
viscosity measurements.'>*>¢ The three-dimensional wave field
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that is generated by either the external or intrinsic vibrations is
then encoded and captured with motion encoding MRI pulse
sequences.

Motion encoding - imaging the vibrations

Once vibrations are propagating throughout the brain, a phase
contrast MRI imaging sequence that is time-locked to the vibra-
tional motion is used to encode the displacements into the phase
of the MRI signal. Detailed descriptions of this phenomenon
have been given in previous publications"?” and the gradients
used are referred to as motion encoding gradients (MEGs). The
wave information needs to be acquired in a stroboscopic fashion
in order to capture the wave propagation at difference vibrational
phases, commonly referred to as phase offsets. These phase-
offsets are usually spaced evenly over the period of the vibra-
tional motion by applying a time delay between the MEGs and
the physical vibration. In addition, three directions of motion,
as well as a single no-motion reference image, or two images at
each offset (with opposite polarity) are commonly acquired to
perform phase subtraction to suppress static phase variations
from the vibration related phase accrual. The phase subtracted
images are usually the input to wave inversion algorithms, which
will be discussed in detail in the next section.

In a typical clinical research workflow, phase images are automat-
ically subtracted and stiffness (elastograms) and viscosity maps
may be generated on the scanner itself. The collection of phase
difference images across all vibrational phase offsets and in all
physical motion encoding directions gives the full 3D displace-
ment field at each phase offset.

In clinical research studies, where full brain coverage is desired,
brain MRE is often done using echo-planar-imaging (EPI)
sequences (both spin-echo, or gradient echo) due primarily to
short acquisition times and on-scanner reconstruction capabili-
ties.”*?® Some studies have used spiral acquisition strategies?>*’
to give fast high-resolution acquisitions. MRE acquisition pulse
sequences are an active area of research and many new strate-
gies to improve scanning efficiency and resolution have been
proposed. A number of groups are working on increasing the
efficiency of traversing the large MRE parameter space using

Figure 1. Experimental setup of brain MRE using a pneumatic driver. With MR Elastography, an active pneumatic mechanical wave
driver is located outside the MRI scan room. The active pneumatic driver is connected by a flexible plastic tube to a passive pillow
driver placed under the head. The passive pillow driver generates continuous acoustic vibration that is transmitted through the

entire brain at a set vibration frequency (60 Hz in this example).
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Table 1. MRE metrics

Primarily tissue stiffness-
related metric

Primarily viscosity-related
metric

Storage modulus (G’)

Loss modulus (G”)

Relative/ratio measures of
stiffness and viscosity

Combination of elasticity and
viscosity

Damping ratio/Fluidity
Lost tangent/Phase angle

Magnitude of shear modulus (|G¥|
= |G+iG”|)

Wave speed
Shear stiffness (density*wave
speed squared)

fractional encoding techniques,®’ sample-interval modulation
(SLIM-MRE),*>** reduced field of view;** simultaneous multi-
slice/multi-band acquisitions,”*® and true 3D MRI acquisition®’
schemes to boost performance. All of these techniques require
specialized MRI acquisition sequences and post processing tech-
niques that have been developed by investigators in the field and
shared with collaborators, but are not yet available commercially.

Elastograms - generating images of tissue
mechanics

Once the 3D displacement fields are imaged, the informa-
tion from the displacement data is used to extract quantitative
mechanical properties of the underlying tissue. Metrics used to
describe the stiffness and viscosity of tissue in the MRE literature
are outlined in Table 1. Strategies for relating metrics between
studies have been described by Hiscox et al’.

The conversion from displacement data to a map of any of
the tissue properties described in Table 1 relies on mathemat-
ical algorithms collectively referred to as inversion algorithms.
Several classes of algorithms exist, and it is important to choose
an appropriate one for a given application. Inversion algorithms
for MRE have been the focus of several reviews.”®*

It should be noted that the displacement data that is acquired
is usually composed of longitudinal waves and shear waves,
both at the driving frequency and at higher harmonics. In brain
MRE, shear waves at the fundamental/driving frequency are the
primary signal being investigated. Generally, a temporal Fourier
transform is used to extract motion at the vibrational driving
frequency to help eliminate the contributions of higher harmonic
motion. However, this will not remove longitudinal waves, since
they are also vibrating at this frequency. Therefore, accounting
for the impact of longitudinal waves is of utmost importance
for brain MRE. This can either be done by taking the curl of the
displacement field,* or by accounting for longitudinal waves in
the underlying inversion algorithms. Since longitudinal waves
have extremely long wavelengths/wave speeds (~1400 m/s vs
1-10 m s™" for shear waves), not accounting for them can result
in significantly biased results.

Two types of inversion algorithms commonly used for brain
MRE are variations of direct inversion (DI)***'™* and non-
linear inversion (NLI).**** Both DI and NLI give an estimate of
the complex shear modulus (G'+iG”), giving maps of both tissue
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stiffness and viscosity. In the DI algorithm, local homogeneity is
assumed (i.e. the material properties are assumed to not change
within a small local neighborhood). This simplifies the equation
of motion, reducing it to the Helmholtz equation, which is then
solved. One of the earliest implementations was described in
2001 by Oliphant et al, who used a least squares estimation with

the following cost function®":

2
= argml}n HVZLTM + pwzﬁH = —pw? [Vzﬁ} i
2

where p is the shear modulus, u is the 3-dimensional (3 x 1)
displacement vector (or curl of the displacement vector) of a
single voxel, p is the density, w is the angular velocity, V* is the
3D Laplace operator, and f is the pseudo inverse. The advantage
of this approach is that even with full 3D brain volume data sets,
it is fast enough to be reconstructed on the scanner while the
subject is still on the table. An example of an MRE SE-EPI pulse
sequence including the output curled displacements fields in all
three motion encoding directions, a TIW image, and a DI elasto-
gram at the same slice location, are shown in Figure 2.

NLI uses a finite element model (FEM) to solve the forward
wave equation. It then uses overlapping subzones of the acquired
displacement field to iteratively solve the inverse problem by
minimizing the error between the FEM forward model and the
acquired displacement field. The subzones are combined to make
a full stiffness map. Soft prior regularization is sometimes applied
to encourage similar material property values within a specific
anatomic region.*” This approach takes hours to converge, but
has the advantage of relaxing the homogeneity assumption
commonly used in the DI algorithm. Both DI and NLI assume
that the tissue is isotropic in its material properties.

Anisotropic inversions take tissue fiber orientation into
account. In muscles, shear waves propagate significantly more
quickly along the fiber direction than they do perpendicular
to the fiber.**™* This is thought to also occur to some extent in
brain white matter fibers, and evidence supporting this theory
was shown by Anderson et al>® when they applied vibrational
energy in different directions and observed changes in stiffness
estimates. Romano et al’' have developed an anisotropic MRE
inversion algorithm that uses directions obtained from diffusion
tensor imaging (DTT) fiber tractography measurements to obtain
stiffness measurements perpendicular and parallel to the fiber
tracts. In 14 patients with Amyotrophic Lateral Sclerosis (ALS),
parallel and perpendicular stiffness estimates were significantly
lower in ALS patients than in 14 normal age-matched healthy
controls. Alternatively, Tweten et al®>> utilized directional
filters and only MRE data to calculate anisotropic stiffness infor-
mation and have validated their approach in simulations. An
example of Tweten’s simulation in incompressible, transversely
isotropic (ITT) material is shown in Figure 3. Finally, Schmidt
et al®* measured anisotropic mechanical properties in ex vivo
white matter in a porcine model. In a well-controlled experi-
mental setup and a finite element inversion, they reported that
the porcine brain only exhibited “mild” anisotropic behavior.
More simulation, phantom, and in vivo validation are needed in
this area to determine what impact brain anisotropy has on MRE
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Figure 2. An example of a spin echo echo-planar-imaging MRE pulse sequence. Image Acquisition: the motion encoding gra-
dient (MEG) can be applied on x-, y-, and z-gradient to detect the harmonic motion in each direction. The time delay between
the motion and the MEGs is changed to obtain stroboscopic-types images of the steady-state wave pattern at different phases
of propagation. RF - radiofrequency pulses, G(x,y,z) - gradient wave forms in each Cartesian direction, M - vibrational motion,
SSP - spatial-spectral RF pulse, MEG - flow-compensated motion-encoding gradients, ET - EPI echo train. Post-processed output
images: The top three images are the displacement fields in three spatial directions after the curl operator has been performed to
remove any longitudinal components from the displacement field. A TIW image is shown for anatomical reference to the quanti-
tative stiffness map (elastogram) of the same axial slice in the brain.
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measurements and whether anisotropic measurements offer
additional diagnostic value.

QUALITATIVE TUMOR STIFFNESS ASSESSMENT

IN THE CLINIC

In the clinical research environment at our institution, brain
MRE is primarily used for the qualitative visual assessment of
preoperative intracranial tumors. Elastograms are obtained
directly from the scanner and primarily viewed on workstations
or in reading rooms by clinicians. Intracranial tumors are treated
with surgery when the loss of severe neurological function can be
spared. Surgical strategies vary depending on tumor consisten-
cies; soft tumors generally require less invasive endoscopic and
keyhole surgeries, while firm fibrotic tumors may require more
open surgery strategies. Conventional MRI has shown some
success in pre-operatively identifying extreme cases of extra axial
tumor stiffness, very soft (high T2 signal) as opposed to very stiff
(low T2 signal),” but grading stiffness quantitatively with stan-
dard MRI sequences is not currently possible. For this reason,
one of the first clinical applications of brain MRE will most likely
be pre-surgical planning for tumor resection. Specifically, for
the information it provides in terms of tumor stiffness as well as
tumor adhesion to adjacent tissues.

Preoperative assessment of intracranial tumors

Overall, MRE stiffness has been shown to preoperatively agree
with a surgeon’s intraoperative assessment of intracranial
tumor stiffness. The first comparative study showing agreement
between surgical assessment and pre-operative MRE stiffness
was conducted in 2007 by Xu et al'’. They reported that despite
a range of viscoelastic properties in these tumors (from soft to
hard), all six MRE predictions agreed with surgical findings.
Further support that MRE is able to predict surgical assessment
was given in three studies from our institution®®~* ; two studies
conducted in meningiomas (12 and 14 subjects) and one in pitu-
itary adenomas (10 subjects). In 2016, Sakai et al’® showed that

intraoperative tumor consistency correlated with MRE find-
ings in 34 tumors (13 meningiomas, 11 pituitary adenomas, six
vestibular schwannomas, and four gliomas), as summarized in
Figure 4. An example of pre-surgical MRI and MRE axial images,
and corresponding surgical assessments in two patients with
meningiomas have been shown in Figure 5.

The impact of brain MRE for pre-surgical assessment is antici-
pated to be quite high. However, as with any new diagnostic tech-
nology, care needs to be taken in understanding what artifacts
and pitfalls are present in MRE stiffness maps. Image signal-to-
noise, tissue inhomogeneity, edge effects, and large wavelengths
in stiff tissues can impact the accuracy of stiffness estimates in
tumors, making small tumors and/or heterogeneous tumors
with high vascularity challenging to assess. Clinical adoption will
require future studies with much larger sample sizes in order to
understand the true impact of this technique.

Assessment of tumor adherence

Tumor adhesion to normal brain tissue also has a directimpact on
the difficulty of tumor resection. An MRE displacement field can
also be used to generate a qualitative measure of tumor adhesion,
referred to as slip interface imaging (SII).% SII uses discontinu-
ities in the displacement field to probe tissue/tumor boundaries
that are slipping relative to one another as wave energy is trans-
ferred between two mediums. These slips result in relatively high
spatial gradients in displacement that can be detected as high
strain values in normalized octahedral strain (OSS) images. Yin
et al have shown the clinical utility of SII imaging in meningi-
omas®! and vestibular schwannomas,® reporting a high degree
of correlation with intraoperative assessment of tumor adher-
ence. An example of SII images in a patient with a meningioma is
shown in Figure 6. Some non-slip factors such as quick changes
in wavelength due to large modulus contrasts, as well as wave
scattering at interfaces, can impact these measurements and
need to be considered during pre-surgical planning.®>%*
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Figure 3. Approach for creating analytical slow and fast shear wave data sets in three propagation directions. (a) Analytical data
sets were created in a 70 x 70 x 70mm? cube of ITI material with a voxel size of Tmm?3; a fiber direction of a= [1/¥2, 0,-1/ V2,1;
and material properties of p = 1000 Pa, ¢ =1, { = 2, and n = 0.2. The displacements of the slow and fast shear waves relative to
their polarizations are shown in (b) and (c), respectively. The polarizations of the slow mg and fast m¢ shear waves are shown with
respect to the propagation directions n;=[sin15% O; -cos15°] (d),n, = [0; sin1%-cos1?] (e), and nz= [sin15°; 0;-cos15°] (f). Relative
displacements of the slow and fast shear waves are compared for the propagation directions n; (g), n, (h), and nz (i). Slow shear
wave displacements are displayed in the white planes in (d), (e), and (f), and the fast shear wave displacements are shown in the
planes which include the fiber directions (black stripes). (From Tweten DJ., et al. Requirements for accurate estimation of aniso-
tropic material parameters by MRE: a computational study. Magnetic resonance in medicine, 78(6), pp.2360-2372. Reproduced
with permission from John Wiley and Sons).

QUANTITATIVE ASSESSMENT OF BRAIN TISSUE mechanisms and pathophysiology of both disease and normative
WITH MRE changes with aging.

The quantitative assessment of brain tissue using MRE is an

active area of research that, to date, has had two areas of focus; Tumor differentiation and grading

(1) intra axial tumor differentiation and grading, and (2) under- The ability of MRE to quantitatively measure the mechanical
standing the diffuse mechanics of brain tissue. The former has properties of brain tissue, in vivo, has motivated several investi-
primarily been instructive for diagnostics and prognostics, gations into its potential for intra axial tumor differentiation and
while the latter is likely to provide important insights into the grading. In 2013, Streitberger et al** showed that glioblastomas
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Figure 4. Scatterplot of the meanSS and maxSS (kPa) deter-
mined by using an MRE and a 5-point scale of intraoperative
qualitative assessment of tumor consistency in 34 patients
with four common intracranial tumors. Both the ,c3nSS and
maxSS were significantly correlated with the surgeon’s grad-
ing p <.05) (Spearman rank order test). (From Sakai N., et
al. Shear stiffness of four common intracranial tumors meas-
ured using MR elastography: comparison with intraoperative
consistency grading. Am J Neuroradiol. 2016;37(10):1851-59.
Reproduced with permission from American journal of neu-
roradiology).
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were softer than healthy brain parenchyma. Simon et al® corrob-
orated this finding by qualitatively comparing three glioblas-
tomas with the contralateral parenchymal stiffness and showed
a range of mechanical properties between different tumor types
(Figure 7). Pepin et al®® demonstrated in 18 subjects that glio-
blastomas were not only softer than brain parenchyma, but that
grade IV gliomas were significantly softer than grade II gliomas.
This study also reported that gliomas with isocitrate dehydroge-
nase 1 (IDH1) gene mutations were stiffer than IDH1-wild type
gliomas. Although gliomas were shown to be universally softer
than brain parenchyma, other tumor types were heterogeneous
and had regions that were both soft and hard. Reiss-Zimmermann
et al*” also showed this to be true, but reported that they could
clearly differentiate meningiomas from four other tumor types
(glioblastoma, anaplastic astrocytomas, cerebral metastasis, and
intracerebral abscesses). Understanding the mechanisms behind
these mechanical changes, as well as large-scale clinical research
studies will be needed prior to clinical use. Brain tumor assess-
ment with MRE has been reviewed in.®**

Diffuse disease and brain biomechanics

Investigation into non-localized or diffuse brain biomechanics is
another application for MRE. This generally involves neuroim-
aging, post-processing, and MRE inversion expertise in order to
fit atlas segmentations from T1W images to the MRE data and to
help compensate for edge and partial volume/CSF contamination
effects. As a result, these measurements have only been demon-
strated in research settings and not in standard clinical research
workflow. Nevertheless, there has been a large amount of work
done to understand the correlations of global and regional MRE
stiffness measurements in healthy and diffuse disease.

The test-retest repeatability of brain MRE has been evaluated
for echo-planar and spiral acquisition strategies using direct
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inversion and non-linear inversion, respectively. A test re-test
repeatability study in 10 healthy subjects, using a 3 mm isotropic
imaging resolution, and a DI type algorithm® reported errors
of less than 1% for global median measurements and less than
2% for regional median measurements.”® In a similar study
on one volunteer, Johnson et al”® reported errors of 3-7% in
subcortical grey matter regions using a 1.6 mm isotropic reso-
lution MRE scan and an NLI*® algorithm to estimate stiffness.
Huang et al’! reported a within subject coefficient of variation
of 1.8-6.0% in white matter, gray matter and whole-brain shear
stiffness measurements for vibration frequencies of 40 Hz, 50 Hz,
and 60 Hz. These results demonstrate the high reproducibility of
brain MRE in healthy human subjects with errors ranging from
1 to 7%.

In the healthy adult brain, there is a general consensus that the
cerebrum becomes less stiff as we age.”>”> However, this trend
may not be consistent throughout the aging process. A study
in 46 adolescent subjects (12-14 years old) showed no signifi-
cant difference in global brain stiffness when compared to a
cohort of twenty 18-33-year-olds.”* However, stiffness values in
the cerebellum, parietal, and temporal lobes were found to be
significantly different between the two cohorts. In adults, there
is also some evidence that sexual dimorphism exists’>”> with
females being stiffer in some brain regions, but there have also
been studies that have shown no significant sexual dimorphism
in aging adults, or in the transitional period from adolescence
to adulthood.”*’® Different methodologies, regional dependen-
cies, and patient cohorts may contribute to these differences, but
further work is needed to come to a consensus.

The topography of the stiffness of the brain is still under inves-
tigation. There is general agreement that the cerebrum is stiffer
than the cerebellum.”***”” Deep gray nuclei have been reported
to be stiffer than surrounding white matter, which agrees with
a report that cortical gray matter is stiffer than white matter.'®
However, much of the field reports that white matter is stiffer
than cortical gray matter.'>*>”7! The combination of cerebral
spinal fluid, partial volume effects due to large voxel sizes, and
the relatively thin gray matter ribbon, makes measuring the
stiffness of cortical gray matter challenging and may contribute
to these discrepancies. In addition, agreement has not been
reached amongst different research groups as to what inver-
sion algorithms, image parameters, segmentation approaches,
or even acquisition methods are best suited to overcome these
challenges, leaving the development of a stiffness atlas for the
brain an active area of research with a need for standardization.
Recently, Hiscox et al®” have published an effort to establish a
standard-space atlas of the viscoelastic properties of the human
brain and have made their templates openly available at (github.
com/mechneurolab/mre134) to help foster collaborations across
research institutions.

The first brain MRE investigation showing that global stiffness
could be an indicator of pathology was conducted in patients
with multiple sclerosis (MS) by Wuerfel et al”>. The study showed
that patients with MS had a 13% (p < 0.001) decrease in cere-
bral viscoelasticity when compared to age and gender matched
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Figure 5. Axial T1-weighted images(a, ¢) and their corresponding elastograms (b, d) for two meningiomas with different mechan-
ical properties. For the case in the top row, the surgical report stated that the tumor was firm laterally and soft around the brain
stem, which corresponds nicely with the stiffness map. For the case in the bottom row, the surgeon reported a mixture of very
firm and somewhat medium stiffness, which is also apparent in the corresponding elastogram. These examples demonstrate the
clinical potential of using MRE for pre-surgical assessment. The elastograms were generated using a DI inversion, and a post-
processing pipeline that can be implemented directly on the scanner itself. (This study was approved by our institutional review

board and the subjects gave written informed consent.)

healthy controls. Subsequently, Steitberger et al** demonstrated,

with a multi-frequency approach, that the chronic-progressive
disease course caused significant alterations in wave dispersion,
while the relapsing-remitting form did not. This suggests brain
MRE could potentially be prognostic for MS. Brain MRE was
extended to be evaluated as a biomarker for dementia by Murphy
et al**, who demonstrated that there was a reduction in global
brain stiffness in patients with Alzheimer’s disease (AD). Stiff-
ness changes over the four most common causes of dementia
(AD, dementia with Lewy bodies, frontal temporal dementia,
and normal pressure hydrocephalus (NPH)) versus age-matched
controls, has been summarized by ElSheikh et al*>. The four
forms of dementia exhibited unique patters of stiffness suggesting
that MRE could be used as a potential differentiating biomarker.
Lipp et al*® have also shown a decrease in brain stiffness due
to both Parkinson’s disease and progressive supranuclear palsy
(PSP), and suggested that mesencephalic stiffness can be used to
discriminate PD from PSP. This body of work strongly supports

Elastogram

n
ﬁ
=
S
D
7
7]
=
)
L

the theory that demyelination and neurodegeneration result in
the softening of the brain, often with specific topography.

The impact of intracranial pressure (ICP) on brain stiffness is
another active area of research since homeostasis of ICP is of
paramount importance to normal brain function. Groups have
found significant correlations between acute changes in stiff-
ness and pressure, venous drainage (Figure 8), hypercapnia, and
perfusion.’’ =" However, the technique has been less sensitive to
measuring changes due to less acute effects such as lumbar punc-
tures.”! There are also conflicting reports related to the effect of
NPH on brain stiffness. Some studies have shown that global stiff-
ness decreases due to NPH,’> while other studies have observed
localized increases in brain stiffness.”**® Recently, Murphy et
al’’ in a cohort of 85 participants (44 cognitively unimpaired,
33 with NPH, and eight amyloid positive with Alzheimer clin-
ical syndrome), used a customized neural network inversion to
enable a voxel-wise analysis to help visualize unique patterns of
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Figure 6. Concordant case with a partial slip interface at imaging and partial adhesion at surgery (case 17, 49-year-old female).
(a) Sagittal TTW image with contrast enhancement shows a petroclival meningioma. The tumor-brain interface is partially defined
in the (b) shear line image, (c) OSS map, and (d) normalized OSS map with arrows indicating the presence of a slip interface and
arrowheads indicating the absence of a slip interface, suggesting the tumor was partially adherent to the brainstem. At surgery,
the dissection plane was also classified as mixed adhesion, corresponding to the Sl findings. (From Yin Z, et al. Slip interface imag-
ing based on MR-elastography preoperatively predicts meningioma-brain adhesion. J Magn Reson Imaging 2017;46(4):1007-1016.

Reproduced with permission from John Wiley and Sons).

viscoelastic alterations due to NPH. Considering both damping
ratio and stiffness estimates, they devised an NPH score for
each participant and reported an area under the receiver oper-
ator characteristic curve of 0.999 and 1 for separating an NPH
cohort from cognitively unimpaired and amyloid-positive with
Alzheimer clinical syndrome cohorts, respectively. Furthermore,
they showed that NPH presented as a concentric pattern of stiff-
ening near the dural surface at the vertex and softening near
the ventricles, suggesting that different regions of interest could
possibly explain the discrepancies previously reported in the
field. Altogether, these promising results emphasize the potential
and show the need for more work to be done in exploring the
relationship between viscoelasticity and ICP.

While MRE is designed to be a quantitative technique, there are
many limitations and simplifying assumptions that need to be
kept in mind. For instance, measurements of stiffness in regions
where stiffness varies over a small distance may be inaccurate
due to limitations in the way that stiffness is calculated by the
inversion algorithm. Most of the work reported in the sections
above has been done with specialized post-processing pipelines
and offline reconstructions tailored to the specific application.
However, the choices and assumptions made in different studies
have resulted in differences in MRE acquisition parameters, inver-
sion algorithms, segmentation pipelines, and reported parameter
estimates. These discrepancies have limited the ability to give
direct quantitative comparisons between studies. Furthermore,
the majority of the studies conducted in the field have limited
sample sizes, making it challenging to accurately interpret the
significance of many of these findings. Although methodolog-
ical strategies introduce error and uncertainty, developments are
underway to help improve accuracy and precision. Multi-center

studies and larger sample sizes, especially for applications like
pre-surgical assessment that are likely to be adopted for clinical
use in the near future, are required to propel brain MRE into
clinical acceptance, in addition to technical improvements.

EMERGING AND FUTURE PERSPECTIVES

There are several cutting-edge techniques being explored that
are pushing the limits of MRE for neuroimaging applications.
Due to space limitations and existing reviews on many of these
topics,7’10’81 we will focus on two: (i) functional mechanics, and
(ii) artificial intelligence. Development in these two technologies
is likely to play a pivotal role in the future of brain MRE.

Functional mechanics

MRE is emerging as a new method for imaging the response of
tissue viscoelasticity to functional processes. This is dual-faceted;
some groups are looking at steady-state structure-function rela-
tionships in hopes of predicting cognitive function or a response
to conditioning or learning, while others are investigating the
acute response to stimulation or task-based responses. Schwarb
et al®® demonstrated in 20 young healthy adults that the hippo-
campal damping ratio was a significant predictor of relational
memory task performance, while no relationship was observed
with hippocampal volume. Differences in viscoelasticity as a
result of aerobic fitness,” as a predictor of memory-task perfor-
mance in older healthy adults,'® and due to exercise training in
MS patients'” have also been shown to be significant. The first
human study to show a correlation between an acute visual stim-
ulus and stiffness was conducted in 57 volunteers by Fehlner et
al'®2. They observed a 2.5% decrease in global brain stiffness,
but did not see a localized effect in the visual cortex. Much of
the later work, in localized regions, has reported an increase in
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Figure 7. Anatomical scans and parameter maps of three cases with high similarity on conventional MRI: patient 11 presented
with an anaplastic oligoastrocytoma (WHO IlI); patient 12 with a benign meningeoma (WHO 1); and patient 16 with a high-grade
glioblastoma (WHO V). In contrast to the similarity on the anatomical conventional MRI, the biomechanical properties distinctly
differentiate the tumor entities on the parameter maps, as already visible to the naked eye. ROl are demarcated as red dotted
lines. (a) FLAIR; (b) T;-weighted MRI, (c) MRE magnitude image contrast (T2*-weighted), (d) |G*|-map and (e) and phase angle
(0) -map. (From Simon M, et al. Non-invasive characterization of intracranial tumors by MRE. New J. Phys. 2013;15 085024. Repro-
duced with permission from Institute of Physics Publishing under the terms of the Creative Commmons Attribution 3.0 license).

Figure 8. The relationship between shear moduli and the per-
centage of jugular vein flow with the cervical wrap in place.
Storage modulus (G, left) and loss modulus (G”, right). Error
bars are standard error of the mean in both panels. Both stor-
age and loss moduli are significantly correlated with the per-
centage of jugular vein flow with the cervical wrap in place
(P.0O5). (From Hatt A, et al. MR Elastography Can Be Used to
Measure Brain Stiffness Changes as a Result of Altered Cra-
nial Venous Drainage During Jugular Compression. American
Journal of Neuroradiology 36.10 (2015): 1971-1977. Repro-
duced with permission from American journal of neuroradi-
ology.).
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stiffness due to stimulation. Patz et a and De Arcoseta
reported 10-20% increases in group-wise localized stiffness in
both mice and humans. Lastly, in eleven subjects, Lan et al'*®
used a time series analysis similar to Fehlner et al'®%, and were
able to show a significant 6-11% (mean: 7.57+£1.31%) increase
in stiffness localized to the visual cortex on a subject level. They
used the magnitude information from this same data to simul-
taneously calculate traditional functional MRI activation maps,
which only demonstrated a 1-2% signal range across subjects,
but showed similar activation patterns (Figure 9). This body of
work strongly suggests a correlation between brain viscoelas-
ticity and function and offers a completely new and indepen-
dent mechanism for exploring tissue function. Currently, these
measurements are only possible in a research setting. Bringing
these types of exploration into the clinical research environment
should be a significant focus of future endeavors.

Artificial intelligence and MRE

The introduction of artificial intelligence (AI) in MRE post-
processing may help bridge the gap between research and clinical
practice for current and future technically advanced MRE appli-
cations. Al could not only enable both online segmentations,
using established brain atlases,'”” but could also be used to learn
advanced MRE inversion algorithms. On-scanner segmentations
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Figure 9. fMRE and fMRI t-score activation maps (p < 0.001) of the visual cortex for all 11 subjects; (top) stiffness-fMRE activation;
(middle) BOLD-fMRI activation; (bottom) both fMRE (orange-yellow) and fMRI (blue-green) activation maps overlaid. (From Lan
PS, et al. Imaging brain function with simultaneous BOLD and viscoelasticity contrast: fMRI/fMRE.'®%:11 6592. Reproduced with
permission from Elsevier under a Creative Commons CC-BY-NC-ND License).

would enable localized stiffness estimates to be directly output
from the scanner'® and could potentially assist existing inver-
sion algorithms to compensate for CSF contamination and edge
effects.

Advanced inversion algorithms capable of relaxing the tissue
homogeneity and/or isotropic elasticity assumptions, while
maintaining adequate efficiency to be implemented in a clinically
feasible timeframe, would help improve the accuracy of the tech-
nique in a clinical setting. Artificial neural networks trained on
realistic constitutive equations of motion could help facilitate this
transition into the clinic. Murphy et al’”'* have recently devel-
oped a neural network inversion (NNI) that was more robust to
noise than DI, while not only maintaining but also increasing
measured biological effect sizes already established in both the
liver and brain. Solamen et al''* developed a convolutional NNT
architecture and demonstrated feasibility in the brain. Scott et
al'™ further relaxed the homogeneity assumptions initially made
by,””1% and in simulation experiments they demonstrated an
improvement in accuracy for predicting the stiffness of inclu-
sions (£2.25cm in diameter) in no-noise, low-noise, and high-
noise data, as compared to both DI and a homogeneous NNI, as
well as sharper stiffness transitions at the edges of tumors. The
inversion times for these techniques are generally within a clin-
ically feasible timeframe suggesting potential to make research
applications more accessible to clinical workflows. These results
also motivate future work exploring the use of more advanced
forward models for generating training data that are more repre-
sentative of brain tissue mechanical behavior, such as existing
viscoelastic,'* and poroelastic models.'*?
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CONCLUSIONS

Brain MRE is a powerful tool that can be used to provide valu-
able information to clinicians and researchers investigating the
biomechanical properties of the brain. The application of brain
MRE to assist in pre-surgical assessment is currently the most
likely to be adopted into future clinical workflow, but the appli-
cations for research are ever expanding, and could offer great
insights into many different disease processes. Larger sample
sizes are needed for many of the applications covered in this
review, and no large-scale multi-center brain MRE study has
been conducted to date. Biological factors such as demyelination,
neuronal cell body composition, dendrite composition, axonal
density, axon size, cell packing density, complex microstruc-
tural interactions in the extracellular matrix, and intracranial
pressure have all been suggested as contributors to measurable
changes in stiffness and viscosity observed by MRE in different
disease processes. If the key contributors can be identified, and
direct causal relationships can be established between stiffness
and pathology, this could lead to identifying and monitoring the
early onset and progression of many neurological diseases in the
future.
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