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anisotropy { comparing young and older adults. The images show
axial and sagittal slices (of the right hemisphere) in which we observe
the mean fractional anisotropy atlas image in grayscale, the white
matter skeleton mask in green, overlaid with a red-yellow colormap
indicating the signi cant voxels with p values between 0.05-0.01.
Substrate shear sti ness has the smallest percentage of signi cant
voxels within the cerebrum white matter, whereas the shear
anisotropy and tensile anisotropy have comparable percentages to FA
and RDrespectively. : @ @ oo n o n o n s 41

Voxelwise comparison of statistically signi cant di erences between
younger and older adults for MRE parameters (shear anisotropy)
and (tensile anisotropy), and DTI parameters FA and RD,
respectively. Signi cant voxels were identi ed using threshold-free
cluster enhancement (TFCE) with a corrected signi cance level of

p < 0:05. Three colors indicate: (1) voxels where the MRE parameter
( or ) was signi cant only, (2) voxels where the corresponding DTI
parameter (FA or RD) was signi cant only, and (3) voxels where both
MRE and DTI parameters showed overlapping signi cance. The
background image is the mean FA atlas overlaid with the white
matter skeleton mask in green. Voxels with no signi cant group

di erences remain uncolored within the mask.: @ : ::::::::: 42

Regional comparisons of shear anisotropy)(and tensile anisotropy

( ) between multifrequency (MF) and multi-excitation (ME)
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Correlation between reconstructed shear anisotropy X and ground
truth (GT) values across 12 white matter regions. Blue markers
indicate multifrequency (MF) reconstructions, and orange markers
indicate multi-excitation (ME) reconstructions. Scatter plots show
regional estimates versus GT values, with a unity line included for
reference. MF reconstructions demonstrated strong agreement with
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Regional shear anisotropy () across age groups. Box plots show the
distribution of shear anisotropy measurements for adolescents (ADS),
young adults (YAD), and older adults (OAD) across 12 major white
matter tracts. Each point represents a single participant. Multiple
tractslincluding the corpus callosum (CC), forceps major (FM),
forceps minor (Fm), corona radiata (CR), posterior thalamic

radiation (PTR), superior longitudinal fasciculus (SLF), and inferior
fronto-occipital fasciculus (IFOF)|exhibited signi cant age-related

di erences in , with the most pronounced declines observed between
YAD and OAD. These group-level di erences largely followed a

YAD > ADS > OAD trend. Asterisks denotep < 0:05 for pairwise
group comparisons indicated by horizontal bars: : : @ : 0o 70

Regional tensile anisotropy () across age groups. Box plots show
distributions across 12 major white matter tracts for adolescents
(ADS), young adults (YAD), and older adults (OAD) groups. Most
regions exhibited overlapping values across groups, but the posterior
thalamic radiation (PTR), superior longitudinal fasciculus (SLF), and
uncinate fasciculus (UF) showed signi cant age-related reductions in
. Speci cally, lower was observed in OAD compared to both ADS
and YAD in PTR (p=0:0098, 00107), SLF ¢ = 0:0096, 00062), and
UF (p=0:0008, 00108). Compared to shear anisotropy (), changes
in  were less widespread but followed a similar pattern of decline
with age. Asterisks denotep < 0:05 and correspond to pairwise group
comparisons indicated by horizontal bars. : : : ;oo 71

Experimental setup for the MR Elastography acquisition of the lower

leg muscles. Participant is positioned in 3T PET/MR scanner in

feet- rst supine position with a ex coil secured over the lower leg,
covering from below the knee to the ankle. A paddle driver connected
to a pneumatic actuator (Resoundant; Rochester, MN) delivers 80 Hz
steady-state vibrations to the calf muscle belly during MRE

acquisition. ;i 80

Example of MRE and fat fraction images of more a ected (MA)

versus less a ected (LA) legs from a patient with hemiplegic CP (17

y, M) compared to a typically developing control (TDC) (15, F).

Shear wave motion in micrometers and shear sti ness measured in
kilopascals derived from MRE image acquisition are depicted in the

top and middle rows, respectively. Note the higher amount of red
shading on the LA leg MRE shear sti ness image, consistent with a

sti er soleus primarily. Dixon-based fat fraction images from MRI are
also shown (bottomrow): : : @ : oo 81
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Cross-sectional areas for (A) gastrocnemius and (B) soleus of the
typically developing controls (TDC), versus the less a ected (LA) and
more a ected (MA) sides of patients with CP. A signi cant di erence

in CSA between the MA side and TDC was observed in the
gastrocnemius (p=0.015*), whereas the MA side was signi cantly

di erent than the LA side (p=0.002*) and the TDC (p=0.046*) in
thesoleus.: : : @ @i 87

Contractile-Non-contractile Tissue Ratio (CTR) comparisons between
patients with CP (MA/LA sides) and typically developing controls

(TDC) by muscles. (A) For gastrocnemius, a signi cant di erence

was identi ed between MA vs LA sides only (p=0.01%). (B) For

soleus, there were signi cant di erences between MA vs TDC
(p=0.024*) and MA vs LA (p=0.002%). : @ : o 88

Comparisons of age-corrected CSA-normalized shear sti ness between
patients with CP (MA/LA sides) and typically developing controls

(TDC) shown for gastrocnemius and soleus muscles. Normalized

sti ness values were corrected to a reference age of 13 years to
account for age-related variations. This correction standardizes the
CSA-normalized shear sti ness, allowing for visualization of group
comparisons independent of age e ects. (A) For gastrocnemius, there
were no signi cant di erences identi ed between MA/LA and TDC

sides (p>0.05). (B) For soleus, there were signi cant di erences

between MA and LA sides (p=0.014*) only. @ : :: 90

Group comparisons of anisotropic sti ness parameters (parallel to
muscle bers) and , (perpendicular to bers) across the
gastrocnemius (A{B) and soleus (C{D) muscles. Children with
cerebral palsy (CP) are separated by more a ected (MA) and less

a ected (LA) limbs and compared to typically developing controls
(TDC). Shear sti ness parallel to bers ( 1) was lowest in MA,
followed by LA and TDC for both muscles. For perpendicular
stiness ( »), gastrocnemius values were slightly elevated in both CP
limbs compared to TDC, while in the soleus, the trend reversed with
highest values observed in TDC, followed by MA and LA. All group
comparisons were not statistically signi cant (»»0.05) : :::::: 91
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5.7

Group comparisons of shear anisotropy Y and tensile anisotropy ()
across the gastrocnemius (A{B) and soleus (C{D) muscles. Children
with cerebral palsy (CP) are separated by more a ected (MA) and

less a ected (LA) limbs and compared to typically developing controls
(TDC). In the gastrocnemius, was signi cantly lower in MA

compared to TDC (p=0.0378), with intermediate values in the LA

limb. No group di erences were observed for. In the soleus, group

di erences were not statistically signi cant for either parameter,

though trends were noted with higher in LA and higher in TDC. 92
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ABSTRACT

Magnetic resonance elastography (MRE) is a noninvasive imaging technique
that characterizes the mechanical properties of soft tissues in vivo. While conventional
MRE assumes isotropic material behavior, tissues such as white matter and skeletal
muscle exhibit strongly anisotropic structure, with mechanical properties that vary by
ber orientation, density, and extracellular interactions. This dissertation applies a
transversely isotropic nonlinear inversion (TI-NLI) framework to quantify direction-
dependent tissue sti ness in the brain and lower limb, establishing the biological sen-
sitivity and translational potential of anisotropic MRE across development, aging, and
disease.

In Aim 1, multi-excitation MRE was used to assess age-related di erences in
white matter anisotropy. Older adults exhibited signi cantly reduced shear and tensile
anisotropy across nearly all major tracts, particularly in anterior regions. Logistic
regression and voxel-wise analyses demonstrated that anisotropic MRE parameters
provide complementary and distinct information relative to di usion tensor imaging
(DTI), supporting their utility for assessing microstructural integrity in aging.

Aim 2 extended the TI-NLI framework to multifrequency MRE, validating it
as a hardware-simpli ed alternative for estimating anisotropy from a single external
actuation source. Simulations and in vivo data revealed strong agreement between
multi-excitation and multifrequency estimates, with some regional variability in deeper
tracts. Findings from this larger cohort replicated Aim 1 results and revealed devel-
opmental increases in anisotropy among younger participants, consistent with known

patterns of white matter maturation.
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In Aim 3, MRE was applied to assess passive sti ness and composition in chil-
dren with spastic hemiplegic cerebral palsy. The more a ected leg exhibited signi -
cantly lower cross-sectional area and contractile tissue ratio relative to typically de-
veloping controls, and higher normalized shear sti ness in the soleus compared to the
less a ected side. Additionally, shear anisotropy in the gastrocnemius was signi cantly
reduced in the more a ected leg. These ndings highlight the potential of anisotropic
MRE to detect clinically relevant di erences in muscle structure and mechanics in
pediatric neuromuscular disorders.

Collectively, this work demonstrates that anisotropic MRE using TI-NLI is a
reproducible and biologically sensitive approach for probing microstructural di erences
in brous tissues. By establishing tract-level benchmarks across the lifespan and ap-
plying this framework to skeletal muscle in cerebral palsy, this dissertation supports
the broader integration of anisotropic MRE into neuroimaging and musculoskeletal re-

search, with promising applications in clinical diagnosis, monitoring, and intervention.
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Chapter 1
INTRODUCTION

White matter forms the structural backbone of the brain's communication sys-
tem, composed of densely packed axons insulated by myelin and supported by a ma-
trix of glial cells and extracellular components. These organized ber pathways enable
rapid synchronized signaling between brain regions, supporting critical cognitive and
motor functions. With age and neurological disease, white matter undergoes progres-
sive degeneration|characterized by myelin breakdown, axonal damage, gliosis, and
remodeling of the extracellular matrix|that disrupts connectivity and contributes to
cognitive decline, motor impairment, and loss of functional independence [36,86]. Such
degradation disrupts the e cient transmission of neural signals and contributes to de-
clines in processing speed, coordination, and executive function [10,66]. The specic
location and pattern of white matter degradation often determine the type and sever-
ity of symptoms. In conditions like multiple sclerosis (MS), traumatic brain injury
(TBI), and di use axonal injury, damage to white matter pathways can be di use and
di cult to detect early using traditional clinical tools. Consequently, there is a need
for noninvasive imaging methods that can sensitively and speci cally characterize the
integrity of white matter tissue.

Neuroimaging techniques such as di usion tensor imaging (DTI), magnetization
transfer imaging (MTI), and myelin water imaging (MWI) have advanced our under-
standing of white matter microstructure. Each provides unique insight into specic
tissue components: DTI captures water di usion patterns that re ect axonal organiza-
tion; MTI is sensitive to macromolecular content, particularly myelin; and MWI isolates
water trapped between myelin bilayers. However, these modalities each have critical

limitations. MTI cannot distinguish between myelin loss and repair, and is in uenced



by in ammation and edema [60,118]. MWI o ers speci city to myelin water but lacks
sensitivity to broader structural or axonal changes [3]. DTI, while widely used, lacks
speci city: changes in fractional anisotropy (FA) may result from multiple overlap-
ping factors, including axonal injury, myelin degradation, and ber dispersion [122].
Other DTI metrics like axial (AD), radial (RD), and mean di usivity (MD) also do

not isolate speci c microstructural alterations. For instance, age-related declines in
FA are driven by increasing RD, suggesting myelin breakdown [11]. Moreover, AD
and RD are also a ected by axonal integrity, in ammation, and ber geometry. As a
result, none of these techniques alone can fully characterize the complex, multicom-
ponent changes that occur in white matter across the lifespan. Magnetic resonance
elastography (MRE) o ers a complementary perspective by probing the mechanical
behavior of tissue under shear stress|capturing how structural elements interact and
resist deformation.

Magnetic resonance elastography (MRE) noninvasively maps the mechanical
properties of tissue by encoding shear wave propagation into phase-sensitive MRI im-
ages. These wave patterns re ect the viscoelastic behavior of tissue|properties that
emerge from the organization, density, and connectivity of microscale components such
as axons, glial cells, and the extracellular matrix. Displacement elds acquired dur-
ing MRE are then processed through inversion algorithms to estimate spatial maps of
sti ness and damping ratio, which describe the tissue's elastic and viscous response,
respectively. Unlike di usion imaging, which infers structural organization through
water motion, MRE directly measures how tissue resists deformation, capturing phys-
ical properties that re ect the tissue's material composition. Prior studies have shown
that brain sti ness declines with age [6,39, 113], varies across gray and white mat-
ter [38, 84], and correlates with cognitive outcomes [23, 25, 101, 104, 105]. In rodent
models of demyelination, reductions in sti ness have been observed before major struc-
tural changes become apparent [103], suggesting that mechanical properties may serve
as early indicators of white matter degeneration. Furthermore, ex vivo studies have

demonstrated that myelin content and axonal structure both contribute to regional



brain stiness [120, 121], reinforcing the potential of MRE to quantify biologically
meaningful tissue alterations that are otherwise inaccessible with conventional imag-
ing.

Despite its promise, early applications of MRE to the brain have primarily
relied on isotropic inversion models that assume tissue behaves uniformly in all direc-
tions. While these assumptions simplify modeling and reduce over tting, they lack the
speci city needed for analyzing complex or regionally variable tissues. The isotropic
assumption is particularly problematic for white matter, where the aligned structure
of axons and layered myelin sheaths create direction-dependent mechanical behavior.
In isotropic models, sti ness estimates vary substantially depending on the direction
of wave propagation and polarization, which may obscure meaningful biological dif-
ferences and limit interpretability [4]. White matter is known to be mechanically
anisotropic, behaving more stiy along axonal tracts than across them. Isotropic
inversions fail to capture this complexity and often return spatially averaged values
that con ate directional stiness components. As a result, global sti ness measures
may miss subtle or regional microstructural changes that occur with aging or disease.
Accurate characterization of white matter requires modeling that re ects its intrinsic
mechanical anisotropy|capturing sti ness along and perpendicular to bers as distinct
properties.

Anisotropic MRE provides a framework to resolve directionally dependent me-
chanical parameters, using models such as transverse isotropy to represent white mat-
ter's ber-reinforced structure. In this formulation, distinct sti ness components are
estimated along the ber direction ( jj), perpendicular to the bers ( ?), and in
axial tension through directional ratio of the Young's modulus (). These parameters
may o er greater speci city to underlying biological features. For example, shear sti -
ness parallel to the bers is likely governed by axonal density and alignment, while
sti ness perpendicular to the bers may be more sensitive to the surrounding matrix

and myelin content. Prior work suggests that degradation of axons and myelin occurs



at di erent rates and through di erent mechanisms across the lifespan, and the abil-
ity to distinguish their mechanical signatures may enable more sensitive and speci c
characterization of white matter changes. Moreover, anisotropic parameters provide
insight beyond what a single, composite sti ness value can o er|especially in tissues
where ber organization is both functionally and mechanically dominant. By captur-
ing these properties regionally, anisotropic MRE opens new possibilities for detecting
early degeneration and mapping the spatial progression of white matter breakdown.

To date, only a handful of studies have implemented anisotropic MRE in the hu-
man brain, and most have relied on direct inversion schemes with many free parameters,
often leading to instability and low sensitivity to aging e ects [57]. In contrast, the cur-
rent work applies a transversely isotropic nonlinear inversion (TI-NLI) framework that
reduces the number of estimated parameters while preserving the directionally depen-
dent behavior of white matter. By combining this model with multi-excitation MRE
(ME-MRE), which uses orthogonal wave propagation directions to improve directional
sensitivity, and multifrequency MRE (MF-MRE), which leverages frequency-dependent
wave behavior to enhance reconstruction robustness, this dissertation establishes a ro-
bust and practical method for recovering anisotropic mechanical properties in vivo.
Prior studies from our group have demonstrated the repeatability of this framework in
white matter tracts [107] and its theoretical ability to distinguish ber-parallel from
transverse sti ness changes [74]. This work builds on that foundation and applies it
to healthy younger and older adults, enabling a tract-speci ¢ analysis of age-related
di erences in mechanical anisotropy across the brain.

Although the primary focus of this dissertation is on white matter, anisotropic
modeling is also well-suited for characterizing directionally dependent properties in
skeletal muscle. In Chapter 5, we apply this framework in a clinical study of chil-
dren with spastic hemiplegic cerebral palsy (CP)la neurodevelopmental condition
stemming from early brain injury that leads to progressive musculoskeletal impair-
ment [44]. While CP originates from early brain injury, its primary manifestations

occur in the musculoskeletal system, where increased muscle sti ness and abnormal



ber organization pose signi cant challenges for treatment planning. Increased muscle
sti ness contributes to the development of joint contractures, reduced mobility, and
impaired motor function, yet current clinical methods for assessing sti ness|such as
goniometry, torque-angle testing, and ultrasound elastography|are limited in depth,
spatial resolution, and reproducibility [7,17,90]. MRE o ers a promising alternative by
enabling deep, noninvasive, and spatially resolved sti ness mapping. Prior studies have
applied transversely isotropic inversion frameworks to lower leg muscles [35], and recent
work by our group demonstrated anisotropic MRE of the gastrocnemius during func-
tional loading [108]. Building on these advances, this study applies anisotropic MRE
to the gastrocnemius-soleus complex in a pediatric population with CP, comparing
the more a ected and less a ected limbs to age-matched typically developing controls,
exploring how directional sti ness measurements can provide new insight into muscle
composition and function in a clinical population. By integrating sti ness measure-
ments with fat fraction and anatomical imaging, this work explores the potential utility

of anisotropic MRE in a novel tissue and population, demonstrating its translational
utility in pediatric neuromuscular disorders.

This work is among the rst to demonstrate the feasibility of TI-NLI with mul-
tifrequency wave data and to apply anisotropic MRE to both aging white matter and
pediatric skeletal muscle. This dissertation is organized around three primary aims,
each advancing the application of anisotropic MRE to biological tissues. In Chap-
ter3 (Aim 1), anisotropic MRE is used to quantify tract-speci ¢ mechanical properties
in the white matter of healthy younger and older adults, revealing how aging a ects
directionally dependent sti ness. Chapter4 (Aim 2) builds on this by validating a
multifrequency inversion framework for anisotropic parameter estimation, providing
a robust alternative to multi-excitation acquisition and improving the accessibility of
anisotropic MRE for clinical and research use. In Chapter5(Aim 3), the methodology is
extended beyond white matter to skeletal muscle in children with cerebral palsy (CP),
a neurodevelopmental disorder characterized by motor impairment and altered muscle

tone.



The following chapter (Chapter2) provides technical background on magnetic
resonance elastography, with a particular focus on modeling frameworks, inversion
strategies, and acquisition schemes relevant to anisotropic property estimation. To-
gether, the three aims of this dissertation advance both methodological development
and clinical application of anisotropic MRE| rst by demonstrating the feasibility and
sensitivity of tract-speci ¢ anisotropic measures in white matter, then by validating
multifrequency reconstruction as a exible and accessible approach, and nally by ex-
tending these methods to skeletal muscle in a pediatric population. Collectively, these
contributions aim to lay the groundwork for future studies that move beyond cross-
sectional aging comparisons toward longitudinal tracking and clinical translation for
studying white matter injury such as demyelination and TBI, or neurodevelopmental
disorders. By establishing anisotropic MRE as a sensitive, noninvasive tool for char-
acterizing tissue microstructure across brain and muscle, this work helps expand the

frontier of quantitative MRI in both neuroscience and rehabilitation contexts.



Chapter 2

BACKGROUND: PRINCIPLES OF ANISOTROPIC MR
ELASTOGRAPHY

2.1 Fundamentals of Magnetic Resonance Elastography

Magnetic Resonance Elastography (MRE) is a noninvasive imaging technique
that quanti es the mechanical properties of biological tissues by visualizing the prop-
agation of externally induced shear waves [85]. Originally developed to assess liver
brosis as a non-invasive palpation method, MRE has since expanded to a wide range
of organs including the brain, skeletal muscle, and breast tissue [99]. Its core strength
lies in its ability to capture viscoelastic behaviorlhow tissues deform and dissipate
energy under stress|which provides a complementary contrast mechanism to conven-
tional structural or di usion-based MRI [68]. In a typical MRE experiment, mechanical
vibrations are applied to the tissue at frequencies ranging from 20 to 100 Hz, gener-
ating micron-scale shear waves that travel through the tissue (Figure 2.1). These
waves are encoded into the MR signal using a modi ed phase-contrast sequence, where
motion-encoding gradients (MEGSs) are synchronized with the external vibrations. By
acquiring images at multiple time o sets (typically 4{8 phase o sets per frequency), it
is possible to reconstruct the full wave eld within the tissue [68].

The resulting displacement maps re ect how tissue responds dynamically to
mechanical loading and are sensitive to factors such as cellular density, matrix orga-
nization, and uid content. These maps are processed through inversion algorithms
that solve the wave equation for viscoelastic media, producing spatial maps of complex
shear modulus components. Most commonly, these include shear stine$s (] or

), indicating the tissue's resistance to deformation, damping ratio, capturing relative



Figure 2.1:

Overview of a typical brain magnetic resonance elastography investiga-
tion. (a) An external pneumatic mechanical actuator is used to gently
vibrate the head and generate steady-state shear wave elds in brain tis-
sue; (b) specialized phase-contrast MRI sequences image the resulting
displacements through synchronization with applied vibration; and (c)
an inversion algorithm is used to recover mechanical properties from the
imaged wave eld: , shear sti ness (kPa), and , damping ratio (dimen-
sionless).Repurposed from Hiscox et al. (202141].



viscosity, and storage and loss moduli (G' and G"), representing elastic and viscous
components respectively [99].

MRE's application to the brain has evolved signi cantly over the past two
decades. Early studies focused on global sti ness and contrast between gray and white
matter, revealing age-related declines in sti ness and disease-speci ¢ changes [41, 84].
Advances in pulse sequence design, motion-encoding strategies, and wave driver hard-
ware have enabled higher-resolution acquisitions and localized mechanical property
mapping [41].

These innovations have enabled the study of brain mechanics at increasingly ne
spatial scales and across diverse populations. The ability to resolve localized di erences
in stiness has laid the groundwork for tract-speci c analyses and the application
of more sophisticated inversion models tailored to the structural complexity of brain

tissue|topics explored in the following section.

2.2 Modeling Transversely Isotropic Tissue Mechanics

Most early applications of magnetic resonance elastography (MRE) to brain
tissue employed isotropic mechanical models, assuming that the material behaves uni-
formly in all directions. While this assumption is su cient for gray matter or whole-
brain assessments, it fails to capture the complexity of white matter (WM), where
highly aligned axonal bundles and supporting glial cells introduce direction-dependent
mechanical properties [27,116]. In brous structures such as WM tracts, a transversely
isotropic (T1) material model provides a more appropriate mechanical representation,
treating the tissue as isotropic in the plane orthogonal to the ber direction but distinct
along the ber axis.

While composite sti ness (G j) remains widely reported due to historical use
and interpretability, it does not re ect directional behavior and may obscure di erences
in ber-parallel versus perpendicular mechanics. In contrast, anisotropy parameters (
and ) capture direction-dependent sti ness patterns and may be more sensitive to

microstructural changes not re ected in isotropic models or di usion imaging. These



parameters serve as the primary output of the TI-NLI model and form the basis for all
subsequent group comparisons and clinical applications presented in this dissertation.
The recently developed transversely isotropic nonlinear inversion (TI-NLI) frame-
work [72,74] builds on this principle by incorporating ber orientation data from di u-
sion tensor imaging (DT]I) into the inversion algorithm. This method models WM as a
nearly incompressible transversely isotropic (NITI) material, solving the inverse prob-
lem using a nite element framework to estimate the spatial distribution of anisotropic
viscoelastic parameters. This enables region-speci ¢ quanti cation of directional me-
chanical properties with improved stability and accuracy relative to isotropic or direct

inversion methods [43,117].

2.2.1 Constitutive Model for Transversely Isotropic Material

The TI-NLI formulation begins with the constitutive relationship between stress
and strain for a nearly incompressible transversely isotropic material (NITI). The con-
stitutive equation for the stress () and strain () relationship for NITI materials, in a
standard Voigt form, coordinate system aligned with the axis of symmetry is de ned

as.
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where, ;; is the shear stress change in each direction,; is the shear strain

change in a given directionC;;; is the strain tensor in a given direction, is the shear
modulus or baseline sti ness in the plane perpendicular to the beraxis. = =, 1
is the shear anisotropy, = E;=E, 1 is the tensile anisotropy, and is the isotropic
bulk modulus, assumed xed in brain tissue due to near-incompressibility. In this
model, shear anisotropy () quanties how much more resistant the material is to
shearing along the ber direction compared to across it | e ectively the ratio of shear
sti ness parallel versus perpendicular to the bers. In contrast, tensile anisotropy
( ) captures directional di erences in stretchability, representing the ratio of Young's
modulus along the ber direction to that across the bers. While shear anisotropy
relates to deformation from sliding planes, tensile anisotropy relates to deformation
from axial stretching. Together, these parameters characterize how anisotropic white
matter deforms under directional loading and provide mechanistic insights into tissue

composition, alignment, and structural integrity.

2.2.2 Transversely Isotropic Nonlinear Inversion Framework (TI-NLI)
The TI-NLI framework solves an inverse problem, in which the goal is to es-

timate anisotropic mechanical properties of tissue from measured MRE displacement
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data. This is achieved by simulating wave propagation through a transversely isotropic

medium, governed by the steady-state time-harmonic Navier's wave equation:

r = 12U (2.8)

where is the second-order stress tensor, is the tissue density,! is the fre-
guency of vibration, andU is the complex-valued displacement vector eld. The stress
tensor is de ned by the constitutive relationship described in Section 2.2.1, incorpo-
rating the local ber orientation and anisotropic elasticity matrix.

This forward problem is solved using a nite element (FE) approach, which
accounts for tissue heterogeneity, complex boundary conditions, and spatially varying
material properties. The forward simulation generates predicted displacement elds
for a given distribution of mechanical parameters. The inverse problem then itera-
tively updates the parameter maps { including shear sti ness (), shear anisotropy
( ), and tensile anisotropy () { to minimize the complex error between the measured
displacement elds and the simulated ones. Optimization proceeds using gradient-
based methods to solve for the material property distributions that best explain the

observed wave motion [43,72,73].

2.3 Multi-Excitation MRE

While the transversely isotropic (T1) model provides a framework for estimating
anisotropic mechanical parameters ( , ), accurate inversion requires that the under-
lying wave elds contain su cient directional and polarization information. Tweten
et al. (2017) [115] demonstrated that two minimum experimental conditions must
be met to resolve these parameters: (1) presence of both slow and fast shear waves,
representing di erent polarization states, and (2) shear wave propagation in multiple
directions relative to the tissue's ber axis. These wave features ensure that the me-
chanical e ects of all three Tl parameters are independently expressed in the measured
displacements. Without this directional diversity, inversion becomes underdetermined

or unstable, regardless of the algorithm used.
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Figure 2.2: Overview of multi-excitation MRE. (A) Positioning of pillow driver for
AP excitation and paddle driver for LR excitation. (B) Representative
wave elds from AP and LR excitations, shown as their x, y, and z
components.Repurposed from Smith et al. (2020)109]

Multi-excitation MRE was rst applied in the human brain by Anderson et al.
(2016), who observed di erences of up to 25% in recovered mechanical properties across
several white matter tracts depending on the excitation direction. These di erences
were attributed to changes in wave propagation and polarization introduced by di erent
actuator positions, highlighting multi-excitation as a promising strategy to improve
directional wave coverage for anisotropic inversion.

Building on this concept, Smith et al. (2020) empirically tested whether multi-
excitation MRE meets the theoretical wave requirements necessary for accurate anisotropic
parameter estimation in transversely isotropic (TI) tissues. They acquired MRE data
using sequential anterior-posterior (AP) and left-right (LR) excitations, each delivered
in a separate scan, to generate distinct shear wave elds in the human brain (Fig-
ure 2.2).

In an incompressible transversely isotropic (ITI) material, shear waves prop-
agating in a given direction, N, decompose into either \slow" (transverse) or \fast"

(quasi-transverse) components, depending on their polarization (i.e., the direction of
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shear deformation relative to the wave's travel direction and local ber orientation).
The polarization directions are determined relative to the local ber orientationA,
and the angle between them = cos (N A). The slow wave polarization vectorm,
is perpendicular toN and A (Eq.2.9), while the polarization of the fast wavem?, is

perpendicular toN and rfys (Eq.2.10):

N A
me = N s (2.10)

The squared wave speeds for slow and fast components are determined by the
angle , the shear modulus , material density , and anisotropic parameters and .

The corresponding expressions are:

2= - 1+ cog (2.11)

= — 1+ cog2 + sin2 (2.12)

Smith et al. (2020) [109] applied directional ltering to isolate primary and
secondary wave propagation directions in a voxel-wise fashion and then projected wave
elds onto the respective slow and fast polarization directions. For each voxel that
met the signal and directional criteria, they estimated wave speeds and solved an
overdetermined system of equations to recover, , and

Combining AP and LR excitations signi cantly increased directional coverage,
enabling inversion in 69% of white matter voxels and 74% of the corpus callosum
body, compared to only 29{37% when using AP or LR alone. This study provided
the rst in vivo demonstration that multi-excitation MRE generates su cient wave
complexity|both in terms of propagation and polarization|to satisfy the wave diver-
sity requirements proposed by Tweten et al. (2017) [115], validating this strategy as a

robust method for estimating anisotropic tissue properties. To build on this approach,
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we sought to implement a practical and repeatable method for acquiring high-quality
LR excitations.

In prior work, we evaluated a novel left-right (LR) actuator for use in a multi-
excitation MRE protocol by comparing it to the conventional anterior-posterior (AP)
driver in ten repeated scans of a healthy subject [13]. The custom actuator was mounted
to the MRI head coil using 3D-printed components, improving lateral t, minimizing
motion artifacts, and allowing consistent LR excitation across sessions. Motion analysis
showed that LR excitation induced lower rotational and translational motion than the
standard AP driver, supporting its stability and usability for repeated scans. Although
LR excitation yielded slightly lower OSS-SNR values, all trials remained above the qual-
ity threshold. OSS-SNR (Octahedral Shear Strain Signal-to-Noise Ratio) [75] quanti es
the quality of MRE data based on the strain rather than displacement, providing a
robust measure of data reliability. Importantly, the wave polarization direction di ered
between LR and AP excitations, despite similar propagation directions, enabling more
complete sampling of directional sti ness (Figure 2.3). Displacement elds from both
excitations were combined within TI-NLI to estimate shear sti ness, shear anisotropy,
and tensile anisotropy in the corticospinal tract and corpus callosum body. This early
implementation demonstrated the feasibility of applying multi-excitation anisotropic
MRE with a custom driver setup, forming the foundation for future studies using TI-

NLI to examine white matter mechanics.

2.4 Application of Anisotropic MRE to White Matter

White matter (WM) presents a unique challenge for MRE due to its brous,
anisotropic structure. Axonal alignment causes directional di erences in mechanical
behavior, such that tissue sti ness and deformation resistance vary depending on the
orientation of applied shear or tensile stress. While anisotropy is well-established in dif-
fusion imaging, capturing direction-dependent mechanics using MRE requires inversion

models that go beyond traditional isotropic assumptions as highlighted in Section 2.2.
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Figure 2.3:

(A) Wave characteristics of anterior-posterior (AP, top row) and left-
right (LR, bottom row) excitations in a healthy subject for the same
slice and repetition. Real motion maps in columns 1-3 (X, Y, Z direc-
tions left-to-right) show di erences between wave elds. Average wave
propagation (column 4) di ers only slightly compared to maps of aver-
age polarization directions (column 5), and combined these di erences
cause unequal patterns of the inverted isotropic shear sti ness (column
6). (B) Schematic of the custom left-right actuator design rendered in
SolidWorks® , showing paddle positioning relative to the subject's head.
The design allows for adjustability to accommodate di erent head sizes
and can be con gured prior to subject positioning in the head coil. (C)
In-scanner photo of the actuator system mounted to the 20-channel head
coil, demonstrating how the paddles rest laterally against the subject's
head to deliver consistent LR excitation while minimizing setup time and
movement artifacts.
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Early studies assessing mechanical properties in the brain largely focused on
gray matter or large-scale lobar sti ness measurements, reporting global or regional
softening with age [6,41,98]. However, only a few studies have attempted to directly
measure white matter sti ness [34,53] and even fewer have done so using an inversion
model tailored to the tissue's directional properties. Initial applications of MRE to
WM tracts used isotropic inversion, which can misrepresent or obscure directional
di erences [4].

Subsequent e orts introduced anisotropic inversion strategies, including two-
parameter Tl models (parallel vs. perpendicular shear) and full orthotropic models
with up to nine mechanical parameters [32,95,96]. However, the use of overly complex
material models often comes at the cost of parameter instability, sensitivity to noise,
and di culties in interpretation [81, 82]. As described previously in Section 2.2.2,
the TI-NLI framework implements a nite element-based nonlinear inversion using a
transversely isotropic material model. To balance model expressiveness with inversion
stability, a simpli ed formulation is used with just three parameters: baseline shear
modulus ( ), shear anisotropy (), and tensile anisotropy () [27,72]. This formula-
tion enables voxel-wise estimation of directional sti ness while accommodating tissue
heterogeneity and local ber orientation.

Smith et al. (2022) [107] applied the TI-NLI framework to a cohort of younger
adults, using multi-excitation MRE to estimate anisotropic parameters in major white
matter tracts, as well as global white and gray matter. The study was the rst to re-
port tract-speci ¢ measurements of shear and tensile anisotropy in vivo, demonstrating
the reproducibility of these estimates across tracts (Figure 2.4). Regional variability
was also observed within individual tracts, such as the corpus callosum, where distinct
parameter pro les emerged across the genu, body, and splenium. These results pro-
vided initial benchmarks for TI-NLI parameter ranges and reinforced the feasibility of
applying this model to assess tract-level white matter mechanics in group studies.

Building on this initial application, subsequent work has expanded the TI-

NLI framework through both stability analysis and model re nement. Jyoti et al.
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Figure 2.4:

TI-NLI parameter estimates in 17 healthy young adults based on Smith
et al. (2022). (A{C) Boxplots of average values for shear sti ness §,
shear anisotropy (), and tensile anisotropy () across gray matter (GM),
white matter (WM), and ve major white matter tracts: corpus callo-
sum (CC), corona radiata (CR), superior longitudinal fasciculus (SLF),
and two frontal medullary tracts (FM1, FM2). (D{F) Representative
parameter maps (axial, sagittal, coronal views) for, , and , respec-
tively. (G{l) Pairwise tract comparisons showing statistically signi cant
di erences (p<0.05) for each parameter.Repurposed from Smith et al.
(2022) [107]
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(2022) [55] introduced the Transversely Isotropic Parameter Stability (TIPS) metric, a
voxel-wise measure of expected reconstruction reliability based on displacement data
and estimated properties. Tested across simulations and in vivo data, TIPS scores
were inversely correlated with parameter variability, supporting their use as a post hoc
quality check, and motivating future applications in prospective scan assessment. More
recently, Jyoti et al. (2023) [54] extended the Tl model to incorporate anisotropic
damping, tting six complex-valued modulijthree for sti ness and three for damp-
ing|using DTI-de ned ber orientation. This TI-AD model demonstrated precise, re-
peatable parameter estimates in both simulations and in vivo scans, suggesting added
sensitivity to tissue microstructure beyond sti ness. These studies support both the
reproducibility and exibility of TI-NLI, expanding its applicability across subjects
and tissue conditions. Subsequent chapters of this dissertation build on this modeling
framework, with Chapter 3 focusing speci cally on age-related changes in white matter

mechanics using multi-excitation anisotropic MRE.

2.5 Comparison to Diusion and Other MRI Techniques

Magnetic resonance elastography (MRE) o ers a fundamentally di erent ap-
proach to probing white matter microstructure than conventional di usion or myelin
imaging. Rather than measuring water motion or magnetization exchange, MRE quan-
ties how tissue physically deforms under applied mechanical vibration. These vis-
coelastic properties re ect the composition and spatial organization of cellular and
extracellular elements such as axons, myelin, and glial cells.

Traditional MRI techniques have been widely used to characterize white mat-
ter microstructure. Di usion tensor imaging (DTI), for instance, infers ber structure
by modeling water di usion along and across axons. DTI metrics such as fractional
anisotropy (FA), mean di usivity (MD), and radial di usivity (RD) have been as-
sociated with aging and neurodegeneration. However, these metrics lack speci city:
FA changes can re ect multiple microstructural processes (e.g., myelin breakdown,

axonal loss, in ammation), and are sensitive to partial volume e ects and crossing
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bers [122,125]. Other MRI techniques such as magnetization transfer (MTR) and
myelin water imaging (MWI) o er greater sensitivity to myelin content. Yet these also
have limitations. MTR is in uenced by in ammation, edema, and axonal injury, and
cannot distinguish between myelin loss and repair [60]. MWI, while more speci c to
myelin, is not sensitive to axonal structure or longitudinal change and can be a ected
by resolution constraints [3].

In contrast, MRE provides a mechanical signature of tissue, capturing the ag-
gregate response to structural degradation. Changes in shear sti ness and anisotropy
may re ect alterations in axonal density, myelin integrity, and cellular organization |
factors that also underlie di usion and volumetric changes, but from a fundamentally
di erent physical basis [99, 103].

Recent studies suggest that combining DTl and MRE may yield complemen-
tary insight. For example, age-related increases in RD and decreases in stiness
may both re ect myelin degeneration, but with distinct sensitivities and spatial pat-
terns [11,127]. Moreover, anisotropic MRE models, such as TI-NLI, are capable of
measuring direction-dependent sti ness aligned with local ber orientation, further
aligning mechanical metrics with di usion-derived structure [74,96]. While only a
limited number of MRE studies to date have focused on white matter, these early
e orts underscore its potential to Il interpretive gaps left by di usion and myelin
imaging, particularly in aging, MS, and neurodegeneration. These distinctions un-
derscore the value of mechanical imaging as a complementary tool for characterizing
brain tissue, particularly in populations with known structural alterations in aging or

maturation|topics further explored in Chapters 3 and 4.

2.6 Application of Anisotropic MRE to Skeletal Muscle

While the TI-NLI framework was originally developed to characterize anisotropic
mechanical properties in white matter, the transversely isotropic model is equally well-
suited for skeletal muscle, which exhibits a similar brous architecture. Early appli-

cations of anisotropic MRE in muscle included Tl-based modeling of the calf, such
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as the work by Green et al., (2013) [32] and Guo et al. (2016) [35], who reported
direction-dependent sti ness estimates in lower leg skeletal muscles using a simpli ed
TI formulation. Building on these early e orts, Smith et al. (2023) extended TI-NLI to

in vivo skeletal muscle under functional loading conditions (Figure 2.5). In that study,
transversely isotropic parameters were estimated in the gastrocnemius and soleus dur-
ing both rest and active plantar exion, enabling assessment of muscle-speci ¢ shear and
tensile anisotropy in response to voluntary contraction. Notably, the TI-NLI framework
captured physiologically meaningful changes in both anisotropic parameters and over-
all sti ness, which corresponded with expected force output across conditions. These
results demonstrate the feasibility of applying Tl-based inversion beyond the brain and
support the use of this framework in musculoskeletal clinical populations. In particular,
the current dissertation applies this model to study passive skeletal muscle mechanics
in children with spastic hemiplegic cerebral palsy, to investigate passive sti ness and
morphological di erences in children with spastic hemiplegic cerebral palsy|a topic

explored in detail in Chapter 5.

2.7 Summary

This chapter outlined the foundational principles, modeling framework, and
neuroimaging context for anisotropic magnetic resonance elastography (MRE). Start-
ing from the fundamentals of viscoelastic tissue behavior, we introduced a transversely
isotropic material model embedded in a nonlinear inversion framework (TI-NLI), ca-
pable of resolving direction-dependent mechanical parameters in brous tissue. Appli-
cations in white matter have demonstrated the feasibility and reproducibility of this
method, particularly when combined with multi-excitation wave elds and tract-based
analysis. Prior studies have established normative values, technical reliability, and bi-
ological relevance of these parameters across regions, laying the groundwork for deeper
investigation of white matter structure in aging. Compared to other neuroimaging
modalities, anisotropic MRE o ers a complementary perspective by directly measur-

ing the tissue's mechanical response to vibrational stress. While di usion and myelin
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Figure 2.5: (A) Two primary muscles, medial and lateral heads of the gastrocnemius,
were investigated to determine anisotropic material parameters. Three
material property parameters were estimated by combining (B) MRE
displacement elds with (C) DTI ber directions. The anisotropic pa-
rameters included (D) substrate shear sti ness (), shear anisotropy (),
and tensile anisotropy (). Repurposed from Smith et al. (2023)108]
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imaging remain essential tools for probing microstructure, MRE captures viscoelastic
behavior that may re ect distinct aspects of tissue integrity, particularly in the context

of aging or disease. Together, these developments provide a strong rationale for the
studies presented in the following chapters, which apply anisotropic MRE to investi-
gate white matter aging (Chapter 3), evaluate reconstruction strategies (Chapter 4),

and extend the methodology to skeletal muscle (Chapter 5).
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Chapter 3

MECHANICAL PROPERTIES OF WHITE MATTER TRACTS IN
AGING ASSESSED VIA ANISOTROPIC MR ELASTOGRAPHY

3.1 Introduction

Magnetic resonance elastography (MRE) is a noninvasive MR imaging technique
that produces quantitative maps of viscoelastic mechanical properties in soft biological
tissues [38, 85,97]. Brain MRE experiments are performed with an external vibra-
tion source used to propagate shear waves through the skull into the brain, inducing
micron-level displacements. The MRI-captured wave motion images are then inverted
to generate maps of mechanical properties of the tissue such as mechanical sti ness
and viscosity [68], providing insights into the changes in the structural health of brain
tissue. In the human brain, MRE has been utilized in several studies revealing softer
neural tissue in older age and in neurological diseases, including Alzheimer's disease
and other dementias [25,40,47,84,92]. Through preclinical animal models, changes to
mechanical properties of brain tissue have been shown to relate to the composition and
organization of microscale elements, indicated by signi cant correlations with neuronal
density and myelin content [29, 103], while studies have highlighted the mechanical im-
portance of myelination [120,121]. MRE measures of sti ness and viscosity can assess
these microscale changes in tissue composition and organization that are a ected by
disease [99]. E ects of aging on mechanical properties of brain tissue have been studied
with MRE, with several reports of softer tissue in older age [41]. Most investigations
have focused sti ness reductions globally or in large regions [6, 98,100, 113], or local
e ects in smaller gray matter regions [24,39], with an average reported annual decrease
in sti ness of 0.8% (or 0.006-0.025 kPal/yr.), and with signi cant variability in apparent

age-related rate of softening depending on the region. However, MRE studies explicitly
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considering e ects of age or age-related neurodegenerative conditions on white mat-
ter (WM) mechanical properties have been limited, likely due, in part, to the need
for an anisotropic MRE technique to resolve direction-dependent mechanical proper-
ties in WM. White matter consists of aligned axon bers, which cause tissue sti ness
to vary depending on the measurement direction. Shear sti ness refers to the resis-
tance of the tissue to deformation, which is typically higher along the ber direction
than perpendicular to it. This variation is captured by shear anisotropy, while ten-
sile anisotropy describes the tissue's resistance to stretching along di erent directions,
with bers generally o ering more resistance along their length than when deformed
via transverse shearing. These directionally dependent properties are critical for un-
derstanding how white matter microstructure changes with age. In isotropic MRE,
which assumes uniform sti ness in all directions, such variations can lead to errors or
uncertainty in inversion results [4,72]. Early attempts to characterize mechanical prop-
erties in WM tracts assumed mechanical isotropy during inversion [34,53], but recently,
anisotropic inversion methods have been developed to better capture the directionally-
dependent mechanical behavior of WM [72,96]. These anisotropic methods may vary
with respect to the underlying material model, the number of parameters estimated,
and the numerical inversion scheme used, with each factor impacting the overall per-
formance of the MRE reconstruction. An early two-parameter approach that models
shear modulus parallel and perpendicular to the ber direction was initially applied
to study breast tissue [106] and skeletal muscle [32]; however, this approach does not
capture the potential tensile anisotropy of brous tissues. Conversely, an orthotropic,
nine-parameter model was applied to WM and the corticospinal tract [95, 96], but esti-
mating the large number of coe cients, especially with di erent magnitudes, presents

a signi cant challenge using traditional MRE data [81,82]. The use of more parame-
ters can introduce increased noise and uncertainty in the estimates, as each parameter
may contribute to tting the noise rather than the true mechanical behavior. In con-

trast, a three-parameter, nearly incompressible, transversely-isotropic material model
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has been proposed that includes a substrate shear modulus and two anisotropy pa-
rameters representing the di erences in Young's modulus and shear modulus relative
to the assumed ber direction. This model simpli es the problem by focusing on the
parameters that have the greatest in uence on tissue mechanics (shear modulus, shear
anisotropy, and tensile anisotropy), while reducing the likelihood of over tting. Studies
have shown this model su ciently describes WM mechanics with a minimal number of
parameters, avoiding the added complexity and noise sensitivity of larger models [27].
We have integrated this model into the nite element-based, nonlinear inversion al-
gorithm (NLI) [73[{ termed transversely-isotropic NLI (TI-NLI) [72, 74{ to estimate
WM anisotropic properties while also accounting for heterogeneity in both properties
and varying ber direction throughout the brain.

To improve the accuracy and stability of property estimates with TI-NLI, we
use multi-excitation MRE to produce diverse displacement data [4,109]. Shear waves
in brous, transversely-isotropic materials travel at di erent wave speeds based on
wave propagation and polarization directions [115,116], and, as such, MRE displace-
ment data must deform the tissue of interest in multiple directions in order to estimate
anisotropic parameters reliably [115]. Multi-excitation MRE uses two or more vibra-
tion sources, applied sequentially, to generate di erent wave patterns throughout the
brain [109], and, when coupled with TI-NLI, produces repeatable anisotropic prop-
erty estimates in WM tracts [107]. In this study, we use multi-excitation MRE with
TI-NLI to estimate anisotropic mechanical properties of WM tracts of a younger and
older population to evaluate and how these parameters are a ected by aging. MRE
outcomes of substrate shear sti ness, shear anisotropy, and tensile anisotropy are com-
pared between groups of older adults and younger adults. We also investigate how
age-related di erences in mechanical properties from anisotropic MRE compare with
metrics from di usion MRI, which is commonly used to assess WM integrity, and has

shown lower fractional anisotropy and higher radial di usivity in aging [19, 62, 80].
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3.2 Methods
3.2.1 Participant Information

Participants included 20 younger adults (25.2 2.1 years, 11 females) and 19
older adults (68.1 5.9 years, 8 females). Each participant provided informed, written
consent to participate in this study approved by the Delaware Institutional Review
Board. All participants were screened prior to enrollment to exclude those with any
history of neurological disease or brain injury. One older participant did not complete
the entire scan session successfully and this data set was excluded from the study ( nal
older adult group, n=18). Each participant completed a MR imaging protocol on a
Siemens 3T Prisma MRI scanner (Siemens Healthineers, Erlangen, Germany) with a

20-channel head coil.

3.2.2 Image Acquisition and Processing
3.2.2.1 Multi-excitation MR Elastography

Mechanical shear waves were introduced into the brain at 50 Hz using a pneu-
matic system (Resoundant, Inc.; Rochester, MN) with two vibration sources: a pillow
driver that applies anterior-posterior (AP) motion and a custom designed left-right
(LR) actuator highlighted in Figure 3.1A, applied separately, resulting in two distinct,
three-dimensional wave elds for inversion (Figure 3.1C) [109]. The LR actuator com-
bines a silicone bottle driver with 3D printed components that a x the actuator to
the head coil to enable stable vibrations and optimal coupling against the participants'
temple [13,14,56]. Wave elds from both actuations were captured with a 3D multi-
band, multishot spiral sequence [52,76], that encodes the full vector displacement elds
generated in the brain by external actuation. Imaging parameters for each acquisition
included 4 phase o sets, 2.0 mfisotropic voxel resolution, 240 x 240 mimFOV,
64 slices, TR/TE=2240/76 ms. Shear wave displacement elds were calculated via
subtraction of opposite-polarity MRE phase images, phase unwrapping was performed
using FSL PRELUDE [48], and temporal Fourier Itering was applied to isolate 50 Hz

harmonic motion.
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Figure 3.1: Overview of multi-excitation MRE and TI-NLI. A) Depiction of the ex-
perimental set up showing the custom designed left-right (LR) bottle
actuator, and the anterior-posterior (AP) pillow driver. B) Schematic of
a transversely isotropic material comprising aligned bers in a substrate,
representing brous white matter. C) Inputs to for TI-NLI: AP and LR
wave elds at 50 Hz and ber directions from di usion MRI. D) Example
anisotropic parameter maps reconstructed with TI-NLI.
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3.2.2.2 Anatomical T1-Weighted Images

High resolution T1-weighted anatomical images were acquired with an MPRAGE
sequence for registration and segmentation with the following imaging parameters: 0.9
mm? isotropic voxels; 256 x 256 mmFOV; 176 slices; repetition time (TR)/echo time
(TE)/inversion time (T1)=2300/2.32/900 ms. T1-weighted images were processed us-
ing the fslanat script from FSL [50] to automatically segment and register structural
images to standard space templates. Images were processed with the following steps:
1) reorientation to MNI standard orientation, 2) bias- eld correction with FSL FAST,
3) linear and nonlinear registration to standard space (FLIRT and FNIRT), 4) binary
mask created via FNIRT-based brain-extraction, 5) tissue type segmentation. Bias-
corrected, brain-extracted T1-weighted images outputted from fslanat were registered
to MRE images, and the binary mask was applied to the MRE magnitude images prior

to calculating the shear wave displacements and estimating mechanical properties.

3.2.2.3 Diusion MRI

Di usion-weighted images were acquired with a simultaneous, multi-slice EPI se-
quence (210 x 240 x 138 mimeld-of-view, 1.5 mm? resolution, 92 slices, TR/TE=3520/95.2
ms, b-values=1500, 3000 s/mmover 128 directions). Reference scans were acquired
with opposite phase encoding direction and zero b-value for distortion corrections using
TOPUP [5,112] from FSL. Di usion images were registered linearly to MRE magnitude
images with FSL FLIRT [49,51], and the di usion gradient directions for each image
were rotated accordingly to correct for motion between scans. Di usion tensors in each
voxel were then estimated using FSL Di usion Toolbox (FDT) which outputs eigenvec-
tors and eigenvalues of the di usion tensor. To t the multi-shell di usion data with
high b-values we applied the mean kurtosis tting option from the dtit tool in FSL
as part of the processing pipeline. From the tensor tting we acquired DTI metrics:
fractional anisotropy (FA) and radial di usivity (RD). The rst principal eigenvector
of the di usion tensor (the direction of maximal di usivity) is interpreted as the local

ber axis and used in the inversion algorithm for estimating anisotropic parameters.
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3.2.2.4 Transversely Isotropic Nonlinear Inversion (TI-NLI)

The Transversely Isotropic Nonlinear Inversion is employed to estimate anisotropic
mechanical properties based on multi-excitation MRE data. Two distinct wave motion
elds, characterized by propagation and polarization directions of shear waves, and the
primary eigenvector from di usion MRI are input TI-NLI to calculate a of anisotropic
mechanical parameters [72,74]. Nonlinear Inversion (NLI) is a nite-element based op-
timization algorithm that operates in two step. First, the forward problem estimates
displacement elds based on the material properties of the tissue. Second, the inverse
problem iteratively updates the unknown material properties by minimizing the error
between the measured and calculated displacements [43,73]. In this implementation,
TI-NLI uses a nearly incompressible, transversely isotropic model, which accounts for
the directional sti ness of brous tissue, such as the brain's white matter. This model
assumes that the tissue's sti ness varies depending on the direction of the bers, which
is critical for understanding how mechanical properties behave along di erent orien-
tations within the brain [27,116]. The outputs from TI-NLI include spatial maps of

three key parameters (Figure 3.1D):

G= G, (3.1)
G,
=—= 1 2
G, (3.2)
_ E;
= (3.3)

The substrate shear modulus (G), describes the sti ness of the material, shear anisotropy
( ), which indicates the di erence in sti ness along and perpendicular to the ber di-
rection, and tensile anisotropy (), which represents the tissue's resistance to stretching
along and perpendicular to the bers. For additional clarity, G refers to the complex-
valued shear modulus, and E denotes the Young's modulus. Subscripts 1 and 2 indicate
directions parallel and perpendicular to the ber axis, respectively. We also compute
a composite parameter, substrate shear stiness ¥ ,=(2 j Gj?)=(G°+ jGj)] which

is commonly used in MRE studies to relate mechanical properties of the tissue to the
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speed of wave propagation [68]. Here, G' is de ned as the storage modulus, or the
real component of the shear modulus and in purely elastic materials G' is equivalent
to . With these assumptions, equation (3.1) can be rewritten aS,= ,, de ning a
substrate shear sti ness ,. Finally, shear sti ness parallel to the bers|[ ;= ,(1+ )]
estimated using the shear anisotropy relationship, describing an e ective shear sti -
ness of the bers [108]. For the TI model, G is complex-valued, shear anisotropy is
real-valued, and tensile anisotropy is real-valued, as we assume isotropic damping for
and . Hence, we will be considering all the reported moduli to be real-valued in this
study. Our primary outcomes were ,, , and , but we repeated the analysis for ; to
aid our interpretation of any observed di erences in shear anisotropy or shear sti ness

between younger and older adults.

3.2.2.5 Tract-Based Spatial Statistics

We investigated age-based di erences in WM mechanical properties through a
voxel-wise analysis using tract-based spatial statistics (TBSS) [111]. TBSS accounts
for alignment inconsistencies across subjects that can confound voxel-wise statistics by
generating a common white matter skeleton for voxel-wise analysis between subjects.
FA maps from di usion MRI underwent preprocessing including erosion, removal of
outlier slices, and nonlinear registration to an average FA template (FMRIB58 FA)
in standard space at 1 mm isotropic resolution, with voxels in which FA4 0.2 were
included. The main outcome from TBSS is the registration of all subjects’' data to
an existent mean FA skeleton of the white matter, onto which the subject-speci ¢ FA
data were projected. Reconstructed MRE property maps ¢; 1;; ), in the same
native space as FA, were then projected onto the mean FA skeleton for statistical
analyses in standard space. Voxel-wise statistics were performed with FSL randomize
including two sample t-tests for all mechanical parameters, yielding statistical maps
comparing younger adults with older adults at signi cance level =0:05. We calculated
the percentage of voxels in the skeleton that exhibited signi cant di erences between

older and younger adults. We also compared the statistical maps for each of the MRE
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measures and FA from di usion, calculating overlap in signi cant voxels describing

di erences between age groups.

3.2.2.6 ROI-Based Analysis of WM Tracts

We performed region-of-interest (ROI) analyses using WM tract masks to con-
rm the TBSS ndings. Tract masks were obtained from white matter atlases [46, 83]
and applied to the TBSS outputs in standard space. Tracts of interest included: cor-
pus callosum body (CCB), forceps major (Fmaj), forceps minor (Fmin), corona radiata
(CR), corticospinal tract (CST), anterior thalamic radiation (ATR), posterior thalamic
radiation (PTR), and superior longitudinal fasciculus (SLF). Average property values
were calculated within each tract mask for voxels that coincide with the WM skeleton
from TBSS. Two-sample t-tests compared properties between younger and older adults
for each tract with Bonferroni correction for multiple comparisons. We additionally em-
ployed a logistic regression analysis to determine the distinct contribution of anisotropic
MRE parameters relative to di usion MRI measures in classifying age groups within
each ROI. Specically, we rst included each diusion MRI parameter|Fractional
Anisotropy (FA) and Radial Di usivity (RD)|individually as classi ers in the model.
Following this, we assessed the added value of each MRE parameterp; 1;; |by
incorporating them separately into the model. This approach allowed us to evaluate
whether the MRE parameters provide additional information for classifying age groups

that is not captured by di usion MRI metrics alone.

3.3 Results

Representative property maps for one younger adult (30 years, female) and one
older adult (61 years, female) are shown in Figure 3.2 for qualitative comparison of
the anisotropic mechanical properties and their distribution in the whole brain in axial
and sagittal slices. In general, the younger adult shows higher whole brain substrate
sti ness, while shear anisotropy and tensile anisotropy show similar structure between

ages, with the older adult exhibiting lower anisotropy in the WM regions. Table 3.1
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