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ABSTRACT

Traumatic brain injury (TBI) is a major cause of disability, morbidity, and
death worldwide. The primary lesion from the initial injury following brain
injury leads to a cascade of subtle secondary injury mechanisms. Currently
used quantitative MRI approaches either lack sensitivity or specificity to
detect the varying pathological features associated with these secondary
tissue changes. The general aim of this thesis was to explore the potential
of advanced quantitative MRl approaches for an improved characterization
of the secondary tissue damage at the sub-acute and chronic stages using
an experimental traumatic brain injury (TBI) model.

At the chronic phase post-severe TBI (study I), susceptibility variations in
the damaged tissues were associated with myelin loss, iron deposition and
calcifications, and also gliosis. Overall, quantitative susceptibility mapping
(QSM) demonstrated more sensitivity to secondary damage-induced
changes in regions rostral to the lesion site as compared to R>*.
Nonetheless, QSM and R>* in combination provided complimentary
information in unravelling tissue alterations resulting from iron presence,
demyelination or calcifications.

When investigating the sub-acute phase post-mild injury (study II),
whole-brain group analysis revealed higher-order diffusion modelling tools
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such as fixel-based analysis (FBA) to be more sensitive in WM, while neurite
orientation dispersion and density imaging (NODDI) was only sensitive to
damage in areas close to the primary lesion. Diffusion tensor imaging (DTI)
detected more changes in GM. Overall, changes detected in dMRI
measures were related with axonal damage and gliosis, and showed good
corroboration with quantitative histology measures in specific brain areas.

When assessing alterations in tissue microstructural complexity, at the
chronic phase after severe TBI (study Ill), single-shell 3-tissue constrained
spherical deconvolution (SS3T-CSD) and DTl measures exhibited sensitvity
to changes in both WM and GM regions of the brain. Additionally, distinct
variations in the diffusion signal profiles were revealed by the 3-tissue
signal fractions in the damaged brain. Track-weighted imaging (TWI)
measures detected morphological changes in the thalamocortical tract
rostral to the primary lesion demonstrating the extent of tissue damage.
Changes in the dMRI measures were attributed to axonal loss, and
extensive gliosis.

Overall, the studies in this thesis facilitate a more comprehensive and
precise understanding of tissue changes associated with the complex
pathophysiology in a mildly- and severely injured brain. Together, these
studies also disseminate the effectiveness and limitations of these
quantitative MRI approaches in their sensitivity to detect secondary tissue
mechanisms after TBI. This can potentially lead to future work towards an
improved understanding of TBI-related pathological changes.

Keywords: 3-tissue signal fractions, Axonal damage, Calcifications,
Constrained spherical deconvolution, dMRI, Dipole inversion, Fiber density,
FODs, Gliosis, HARDI, Hemosiderin, Histology, Iron, Lateral fluid percussion
injury, Microbleeds, Microstructural changes, Microstructural complexity,
NODDI, Projection onto dipole fields, Quantitative susceptibility mapping,
R2*, SS3T-CSD, Tikhonov, Traumatic brain injury
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TIIVISTELMA

Traumaattinen aivovaurio (TBI) on merkittdva vamman, sairastuvuuden ja
kuoleman aiheuttaja maailmanlaajuisesti. Aivovamman jalkeisen
alkuperaisen vamman aiheuttama primaarinen vaurio johtaa
hienovaraisten toissijaisten vauriomekanismien sarjaan. Nykyisin kaytetyt
kvantitatiiviset MRI-lahestymistavat joko eivat ole herkkia tai spesifisia
havaitsemaan naihin sekundaarisiin kudosmuutoksiin liittyvia erilaisia
patologisia piirteita. Taman opinnaytetydn yleisena tavoitteena oli tutkia
edistyneiden kvantitatiivisten MRI-ldhestymistapojen mahdollisuuksia
subakuutin ja kroonisen vaiheen sekundaaristen kudosvaurioiden
karakterisoinnissa kokeellisen traumaattisen aivovaurion (TBI) mallin
avulla.

Vaikean TBI:n jalkeisessa kroonisessa vaiheessa (tutkimus 1)
herkkyysvaihtelut vaurioituneissa kudoksissa liittyivat myeliinin
menetykseen, raudan kertymiseen ja kalkkeutumiseen seka glioosiin.
Kaiken kaikkiaan kvantitatiivinen herkkyyskartoitus (QSM) osoitti enemman
herkkyytta sekundaaristen vaurioiden aiheuttamille muutoksille
leesiokohdan rostraalisilla alueilla kuin R2*. Siitd huolimatta QSM ja R>*
yhdessa tarjosivat taydentdavaa tietoa raudan esiintymisests,



demyelinaatiosta tai kalkkeutumisesta johtuvien kudosmuutosten
selvittamisessa.

Kun tutkittiin subakuuttia vaihetta lievan vamman jalkeista vaihetta
(tutkimus ), kokoaivoryhmaanalyysi paljasti korkeamman asteen
diffuusiomallinnustydkalut, kuten fikselipohjaisen analyysin (FBA), olevan
herkempia WM:ssg, kun taas neuriittien orientaatiodispersio ja tiheys
kuvantaminen (NODDI) oli herkka vaurioille vain primaarivaurion lahella
olevilla alueilla. Diffuusiotensorikuvaus (DTI) havaitsi enemman muutoksia
GM:ssa. Kaiken kaikkiaan dMRI-mittauksissa havaitut muutokset liittyivat
aksonivaurioihin ja glioosiin, ja ne osoittivat hyvaa vahvistusta
kvantitatiivisten histologisten mittausten kanssa tietyilla aivoalueilla.

Arvioitaessa muutoksia kudosten mikrorakenteen monimutkaisuus,
kroonisessa vaiheessa vaikean TBI:n jalkeen (tutkimus ), yksikuorinen 3-
kudoksinen sidottu pallomainen dekonvoluutio (SS3T-CSD) ja DTI-
mittaukset osoittivat herkkyytta muutoksille seka aivojen WM- etta GM-
alueilla. Lisaksi vaurioituneiden aivojen kolmen kudoksen signaalifraktiot
paljastivat eroja diffuusiosignaaliprofiileissa. Track-weighted imaging (TWI)
mittaa havaittuja morfologisia muutoksia talamokortikaalisessa kanavassa
primaariseen leesoon nahden, mika osoittaa kudosvaurion laajuuden.
Muutokset dMRI-mittauksissa johtuivat aksonien katoamisesta ja laajasta
glioosista.

Kaiken kaikkiaan taman opinndytetyodn tutkimukset mahdollistavat
kattavamman ja tarkemman ymmarryksen monimutkaiseen
patofysiologiaan liittyvista kudosmuutoksista lievasti ja vakavasti
loukkaantuneissa aivoissa. Yhdessa nama tutkimukset levittavat myos
naiden kvantitatiivisten MRI-lahestymistapojen tehokkuutta ja rajoituksia
niiden herkkyydessa havaita sekundaarisia kudosmekanismeja TBIl:n
jalkeen. Tdma voi mahdollisesti johtaa tulevaan tydhon TBI:hen liittyvien
patologisten muutosten ymmartamiseksi paremmin.

Avainsanat: 3-kudoksen signaalifraktiot, aksonivauriot, kalkkeutumat,
rajoitettu pallomainen dekonvoluutio, dMRI, dipoliinversio, kuitutiheys,
FOD:t, glioosi, HARDI, hemosideriini, histologia, rauta, lateraalinen nesteen

10



iskuvamma, mikroverenvuodot, mikrorakenteen muutokset, NODDI,
mikrorakenteen muutokset, Projektio dipolikenttiin, kvantitatiivinen
herkkyyskartoitus, R>*, SS3T-CSD, Tikhonov, traumaattinen aivovaurio
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1 INTRODUCTION

Historically, the localization of nuclear magnetic resonance (NMR) signals
utilizing magnetic field gradients (Lauterbur, 1973; Mansfield & Grannell,
1973) laid the technical foundations of MRI that we know today. MRI
enables characterization of brain structure and function in a non-invasive
manner. Conventional structural MRI-based T;- and T>-weighted contrasts
have become the core of virtually every neuro-MRI protocol in the clinics,
reporting pathological processes based on their T, Tz signal behavior,
spatial location, and morphological features (Symms et al., 2004).
However, they lack sensitivity to detect the subtle tissue changes observed
in neurodegenerative diseases, especially in the very acute and chronic
phases (Blamire, 2018; Collorone et al., 2021; Enzinger et al., 2015; Smith
et al., 2019; Symms et al., 2004).

Contrast mechanisms underlying phase (Bradley, 1993) and diffusion
MRI (dMRI) (Wesbey et al., 1984) can probe changes in tissue susceptibility
and microstructure (Tong et al., 2003), and offer a valuable alternative to
conventional structural MRI methods. In this context, a recently developed
technique such as susceptibility-weighted imaging, which utilizes the
susceptibility differences of compounds has been progressively used for
the diagnosis of various neurological disorders (Haacke et al., 2009; Mittal
et al., 2009), where conventional T>* weighted gradient-echo (GE)
sequences fail (Babikian et al., 2005; Shoamanesh et al., 2011; Tong et al.,
2004). Along similar lines, diffusion tensor imaging (DTI) has been very
commonly used to investigate changes in WM in vivo by allowing robust
estimation of parameters (Pierpaoli et al., 2001) sensitive to tissue
microstructure (Beaulieu, 2013). However, inherent limitations of these
quantitative MRI techniques restrict their specificity for assessing
pathological changes in the brain (Bourke et al., 2021; Jones et al., 2013;
Shmueli et al., 2009). Advancements in image acquisition and post-
processing approaches has thereby, led to further developments in this
regard and offer new avenues in assessing pathological tissue (Alexander
et al.,, 2019; Shmueli et al., 2009; Wang & Liu, 2015).
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Traumatic brain injury (TBI) is a serious source of disability, morbidity,
and death worldwide (Dewan et al., 2019), as well an overwhelming health
and economic burden in our society. Particularly, subtle secondary tissue
changes after the initial trauma renders TBI to be a complex pathology and
is a crucial factor affecting the quality of life of a patient (Stocchetti &
Zanier, 2016). More so, changes due to secondary damage can persist
months to several years post-injury, as the secondary damage may also
progress to connected brain areas (Bramlett & Dietrich, 2015; Johnson et
al., 2013; Lehto et al., 2012; Nisenbaum et al., 2014). Improved non-invasive
imaging markers to detect TBI-related pathological changes can lead to a
significant improvement in this regard.

Therefore, in this thesis, we focused on imaging of severe and mild TBI-
related brain pathology using more advanced susceptibility and dMRI-
based approaches as compared to conventionally used R;* and DTI for
characterizing secondary tissue alterations in an experimental TBI model.
Using high-resolution ex vivo MRI, we performed quantitative mapping to
assess local variations in tissue susceptibility (study 1) and applied higher-
order diffusion modelling approaches to investigate alterations in tissue
microstructure (study Il) and tissue microstructural complexity (study Ill).
The sub-acute and chronic phase after TBI is associated with several
pathological processes, therefore we combined our MRI findings with
histological corroboration as ground truth. To fully examine the extent of
the secondary damage, we also assessed areas spatially extending from
the primary injury site and compared the MRI findings with more
conventional MRI techniques. We hypothesized this approach would
provide a deeper understanding of the biophysical origins of these
advanced quantitative methods, and limitations in their applicability.
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2 REVIEW OF THE LITERATURE

2.1 MAGNETIC RESONANCE IMAGING

2.1.1 Physics of nuclear magnetic resonance

Rabi et al., 1938 initially described the NMR phenomenon as a method for
measuring magnetic properties of atomic nuclei. Microscopically,
magnetism in materials can result from the orbital motion of electrons, the
intrinsic electron moments (electron spins), and the intrinsic moments of
atomic nuclei (nuclear spins). All particles having an inherent angular
momentum or spin S also have a corresponding magnetic moment p. The
interaction of a particle with an externally applied magnetic field B is
expressed in terms of a vector quantity, known as magnetic moment.
Equation (2.1) gives the relation between p and S,

u= yhS (2.1

where y represents the gyromagnetic ratio for a given nucleus in Hz, i is
the Planck’s constant. Without any field source externally, the spins are
randomly oriented, and S is degenerate. When magnetism is induced by a
certain magnetic field strength, the spin angular momentum is quantized
and can have 25+1 possible values. Only nuclei associated with non-zero
spin remain MRI active. Spin-1/2 nuclei such as hydrogen 'H, therefore, can
only have two spin states of £1/2 (Levitt, 2002). These states can be termed
as being parallel (+1/2) and anti-parallel (-1/2) to B. The magnetic energy
level of each state () given by Equation (2.2),

£ = —u-B= —yhS: B, (2.2)

where By is the external magnetic field set in the z-direction. The negative
sign in Equation (2.2) indicates that the magnetic moment of spins aligned
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in parallel have the lowest energy. The difference in energy between the
two nuclear spin states is represented by Equation (2.3),

Ae = (————)—yhB = —yh Bo (2.3)

And the relative ratio of spins between these 2 states is given by Equation
(2.4) (Boltzmann's distribution),

R — eKpT (2.4)

where Ac¢ is the energy difference, Kzis the Boltzmann's constant (1.38066 x
102 JK™), Tis the temperature in Sl units (Kelvin). From Equations (2.3) and
(2.4), we can see that the energy difference is directly proportionate to the

B, magnitude applied and inversely proportional to the temperature.

2.1.2 Spin precession

The spin polarization axes are randomly oriented in the absence of any Bo..
As a result, the net magnetic moment is almost zero, with roughly the
same number of spins aligned towards and against it. In the presence of B,,
the spin polarization vectors perform a steady precession around B, with a
frequency given by Equation (2.5),

wo = —yBo (2.5)

where wo denotes the Larmor frequency in Hz. In addition to precession,
the spins also undergo rapid microscopic field fluctuations due to thermal
wandering motion of the environment. The finite temperature of the
environment, however, makes the spins to be more inclined in orientating
towards the lower magnetic energy state. This causes a slight bias towards
spin orientations with magnetic moments along B,. The resulting
anisotropic distribution of spin polarizations along B,, known as the
thermal equilibrium, causes a net magnetic moment in the longitudinal
direction M. The thermal equilibrium is stable on the macroscopic scale.
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However, on the microscopic scale, the individual spins precess with wo
and wander continuously (Levitt, 2002).

The thermal equilibrium is disturbed to receive a detectable NMR signal,
by applying a radiofrequency (RF) pulse of appropriate frequency and
duration perpendicular to B.. For maximum excitation, the RF field should
oscillate at the same frequency as wy of the nucleus, so called on-resonance
condition. The applied RF pulse has a rotating magnetic field B;, with a much
smaller magnitude perpendicular to By, but providing enough energy to
induce transitions between the nuclear spin energy states. As a result, the
remaining magnetization M in the z-direction is rotated into the xy-plane.
The magnetic moments of the nuclear spins are in phase and continue to
precess around By as long as Bjis switched on. The transverse component
of magnetization in the xy-plane M,, generates an electric current in a
receiver coil tuned to the precessing frequency and placed perpendicularly
to the principal magnetic field. The resulting NMR signal called the free
induction decay (FID).

2.1.3 MRI relaxation mechanisms
2.1.3.1 Longitudinal relaxation

Once the By field switches off, the nuclear spins re-establish equilibrium
through relaxation. As explained previously, spin-1/2 nuclei experience
thermal wandering motion and, relaxation occurs through the microscopic
field fluctuations, resulting in energy exchange between the nuclear spins
and surrounding structures (mostly due to dipole-dipole interactions). This
recovery of the longitudinal component of the net magnetization M,
signifies the longitudinal relaxation. The time constant T; describes the
exponential recovery of the longitudinal magnetization to the original state
Mo, given by Equation (2.6),

M, = M, (1 _ e;_f) (2.6)
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2.1.3.2 Transverse relaxation

The decay of the transverse component of the net magnetization M, is
known as transverse relaxation. As the microscopic magnetic fields
fluctuate slightly, different nuclear spins experience slightly different local
magnetic fields. As a result, they also precess with frequencies slightly
different from wy causing the magnetic moments to become slowly out of
phase with each other. The time constant T describes exponential decay of
the transverse magnetization given by Equation (2.7),

Myy = Mo (e =) (2.7)

The decay of transverse magnetization can also occur from
contributions other than the rotational motion of molecules such as
magnetic field inhomogeneities. These can be both macroscopic and
microscopic (Chavhan et al., 2009). Macroscopic static field
inhomogeneities result in susceptibility differences mainly from
imperfections in the main magnetic field, and other sources such as air-
tissue interfaces, and also in the presence of metallic implants. Microscopic
sources of susceptibility include paramagnetic contrast agents, blood
products and pathology related iron deposits (Chavhan et al., 2009). These
static field inhomogeneities cause a rapid decay in My, is known as T>*
shown in Equation (2.8),

1
= — + F (28)

"
T, 2 2

1

1
where = =
T, YABinhom

T,* reflects the observed T,. Equation (2.8) shows that both T,* and T will
be equal, in the absence of AB;pnom-

, ABinnom 1S the static field inhomogeneity across a voxel.

2.1.4 Spectral density function

The Bloembergen-Purcell-Pound theory of relaxation explains the
interaction between protons and their environment due to the random
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fluctuating fields arising from a range of molecular motion. The spectral
density function J(w) characterizes the range of motional frequencies of the
molecules given by Equation (2.9),

J@) = s (2.9)
where 1. is the correlation time, w. is the angular frequency. J(w) differs for
substances with varying .. The molecules in solids are densely packed and
move slowly, resulting in longer 1., while gases and liquids have shorter 1.
as molecules are further apart and more mobile.

For a fluctuating random field, Equation (2.10) gives M,, around the
transverse plane as time constant T,

Tl o« M2, —<— (2.10)

XY 1+ wi 2

Equation (2.10) shows that T; is most efficient for spins tumbling at Larmor
frequency, and therefore, depends on the magnetic field strength.
Molecules in bulk liquids such as cerebrospinal fluid (CSF), tumble over a
wide range of frequencies, while tumbling of molecules bound to other
larger macromolecules is restricted due to binding. More structured
molecules with intermediate binding such as myelin, tumble at the Larmor
frequencies and have long T;’s as compared to free and bound molecules.

Similarly, for a fluctuating field, Equation (2.11) gives B, around the
longitudinal plane as time constant T,

Ty1 o« B2r2 2.11)

Equation (2.11) shows that T> is most efficient when t.is 0 i.e., when
molecules are immobile. T,’s are shortest in bound molecules, longest in
bulk fluids, and medium in molecules with intermediate binding. Free
molecules with very short t. will experience rapidly fluctuating local
magnetic fields that will average effect out effectively. This results in a more
homogenous local magnetic field and very small dephasing. Reciprocally,
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molecules bound to larger macromolecules with much longer 7. tend to
experience more static local magnetic field inhomogeneity’s, and more
dephasing effectively.

2.1.5 Spin-echo and gradient-echo

The FID signal created by applying a pulse sequence uses a sequence of RF
pulses in conjunction with/without magnetic field gradients in a
synchronized manner. The two most commonly used pulse sequences are
the spin-echo (SE) and GE, shown in simplified forms in Figure 1A and 1B.

A Spin-echo (SE) B Gradient-echo (GE)
TE/2
TE/2 180° TE/2 as/§0°
a=90 /\ v TE
v " k AN

Figure 1. Conventionally used MRI pulse sequences. A) spin-echo, and B)
gradient-echo. In the GE sequence, static field inhomogeneities result in
rapid decay of the transverse magnetization (B), as compared to the SE
sequence (A).

In the GE sequence (Haase et al., 1986), a negative gradient lobe is applied
after the RF excitation pulse (a) resulting in rapid dephasing of the
transverse magnetization. The subsequent application of a positive or
rephasing gradient lobe, reverses the effects of the previous dephasing. The
spins are shortly in phase after some time known as echo time (TE). As the
GE sequence lacks a 180° refocusing pulse, the dephasing effects from the
static field inhomogeneity's explained previously in 2.1.3.2 are preserved
(Chavhan et al., 2009). Equation (2.12) gives the signal equation for a GE
sequence,
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(TR,
sina(l—e T1 > (_E)
S=kPD———z=e T2 (2.12)
(1—(005 a)e(_T_1)>

where k is the instrument scaling factor, PD is the spin density, a is the flip
angle used. Equation (2.12) assumes perfect steady state and absence of any
residual transverse magnetization. From Equation (2.12), we can see that
using a short a or long TR removes the T; effects and the measured GE signal
decays with time constant T>*.

The effects of T,' can be reversed by using a SE sequence (Hahn, 1950). A
spin-echo sequence uses a 180° RF pulse for refocusing the transverse
magnetization instead of a gradient lobe. The implication of using a
refocusing pulse results in rephasing of the phase shifts experienced by
the spins due to static magnetic field inhomogeneity's. The SE sequence
assumes the absence of any significant motion within the imaging volume,
for which the spins experience the same static field inhomogeneity’s
before and after the refocusing pulse. Equation (2.13) gives the signal
equation for a SE sequence,

TR TE.

S=kpPD(1-e el (2.13)

When using a TR >> T;, the measured SE signal decays with time constant
T,. Besides the conventional longitudinal and transverse relaxation time
constants, several other phenomena can induce contrasts in MRI. | will
discuss some of these in the next section.

2.2 MAGNETIC SUSCEPTIBILITY

The induced magnetic moment (u) by applying an external magnetic field
By is given by Equation (2.14),

Hinduced = HElVXBo (2.14)
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where o = 4m X 107’Hm™! is the permeability or vacuum constant, V is
the material volume, y is the volume magnetic susceptibility. Magnetic
susceptibility (y) is a fundamental material property (Schenck, 1996),
describing the material's measure to become magnetized (M) in the
presence of an applied magnetic field. For linear materials, there is a direct
link between the magnetization vector and the exerted magnetic field
given by Equation (2.15),

M = xB, (2.15)

Depending on the molecule’s electronic configuration, (x) can be positive
or negative.

Microscopically, magnetism arises from 3 sources namely 1) the intrinsic
angular momentum of the spins described previously, 2) the intrinsic orbital
angular momentum of the electrons, and 3) the resulting circulation of
electric currents. The contributions from the electron orbital and spin
angular momentum-induced magnetic moments create a positive magnetic
moment or paramagnetic susceptibility (y > 0). Whereas the orbital motion
of electrons along the direction of the applied field induces electron orbital
currents in the direction opposite to the field, producing a slight negative
magnetic moment or diamagnetic susceptibility (y < 0). Majority of the
materials are diamagnetic and have y much smaller in magnitude as
compared to paramagnetic materials (Levitt, 2002). For example, for pure
water y =-9.05 x 107°. Ferromagnetic materials have permanent
magnetic moments with very high susceptibility (y >> 1) and remain
magnetized even when Byis removed. In MRI, susceptibility variations of the
order of even few parts per million (ppm) can result in severe image
artefacts. The most common manifestation of these artefacts is at the air-
tissue interfaces of the brain, where susceptibility variations manifesting
amidst air and brain tissue results in signal voids and/or image distortions.
Biological tissues such as brain, muscle, liver and heart possess small (x)
values (Klohs & Hirt, 2021), usually +20% of water, resulting only in very
subtle variations in susceptibility, which can be exploited to form unique MRI
contrasts.
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2.2.1 Phase shift in magnetic field

Every material in the presence of an external magnetic field B, produces a
perturbation of the field, known as a demagnetization field (Schweser et
al., 2016). Differences in processional frequencies at the time of signal
acquisition will lead to phase-shifts experienced over time. The phase-shift
experienced by a proton is directly correlated to the gyromagnetic ratio,
echo time and perturbation of the magnetic field given by Equation (2.16),

S¢p() = —y TE 8B(P) (2.16)

where §¢ () is the phase shift, §B(7) is the field perturbation.

As explained in 2.1.5, GE phase images exhibit non-local phase changes
due to induced frequency shifts and the resulting susceptibility can be
calculated either from the phase ¢(#) or frequency Af () maps. In this
regard, acquiring multiple echoes permits a more reliable estimation of the
field perturbations, with more accurate mapping of the temporal phase
evolution and effectively distinguishing phase offsets by other constant
sources.

2.2.2 Susceptibility contrast in biological tissues

In general, biological tissues are imaged in bulk due to the finite resolution
of MR images. As such, measurements of magnetic susceptibility with MRI
are directly proportional to the underlying tissue composition (Shmueli et
al., 2009). In human brain tissues, the relatively weak diamagnetic
susceptibility is dominated by the large presence of water (y =-9.05 ppm)
(Liu et al., 2015). In a healthy brain, the susceptibility values vary from (y = -
9.2 t0 -8.8 ppm) across WM to GM. This variation in (y) results from the
myelin and iron presence that differ in both concentration and
susceptiblity values, as compared to water (Liu et al., 2015). In the brain
WM, which is mainly composed of myelinated axons (Figure 3A), the
phospholipids, which are slighlty more diamagnetic than water are the
dominant source of diamagnetic susceptibility (y =-9.68 ppm) (Liu et al.,
2015). (Liu et al., 2011) demonstrated almost complete reduction of WM-
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GM susceptibility contrast in shiverer mice, indicating myelin is the primary
source of contrast between WM and subcortical GM in the brain. Iron in
brain tissue can either represent storage iron such as ferritin (non-heme
iron) or heme protein bound such as haemoglobin (heme iron) (Haacke et
al., 2005; Schenck, 1996). In subcortical GM, ferritin is the dominant source
of paramagnetic susceptibility, and deoxyhemoglin in blood. A wider range
of (y) values can be observed in pathological tissues. For example, iron
deposition resulting from neurodegeneration or microbleeds exhibit larger
(x) values, rendering them strongly paramagnetic (Figure 3B-E) (Duyn &
Schenck, 2017; Wang & Liu, 2015). Pathological tissues also exhibit
calcifications, in the form of hyrdoxapatite with (y = -14.82 ppm), rendering
them slighlty more diamagnetic than water (Figure 3C-E) (Duyn & Schenck,
2017).

A B Lipid bilayer
C
Hemorrhage post-TBI
Microglia/ Deoxyhemoglobin Methemoglobin Hemosiderin
macrophage Fet++ Fet+ Fe++ crystal
activation @ o 20

Acute phase Chronic phase
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Figure 3. Myelin and iron are the main contributors to the susceptibility
contrast in the brain. A) In the QSM map, the corpus callosum (indicated by
blue box) is diamagnetic due to myelin that B) contains numerous layers of
lipid. C) Iron in red blood cells is weakly paramagnetic. Following
hemorrhage, a small fraction of red blood cells, may get endocytosed by
activation of microglia/macrophages, while the remaining majority of red
blood cells undergo breakdown and degradation to eventually take the
form of hemosiderin, which is strongly paramagnetic. (D, E, and F) Iron
deposition in the form of hemosiderin can be observed in the ventrobasal
complex at the chronic phase post-severe injury (indicated by the white
arrowhead in D), and the QSM and R>* maps (E and F). In addition to iron,
calcifications (indicated by the white arrows in D, E, and F), are also
observed at the chronic phase, and can be differentiated from
paramagnetic iron in QSM (E) as compared to R>* (F) maps. Scale bar: 400
pm. Adapted with permission from (Wang & Liu, 2015), Magn Reson Med,
73(1):82-101.

In general, it is assumed that the observed differences in MRI phase
contrast originate solely from differences in magnetic susceptibility. In a
post-mortem study, (Langkammer et al., 2013) showed good correlation of
the measured bulk susceptibility with iron burden in subcortical GM.
However, the association of measured iron content in WM regions was
suboptimal and suggesting the presence of other confounding phase
contrast mechanisms. In addition to bulk magnetic susceptibility, chemical
exchange amongst water and macromolecular protons could induce local
resonance frequency shifts. However, chemical shift effects are significant
only when imaging tissues with large amounts of fat and their effects can
be neglected when imaging brain. Moreover, chemical exchange between
water and macromolecules was found to be negligible as compared to
susceptibility effects in the brain in several studies (Leutritz et al., 2013;
Shmueli et al., 2011; Zhong et al., 2008).
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2.3 QUANTITATIVE SUSCEPTIBILITY MAPPING (QSM)

2.3.1 Field perturbation and susceptibility (x)

If the magnetization induced by susceptibility sources is considered as a
magnetic dipole, the field perturbation from a distribution of known
susceptibility sources is obtained by a convolution of the isotropic
susceptibility distribution by the unit dipole kernel (Figure 4).

This computation corresponds to a multiplication, which is point-wise in k-
space as shown in Equation (2.18), which forms the basis for QSM (Wang &
Liu, 2015).

1 k2
8B, (k) = Bo (5 = 757) x(0) (2.18)
Susceptibility Field
i MGE
source perturbation
Applied MRI phase
magnetic field . measurement
+ +
Field-to-source ’ Post-processing
inverse B (phase unwrapping,
problem o background field

removal)

Figure 4. QSM relies on quantifying susceptibility distribution from a
known source by applying a magnetic field and solving an inverse problem.

Where, k and k; are the k-space vectors, and its z-component; AB,(k) and
x(k) are the Fourier transforms of the field perturbation corresponding to
the z-component, and the magnetic susceptibility distribution. The Fourier
transform of the field perturbation can be obtained from the phase shifts
using multi-echo gradient-echo (MGE) phase images and the susceptibility
map can be subsequently obtained by an inversion. However, prior to the
inversion process, processing of the GE phase maps is required to
accurately map the local tissue susceptibilities.
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2.3.2 Mapping local tissue susceptibility (x)

The phase values in MRI are only detected in the range of -1t to m, instead
of the full phase evolution. There will be aliasing if the phase eclipses +1
resulting in abrupt phase jumps of 21 seen as sharp edges in the raw
phase images. These are known as phase warps, and the warped phase
[¢,, ()] masks out the true phase evolution [¢ ()] which needs to be
accounted for by appending multiples of 21t as shown in Equation (2.19),

o) = ¢, (@) +n(@)-2n (2.19)

where, n(¥) denotes the integer number for a specific pixel location. There
are several approaches for phase unwrapping either in the spatial or
temporal domain, which impose continuity or smoothness on the phase
jumps in unwrapping the phase effectively (Wang & Liu, 2015). Following
which, a simple division of the unwrapped phase with the term y.TE yields
the field perturbation. However, the field perturbation is not restricted to
its origin spatially and extends throughout all space. Therefore, for a given
volume-of-interest (VOI), it also contains susceptibility distributions from
sources outside the VOI.

These so-called background sources of susceptibility can result from air-
tissue interfaces exhibiting large differences in susceptibility such as the
bone, paranasal sinuses, as well as susceptibility variations from the
inhomogeneity's in the main magnetic field and shimming fields. Compared
to the internal field contributions, the background field contributions are
considered as slow varying and an order or two of magnitude stronger
(tissue susceptibilities | x| «1).

One of the simplest approaches to discard the background field
contributions, therefore, is to use high-pass filtering such as homodyne
filtering (Noll et al., 1991) by dividing complex data by a smoother version
of the same data. Although, successfully applied in susceptibility-weighted
imaging (SWI), homodyne filtering can also erroneously remove some of
the tissue-related low frequency contributions and fails to filter out
background contributions due to stronger field fluctuations. However,
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several other advanced approaches enable more efficient background field
removal (Schweser et al., 2011) required for susceptibility quantification
which has been utilized in this thesis.

2.3.3 Dipole inversion

In order to retrieve the susceptibility map from the local field tissue map
shown in Equation (2.18), a deconvolution needs to be performed between
the field map and the unit dipole kernel. Such a deconvolution
corresponds to a division in k-space, which is point-wise. The recovery of
the susceptibility map from the local field tissue map, however, has many
challenges from the presence of zeroes in the dipole kernel on two conical
regions at the magic angle of 54° or 108° wrt By. In these two conical
regions, the inverse kernel is undefined (Wang & Liu, 2015). The QSM map,
therefore, must be computed by some conditioning of the ill-posed
inversion process. A time-efficient and computationally least intensive
approach is based on masking the dipole kernel by thresholding to replace
regions that are undefined (Wharton et al., 2010). However, as data is
irretrievably lost, this approach also incorporates masking to remove
regions associated with severe streaking artefacts, mainly around those
with large susceptibilities such as veins. Effective reduction of streaking
artefacts and noise amplification was reported by (Shmueli et al., 2009)
using modifying/truncating the dipole kernel with a constant value.
However, the use of highly excessive truncation values may lead to
undervaluation of the Fourier coefficients in the susceptibility map, which
has to be addressed by an appropriate correction factor (Schweser et al.,
2013).

A more reliable dipole inversion can be achieved by replacing the
missing k-space data near the conical surfaces by minimizing the variability
between the computed magnetic field, and the one obtained by convolving
the dipole response and the susceptibility distribution. These
regularization-based approaches utilize either an L1-norm minimization
(least absolute error) or L2-norm minimization (least squares error) for
optimizing the solution to the inverse problem. The morphology enabled
dipole inversion (Liu et al., 2012) is another method which uses prior
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spatial information from a GE magnitude image to define edges in the
susceptibility map and further, imposes this information using L1
regularization to obtain the susceptibility distribution. These dipole
inversion algorithms are based on a single orientation GE acquisition,
which lead to under sampling of the k-space in regions near the conical
surfaces. This under sampling can be avoided by collecting the data in
multiple orientations wrt By and sampling the entire k-space (Liu et al.,
20009).

2.4 DIFFUSION MRI

Diffusion MRI (dMRI) is sensitive to the diffusive properties of water
molecules and is an MRI technique that provides microstructural tissue
information non-invasively.

2.4.1 Physics of diffusion

Molecular diffusion results from the translational movement of water
molecules via random thermal motion, called Brownian motion. Equation
(2.20) represents the mathematical basis for molecular mobility based on
Brownian motion,

<X?>=2-D.Ty (2.20)

where < X2 > is the average diffusion distance (mm), D is the diffusion co-
efficient (mm?/s) and Tyrepresents diffusion time in seconds. Equation
(2.21) describes the Stokes-Einstein relation describes D for a spherical
particle as,

D = kpla (2.21)

6TnR

where kg denotes the Boltzmann’s constant, R is the particle radius, n
represents medium viscosity. For example, freely diffusing water molecules
at 37°C have a diffusion coefficient of around 3 x 10° mm?/s.
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For such unconstrained motion, as observed in large fluid filled cavities
deep within the brain such as the ventricles, diffusion is considered
isotropic. The Gaussian distribution Equation (2.22) describes the water
molecular displacement under isotropic diffusion as,

F) = ome 2o (2.22)

where the term m/% denotes the scaling factor for normalizing the area

under the curve to 1, x refers to the axis along which the population of
water molecules have been displaced, and o regulates the width of the
curve (Mori & Tournier, 2013). Using Equation (2.22), the parameter ¢ can
be substituted to V2DT, to estimate the average distance travelled by a
population of water molecules along one dimension (x) in each time
interval (t) as,

1
Pet) = T

e ane (2.23)
Equation (2.23) is a function of ¢ (distribution becomes wider with
increasing time), x (the direction of the applied diffusion gradient) and D
(higher diffusion coefficients corresponds to a wider distribution, for fixed
t). In the three-dimensional (3D) space, a single value of D in all three
directions characterizes isotropic diffusion, without any preferentiality.

2.4.2 Diffusion sensitization with MRI

(Carr & Purcell, 1954) first described the effects of diffusion on spin
relaxation mechanisms. As such, nearly any MRI sequence can achieve
sensitization to diffusion by applying a dephasing-rephasing gradient. For
immobile spins, the accumulated phase during the dephasing gradient is
inverted by the application of the rephasing gradient. However, for mobile
spins along the direction of the applied gradients, there will be residual
phase accumulation. The resulting phase difference of these spins will
cause signal attenuation in the MR measurements (le Bihan et al., 2006).
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The diffusion gradient scheme applied, however, results in considerable
signal loss to T>* decay, between the duration of the dephasing-rephasing
gradients. A more practical approach was introduced by (Stejskal & Tanner,
1965), which incorporated diffusion sensitizing gradients in a SE sequence
to refocus the T,* related signal loss. This is called the pulsed gradient spin-
echo (PGSE) method (Figure 5A). For immobile spins, the rephasing
gradient will compensate the effects of the initially applied dephasing
gradient. If the displacement of spins is isotropic, the signal attenuation will
be same irrespective of the gradient direction. However, spins displacing
along the gradient axis due to certain anisotropy will lead to much stronger
signal attenuation. Equation (2.24) describes the signal attenuation at an
echo time along the direction of the applied gradient (Stejskal & Tanner,
1965),

A(TE) = exp (—yZGZ(SZ[A - 6/3]D)
= exp(—y%G?562D), § K A (2.24)

where G is the strength of the diffusion gradients in mT/m, & is the duration
of the diffusion gradients in ms. Equation (2.25) can be rewritten by
combining the contributions of the diffusion and imaging gradients in a
single term as,

A(TE) = e™?P (2.25)

where the term b denotes the b-value in s/mm? that regulates the diffusion
weighting contrast in the sequence (le Bihan et al., 1986).

The rapid on-off switching of the gradients in the PGSE method is highly
susceptible to eddy current distortions therefore, most sequences utilize a
using a pair of bipolar gradient lobes for diffusion sensitization (Figure 5B).
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Figure 5. Diffusion MRI SE sequences using, A) conventional unipolar PGSE,
and B) bipolar diffusion gradient lobes.

2.4.3 Diffusion contrast in the brain

In biological tissues which exhibit a more ordered microstructure
compared to fluid-filled cavities such as the ventricles, the measured
diffusion coefficient has a directional dependence on the applied diffusion
encoding. This directional dependence of water molecular diffusion is
called diffusion anisotropy. In the brain, this is predominantly observed in
the WM, also in the GM (Jespersen et al., 2012; Palombo et al., 2020; Zhang
et al., 2012), while the CSF can be thought of being isotropic (Cercignani &
Horsfield, 2001). Diffusion in WM is strongly dictated by the axonal
membranes that permit diffusion along its direction (Daxial) while hindering
diffusion radially (Dradiar).

Other cellular components such as myelin, neurofilaments and
neurotubules also influence anisotropy by hindering the diffusion of water
molecules in the radial direction (Beaulieu, 2002). In rodents, diffusion
anisotropy is also observed in GM structures, which exhibit laminar
organization, such as the cortex and hippocampus (Assaf, 2019). The
average diffusion distance is on the order of 4-15 pm in the timescale of
typical diffusion experiments (around 10-100 ms), and the neuronal
structures being typically smaller than this range impart anisotropy to the
diffusion process (Mori & Tournier, 2013). dMRI aims to exploit this
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phenomenon by applying a set of diffusion gradients to generate a unique
contrast, reflecting the tissue microstructure (Mori & Zhang, 2006), not
observed in conventional MRI techniques.

2.4.4 Apparent diffusion coefficient and diffusion tensor imaging

The fundamental principles of the apparent diffusion coefficient (ADC)
were laid in the 1980s (Wesbey et al., 1984). The calculation of diffusion
coefficients was first reported by (le Bihan et al., 1986) by comparing the
signal amplitudes of an image acquired with diffusion weighting and a T>-
weighted image without diffusion weighting.

The first TBI-related studies aimed to characterize diffusivity in
experimental models of focal contusion showed both decreases (Alsop et
al., 1996; Stroop et al., 1998; Unterberg et al., 1997) and increases
(Hanstock et al., 1994) in diffusivity in the initial few hours post-injury.
Specifically, cellular damage processes such as metabolic disruption,
beading, and cytotoxic oedema have been suggested for observed
decreases in diffusivity, whereas, vasogenic oedema has been associated
with increases in diffusivity. This underlined the potential of DWI in
distinguishing divergent pathophysiological features of TBI (D. H. Smith et
al., 1995), and predicting patient outcome (Galloway et al., 2008; Hou et al.,
2007).

However, under anisotropic circumstances, a scalar ADC value alone is
insufficient in providing a comprehensive description of the diffusion
process. Complete characterization of the underlying diffusion process can
be obtained by means of a 3x3 matrix known as a ‘tensor’ (Basser et al.,
1994). This enables measurement of the diffusion process based on a
Gaussian assumption in 3D space. The diffusion tensor is symmetric and
solving it requires a minimum of six distinct diffusion directions and one
without any diffusion weighting. By matrix diagonalization, three pairs of
eigen values (14, 4,,13) and eigen vectors (v,, v,, v3) are computed for every
tensor. The derived tensor components can be represented in the form of
an ellipsoid, which represents the 3D diffusion distance of the molecules
with a given diffusion time. The Eigen vectors describe the orientation of the
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axes and Eigen values describe the diffusivities along these axes. Together,
they determine the size and shape of the ellipsoid.

Interpretation of the diffusion indices in biological tissues are facilitated
by scalar maps, which are rotationally invariant, and represent the
magnitude of diffusion or the degree of anisotropy (Pierpaoli & Basser,
1996). Some of the most used scalar maps are mean diffusivity (MD), axial
diffusivity (AD), radial diffusivity (RD), and fractional anisotropy (FA).

MD represented by Equation (2.26) is the average of the diffusion
tensor's Eigen values. AD represented by Equation (2.27) is a measure of
diffusivity along the principal direction of the diffusion ellipsoid. RD as
shown in Equation (2.28) is a measure of diffusivity perpendicular to the
principal diffusion direction. FA is the normalized variance of the diffusion
tensor’s Eigen values as shown in Equation (2.29) and measures the
fraction of diffusion which is anisotropic.

Mp = tith (2.26)

AD = A, (2.27)

RD = 2% (2.28)

FA - \/7\/(/11 T2+ (o= A3)2+ (Ag— A1)2 (2.29)

((/11 + (A2 + (A5%)

In addition to the Eigen values, the orientation information from the major
Eigen vectors can be also visualized in the form of directionally encoded
color maps by modulating the FA map with the major eigen vector v;.

2.5 HIGH-ANGULAR RESOLUTION DIFFUSION IMAGING

Despite the relative simplicity, DTI has shown to provide sensitivity in
detecting a myriad of cellular alterations in several neurological disorders
(Tae et al., 2018). However, the diffusion tensor model also suffers from
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numerous limitations in probing biological tissues most notably, the non-
Gaussian nature of diffusion and the ‘the crossing fiber problem’. Briefly, in
biological tissues, water molecular diffusion is non-Gaussian, as there
exists numerous barriers to the diffusion process such as axonal
membranes, myelin sheaths and the presence of intra- and extracellular
compartments. These result in a non-monoexponential signal behaviour
when measuring diffusion at multiple b-values (Jensen & Helpern, 2010).
Although misleading, the crossing fiber problem basically refers to the
existence of numerous fiber-bundle populations in the same voxel that
may cross, brush each other or exhibit have a fanning geometry (Tournier
et al., 2011). Such scenarios limit the Gaussian-based tensor models ability
in characterizing the fiber orientations, as being discrete. This results in
gross-underestimation of the underlying diffusion signal and anisotropy.
Crossing fibers have been observed pronouncedly in the WM (Behrens et
al., 2007), while more than 90% of the voxels in WM in human brains show
the presence of multiple fiber bundle populations (Jeurissen et al., 2010).
As a result, the changes detected by tensor-based metrics are voxel-
averaged. Although, measures, such as the mean ADC remain largely
unaltered, other measures such as the axial and radial diffusivities are
affected (Wheeler-Kingshott & Cercignani, 2009). Although, it is important
to note that the crossing fiber problem is less problematic in rodents given
their simplistic WM neuroanatomy, the effect of voxel-averaging is
persistent in both human and rodent brains. This effect becomes more
prominent in areas with low anisotropy such as GM voxels, and voxels in
WM exhibiting partial volume effects (Wheeler-Kingshott & Cercignani,
2009). The presence of such complex microstructural environments
requires dense sampling for a better estimation of the angular features of
the diffusion signal. One of the approaches is high angular resolution
diffusion imaging (HARDI) (Tuch et al., 2002); an extension of the basic DTI
protocol, which sensitizes diffusion along a larger number of directions
than required for conventional DTI, thereby adding more specificity to the
dMRI measurements. Such diffusion sensitization, uniformly distributed
over a half-sphere prevents any bias amongst structures oriented along
different directions. Moreover, the angular frequency of the DW signal
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depends on the b-value, with several studies demonstrating that the use of
higher b-values improves the angular contrast and thereby, more
effectively resolves the crossing fibers (Tournier et al., 2013). Therefore, to
ensure robust estimation of the multiple fiber populations, an optimal
HARDI acquisition scheme should incorporate a sufficiently high b-value in
combination with a minimum number of diffusion directions sampled per
each b-value.

2.5.1 Higher-order models for diffusion MRI

Over the last decade, there has been a high prevalence of higher-order
approaches for modelling dMRI data to estimate within voxel tissue
microstructure. These models can be generally classified into ‘parametric’
and ‘non-parametric’ approaches. Parametric approaches rely on
conditioning the dMRI signal using discrete models to estimate a fixed
number of biologically pertinent quantitative measures, such as volume
fractions of neurites (Zhang et al., 2012). These approaches are also known
as biophysical models. In addition, parametric approaches also include
higher-order physical models such as diffusion kurtosis imaging that
parameterizes the non-Gaussian signal behaviour (Jensen & Helpern, 2010)
and mean apparent propagator that estimates the diffusion propagator
(Ozarslan et al., 2013). Non-parametric approaches estimate the continous
distribtution of fiber orientations in a voxel, such as fiber orientation
distribution functions (fODFs). Non-parametric approaches are based on
either g-space such as g-ball imaging (Aganj et al., 2010; Descoteaux et al.,
2007; Tuch et al., 2002), and spherical deconvolution (Tournier et al., 2007)
and it's associated methods (DellAcqua & Tournier, 2019; Jeurissen et al.,
2019; ). D. Tournier et al., 2007).

Spherical deconvolution (SD) used in studies Il and Il is a mixture
model-based approach. It estimates the continuous distribution of fiber
orientations within a voxel or the fiber orientation distribution (FOD)
(Tournier et al., 2004) (Figure 6). The model assumes the diffusion signal
profiles from a single WM fiber population also known as the response
function to be similar throughout the brain, except for differences in
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orientation. Although, this assumption might sound unrealistic given the
variations in axonal diameters and densities in WM, degree of myelination
and other potential confounders such as membrane permeability, intra-
axonal spacing (Beaulieu, 2002), these effects tend to average out on the
voxel level and have a very negligible effect on anisotropy and the resulting
fiber orientations (Tournier et al., 2004). A matrix inversion produces the
fiber ODF by deconvolution of the response function in the spherical
coordinate space, equivalent to Fourier transform in the Cartesian
coordinate space. As such, the maximum angular resolution achievable is
dictated by the integer harmonic degree /max (Imax=0). This requires sampling
the diffusion signal with a minimum number of coefficients ¥a(/nax + 1)
(Imax + 2) in fully characterizing the spherical function. For example, a
spherical harmonic degree of 8 (/max = 8) would require a minimum of

%(8 + 1) (8 + 2) = 45 unique diffusion directions. However, the SD approach
being ill-posed is very susceptible to noise, and the high frequency noise
component induces negative lobes in the reconstructed FODs. The
approach used in this thesis, thereby requires imposing a non-negativity
constraint on the estimated FOD's, which is suitably termed as constrained
spherical deconvolution (CSD) (Tournier et al., 2007). The multi-shell
version of CSD, multi-shell multi-tissue CSD (MSMT-CSD) (Jeurissen et al.,
2014) also decomposes the signal contributions to WM, GM, and CSF
compartments. More recently, it has been possible to reap similar benefits
using the single-shell 3-tissue CSD (SS3T-CSD) (Dhollander & Connelly,
2016) approach. SS3T-CSD was utilized in study Il to distentangle the
signal contributions from multiple tissue types post-severe trauma. In the
context of CSD, a HARDI acquisition scheme with a b-value of 3000 s/mm?
and a minimum of 45-50 unique diffusion directions has been suggested to
be the most practical for resolving multiple fiber orientations based on
simulations under in vivo conditions (Tournier et al., 2013) and in mouse
brain ex vivo (Crater et al., 2022).
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DTl vs CSD

ipsilateral contralateral  tissue microstructure

DEC(FA)

DEC(FOD)

Figure 6. Conventional diffusion tensor modelling versus higher-order
approaches. A) as compared to DTI, B) CSD provides better estimation of
the local tissue microstructure. By estimating local fiber orientations, CSD
reveals the presence of multiple fiber populations in highly anisotropic WM
regions such as the corpus callosum (indicated by the yellow box).
Additionally, in more complex regions such as the hippocampus (red box),
ventrobasal complex (green box), and internal capsule (orange box), A) the
tensor model oversimplifies the underlying tissue microstructure, as
compared to CSD. Colours indicate directionality: red, medio-lateral; green,

dorso-ventral; blue, rostro-caudal.

In addition to effectively decomposing numerous fiber bundle
populations within a voxel by spherical deconvolution, the subsequent use
of quantitative metrics for characterizing changes in individual fiber
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populations would provide increased sensitivity. The CSD-derived
quantitative measure, apparent fiber density (AFD) (Raffelt et al., 2012), is
of particular interest in TBI, as one would expect loss in density of
myelinated axons due to secondary processes post-trauma. In this thesis,
we also employ the fixel-based analysis (FBA) framework (Raffelt et al.,
2017), which represents the fiber orientation information in each voxel as a
separate collection of fiber bundle populations termed ‘fixels’. FBA permits
group-wise comparison of fixel-specific changes in intra-axonal volume or
the apparent fiber density (FD) (Raffelt et al., 2012), fiber bundle cross-
section (FC) macroscopically (Raffelt et al., 2017), and combined changes in
fiber density and bundle cross-section (FDC) (Raffelt et al., 2017).

FBA has successfully detected fiber-specific WM loss manifesting both
microstructurally and microstructurally in patients with AD (Mito et al.,
2018), MS patients with optic neuritis (Gajamange et al., 2018), or patients
with first episode and chronic Schizophrenia (Grazioplene et al., 2018).
When compared to FBA, voxel-based FA in these studies showed
decreased sensitivity to WM changes (Mito et al., 2018), exaggeration of
tissue damage (Gajamange et al., 2018), and exhibited significant
differences mostly in crossing fiber regions suggesting effects from partial
volume (Gajamange et al., 2018; Grazioplene et al., 2018).

NODDI utilized in study Il, is one of the most commonly used
biophysical models (Zhang et al., 2012). NODDI decomposes the dMRI
signal into three compartments namely intraneurite water, extraneurite
water, and CSF (Zhang et al., 2012). These compartments are
representative of the volume fraction of the neurites (neurite density
index; NDI), vector orientation of the neurites (orientation dispersion index;
ODI), and volume fraction of free-water (free-water fraction; FWF). Thereby,
these measures can provide estimates of the neurite density, and fanning
or bending, and CSF contamination within a voxel (Zhang et al., 2012). The
intrinsic diffusivity of the intraneurite compartment is fixed (Zhang et al.,
2012), and the primary neurite orientation is set to the prinicipal eigen
vector of the DTI model (Daducci et al., 2015). NODDI has been successfully
utilized in a wide array of imaging applications such normal ageing (Nazeri
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et al., 2015), and microstructural changes due to neurodegenerative
diseases (Broad et al., 2019; Colgan et al., 2016; Kamagata et al., 2016).

2.5.2 Diffusion tractography

Tractography is one of the major applications of dMRI (J. Y. M. Yang et al.,
2021), which has overseen tremendous development especially over the
last decade with the emergence of higher-order diffusion models (Jeurissen
et al., 2019).

Tractography techniques are broadly classified into deterministic and
probabilistic approaches. Deterministic approaches generate streamlines
by assuming the local fiber orientations to be collinear, when traversing
from one voxel to another (Mori & van Zijl, 2002). Although
computationally less intensive, it is highly sensitive to noise and partial
volume effects, resulting in erroneous streamline propagation. The effect is
more prominent when generating streamlines using DTI, which involves
regions of low SNR corresponding to multiple fiber populations.
Probabilistic tractography offers a better solution from these uncertainties,
by sampling the underlying fiber orientations as a probability density
function PDF to generate a density of streamlines (Behrens et al., 2003). In
other words, probabilistic tractography algorithms at each step use a range
of probable orientations to propagate to the next direction, rather than a
unique solution. First-order probabilistic algorithms propagate by sampling
from the FOD, which is interpolated as a PDF only at the current point,
resulting in over-shoot in pathways with high curvature. Whereas second-
order algorithms propagate by sampling from the FOD at multiple points
(Tournier & Calamante, 2010). In this thesis, we have employed the second
order integration over fiber orientation distributions (iFOD2) algorithm
using the CSD model for estimating fiber orientations locally. The CSD-
based higher-order probabilistic tractography used in studies Il and Il
have demonstrated increased accuracy over the tensor-based approach
(Tournier & Calamante, 2010).
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2.6 TRAUMATIC BRAIN INJURY

2.6.1 TBI - a chronic disease

According to the National Institute of Neurological Disorders and Stroke,
TBIl is a form of acquired brain injury, which occurs when a sudden trauma
causes damage to the brain. Mild traumatic brain injury (mTBI), is clinically
defined by initial brief, decreased, or no loss of consciousness,
disorientation, or amnesia, which tend to disappear within minutes or
hours after injury (Mechtler et al., 2014; Pervez et al., 2018). Many
individuals, however, still report about acute symptoms persevering for a
period even up to several months after the initial injury. These include
headache, dizziness, or attention/cognizance problems, or other
continuing impediments, such as emotional distress, depression, sleeping
disorders, or anxiety (Cole & Bailie, 2016; Ling et al., 2015; van der Naalt et
al., 2017). On the contrary, severe TBI (sTBI) may lead to a permanent or
extended period of unconsciousness, amnesia, or even death (Wang,
2018). Likewise, individuals suffering a severe trauma are also more likely
to suffer from serious short- or long-term consequences which include
motor impairments, cognitive problems, or mood disorders (Dixon et al.,
1999; Kim et al., 2007; Pierce et al., 1998; Schwarzbold et al., 2008).
Depending on the injury severity, acute and chronic consequences
associated to TBI can result in permanent disabilities that can increase
long-term mortality and reduce life-expectancy (Bramlett & Dietrich, 2015).
It has been estimated that sixty-nine million individuals world-wide
experience some form of TBI (Dewan et al., 2019). As such, the associated
long-term effects of TBI can have drastic effects on the wellbeing of an
individual and their immediate family aside from the socio-economic costs,
as the occurrence of TBI is almost threefold in the low- and middle-income
nations versus the affluent nations (Dewan et al., 2019).
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2.6.2 TBI pathophysiology

Pathologically, TBI can be classified based on distribution of the impact as
focal or diffuse and on the onset of impact as primary or secondary
(Andriessen et al., 2010). Focal injuries mostly originate by contact leading
to scalp wounds, skull fracture, and surface contusions resulting from the
constriction of tissue below the cranium at the spot of contact or on its
opposite side (Andriessen et al., 2010). Diffuse injuries lead to widespread
damage to axons, vascular injury, and hypoxic-ischemic damage resulting
from acceleration-deceleration forces (Andriessen et al., 2010). Both focal
and diffuse injuries can co-exist and interact in an individual, rendering
additional complexity to the TBI pathology (Andriessen et al., 2010).

Based on the onset of impact, the primary injury comprises of the initial
damage from the mechanical forces affecting the brain tissue, whereas the
secondary injury corresponds to the subsequent spurts of cellular and
molecular activity provoked by the initial insult (Bramlett & Dietrich, 2002;
Conti et al., 1998; Maas et al., 2008).

Neuronal death, axonal injury, demyelination, iron accumulation,
calcifications are secondary changes prevalent after TBI (Daglas & Adlard,
2018; Johnson et al., 2015; Lehto et al., 2012; Nisenbaum et al., 2014; Smith
et al., 2013). Neuronal death leading to irreversible loss of neurons results
from either the initial physical damage directly or through a range of
secondary processes.

Diffuse axonal injury (DAI) is the commonest consequence of TBI, which
is manifested when biomechanical forces cause deformation amongst
axons beyond their maximum elasticity, which may lead to complete
axonal degeneration at the chronic phase (Smith et al., 2013). In the sub-
acute phase, these shearing forces cause axonal swellings within 3-6 h
post-injury (Smith et al., 2013), and axotomy and Wallerian degeneration
become evident within 6-12 h. Demyelination results from apoptosis of the
oligodendrocytes, constituting the myelin sheath. However, contrary to
axonal degeneration, demyelination is a reversible process, with
myelinated axons demonstrating a trend of partial recovery over time
post-trauma (Reeves et al., 2005, 2012; Smith et al., 2013).
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Furthermore, the simultaneous shear injuries associated with DAI also
affect microvasculature near to the sites predisposed for DAI notably the
grey-white matter interface, the corpus callosum and the brain stem, often
manifesting in the form of small hemorrhages, which are more
pronounced in severe TBI (Andriessen et al., 2010). In the chronic phase
post-severe trauma, pathological accumulation of iron is in the form of
hemosiderin (Fe**) crystals (Nisenbaum et al., 2014) as a consequence of
hematoma and hemorrhage as explained in section 2.2.2. In addition,
there is an excessive discharge of excitatory neurotransmitters including
glutamate following injury, leading to abnormal extracellular
concentrations of Ca?* (Andriessen et al., 2010). These are transformed into
calcifications in the form of hydroxyapatite, by microglia activation (Gayoso
et al., 2003). Both, iron presence and calcifications can also vary in area and
form based on the evolution of the disease (Duyn & Schenck, 2017; Wang &
Liu, 2015; Ramonet et al., 2006).

In general, the secondary tissue changes are mostly subtle; however,
they contribute to majority of the fatalities in individuals, at the chronic
phase following injury (Marshall et al., 1991). Therefore, it is apparent that
improvements in the identification of these changes non-invasively would
attribute to superior judgement, classification, and outcome for TBI
patients.

2.6.3 Experimental TBI

Owing to the complexness of TBI, animal models provide an exquisite
opportunity for improved understanding of the underlying
pathophysiology and investigating prospective treatment options. Rodents
are the most widely used species due to their ease of availability, low costs
and standardized outcome measures (Xiong et al., 2013). Broadly, the
commonly used animal models of TBI in research can be classified based
on the induced injury as being focal and diffuse. Focal injury models
include the controlled cortical impact (CCl), diffuse models include blast
injury, and mixed injury types include the weight-drop impact acceleration
and fluid percussion injury (FPI) models (Ma et al., 2019; Xiong et al., 2013).
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The FPI model inflicts an injury onto the exposed, intact dura of the
animals via a fluid pressure pulse. The fluid pressure pulse is produced
from a pendulum of a known height that hits the piston of a saline-filled
reservoir (Ma et al., 2019; Thompson et al., 2005). The subsequent
reverberation then causes a momentary shift and contortion of the brain
tissue (Ma et al., 2019). Depending on the position of the craniotomy, FPI
models can be further subdivided into midline, parasagittal and lateral
(LFPI) (Thompson et al., 2005). The LFPI model, first described in 1989, is
one of the most exhaustively used animal models for studying TBI
(McIntosh et al., 1989).

LFPI is highly reproducible, and the injury severity is highly adjustable. In
general, injury severity is derived from a mixture of fatality rate, fluid pulse
pressure, righting reflexes, and apnea duration. Mild injury is established in
the pressure interval of 0.9-1.5 atm, moderate injury at 1.6-2.5 atm, and
any pressure exceeding 2.5 atm as severe (Ma et al., 2019). In this thesis,
the mild LFPI model is used in study Il, and the severe LFPI model is used
in studies I and I, respectively. In rats, minutes from injury, it causes a
mixture of cortical contusion focally and dispersed neuronal injury in
subcortical areas such as the hippocampus and thalamus, which
progresses to neuronal loss in 12 h (Thompson et al., 2005; Hicks et al.,
1996). Progressive neurodegeneration is observed from days to months
following injury, most predominantly in ipsilateral brain regions such as the
cortex, thalamus, hippocampus, ventricles, and amygdala (Liu et al., 2010).

2.7 IMAGING TRAUMATIC BRAIN INJURY

Regarding applicability, QSM has exhibited more sensitivity to pathological
iron accumulation than R; and R,* combined (Barbosa et al., 2015; Murakami
et al., 2015). In human TBI, (Liu et al., 2016) used QSM to detect cerebral
microhemorrhages in military service personnel with chronic TBI, and
interestingly reported decreasing susceptibility values from baseline to
follow-up, possibly indicating that blood degradation products continually
undergo subtle changes in the chronic stage post-TBI. In experimental TBI,
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(Li et al., 2016) characterized spatiotemporal alterations in the corpus
callosum post-mild injury combining DTI, T> mapping, QSM, and correlation
with behaviour tests. Susceptibility differences revealed local increases in
regions close by the primary injury corresponding with demyelination and
axonal injury. The MRI results showed good congruency with behavioural
experiments, and histopathological assessments in myelin staining.
However, to disentangle and better understand the contributions of the
multitude of tissue changes following severe trauma, it would be beneficial
to include a thorough histological classification of affected brain areas, as
performed in study I in this thesis.

In the context of DTI, most interesting observations were reported in a
longitudinal study (Sidaros et al., 2008) wherein patients following injury
showed decreased FA, AD, and increased RD. In the follow-up at the sub-
acute phase, FA, and AD in patients with good clinical outcome, increased to
attain normal levels without any accompanying increase in RD, compared to
patients with poor outcome. DTI findings in experimental TBI studies over
the last decade are mostly consistent with human TBI studies (Arfanakis et
al., 2002). Following mTBI, several studies have highlighted the sensitivity of
DTI to detect axonal damage associated with decreased FA and AD, and
gliosis associated with increased RD (Hylin et al., 2013; mac Donald et al.,
2007; San Martin Molina et al., 2020). Following severe LFPI in rats,
decreased FA and increased RD was detected in WM at the chronic phase
(Laitinen et al., 2015). On the contrary in GM, the thalamus showed a
corresponding increase in FA, indicating myelin loss induced change in
anisotropy. Neuronal reorganization was also observed in the hippocampus
after focal TBI in rats, and changes in anisotropy and orientation ipsilaterally
(Hutchinson et al., 2012; Sierra et al., 2015). Besides cellular alterations, glial
alterations have also been reported by DTl metrics. These studies have
reported increased FA and/or RD in the WM and GM resulting from reactive
astrocytes at the chronic phase, and decreased FA in the WM close to the
injury site due to demyelination and axonal degeneration/injury (Budde et
al., 2011; mac Donald, et al., 2007).

DTl findings highlight the variability of DTl scalar measures to TBI
pathophysiology based on the time, trauma severity and tissue category.
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HARDI-based approaches present new avenues to gauge the
microstructural environment and possibly lead to better identification and
interpretation of pathology post-TBI. Previous studies have demonstrated
fixel-based metrics such as fiber density and track-weighted imaging (TWI)
metrics to be more sensitive to detect axonal degeneration following mild
and severe trauma in rats in vivo (Wright et al., 2017, 2019). In a CCI study
(McCunn et al.,, 2021) demonstrated NODDI-derived indices to be more
sensitive to acute microstructural alterations undetected by DTI, and better
detection of changes attributed to astrocyte and microglia compared to DTI
(Gazdzinski et al., 2020). In humans, the incorporation of NODDI with DTl has
shown to provide more insight into the tissue microstructure at the sub-
acute and chronic phases following brain injury (Muller et al., 2021; Oehr et
al., 2021).
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3 AIMS OF THE STUDY

The aim of this thesis was to investigate the potential of advanced MRI
approaches in detecting the varying pathological features of secondary
tissue damage using an experimental model of mild and severe trauma.

More specifically, the aims of the individual studies were as outlined
below:

1. To investigate spatial variations in susceptibility contrast using
QSM for detecting subtle tissue changes due to secondary injury
proximal and distal to the lesion site at the chronic phase after
sTBI with comparison to R,* (study I).

2. Toinvestigate the potential of advanced multi-shell dMRI
approaches such as FBA, and NODDI in comparison to
conventional DTI to detect tissue microstructural alterations at
the sub-acute phase after mild mTBI (study II).

3. To explore the potential of combining conventional and
advanced single-shell dMRI approaches using DTI, and SS3T-CSD
to detect tissue microstructural complexity at the chronic phase
after sTBI (study HI).
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4 SUBJECTS AND METHODS

4.1 EXPERIMENTAL TBI

All the studies were performed using adult male Sprague-Dawley rats. All
animal operations were implemented under licenses approved by the
Animal Ethics Committee of the Provincial Government of Southern Finland
and confirmed with the regulations of the European Community Council
Directives 86/609/EREC.

Rats (10 weeks old, 300 - 350 g, Harlan Netherlands B.V., Horsrt, The
Netherlands) were subjected to experimental TBI by LFPI (Kharatishvili et al.,
2006) (n = 9; study I, n= 8; study II; n = 7; study Ill). Briefly, a single i.p.
injection (6 ml/kg) of a concoction containing sodium pentobarbital
(Mebunat, Orion Oy, Finland; 60 mg/kg), magnesium sulphate (127.2 mg/kg),
propylene glycol (39.5%), and absolute ethanol (10%) was utilized to
anesthetize rats. Subsequently, a craniectomy (@ = 5 mm) was conducted
between the bregma and lambda on the left skull convexity (anterior edge
2.0 mm posterior to the bregma; lateral edge adjacent to the left lateral
ridge). LFPI was induced to the exposed dura with a fluid percussion device
(AmScien Instruments, Richmond, VA, USA) using a transient fluid pulse (21
- 23 ms) to induce a severe injury (3.13 £ 0.09 atm) (studies I and Ill), and a
mild injury (0.89 £ 0.21 atm) (). After the injury, the dura was checked for
intactness. Excluding the impact, similar operating procedures were induced
in sham-operated rats (n =5, study I, n = 6; lll; n = 6 Il). After the operation,
the rats were moved to the animal facility and accommodated in
independent cages regulated under a 12 h light/12 h dark cycle (lights on
07:00 a.m., temperature 22 + 1°C, humidity 50-60%) with unconstrained
access to food and water. The sample size was chosen based on previous
studies with the LFPI model (Laitinen et al., 2010; Sierra et al., 2015), which
ensured enough statistical power.

61



4.1.1 Sample preparation for ex vivo MRI

Following experimental TBI, the rats were perfused after 140 days in
studies I and Il and after 35 days in study Il. Briefly, rats were deeply
anesthetized under 5 % isoflurane in 30%/70% O»/N, gas mixture, and
transcardially perfused using 0.9% saline for 2 min (30 ml/min),
subsequently by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4
(30 ml/min) for 25 min. The brain was removed from the skull, post-fixed
in a solution of 4% paraformaldehyde until imaging. In order to achieve
maximum possible SNR by reducing T; relaxation times for dMRI
approaches used in studies Il and lll, the brains were first moved to a
solution containing 0.1M phosphate-buffered saline (PBS) containing 1mM
gadolinium diethylenetriamine penta-acetic acid (Gd-DOTA, Dotarem®,
Guerbet, Paris, France) (study Il) and gadopentetate dimeglumine
(Magneuvist, Berlex Imaging, Wayne, NJ, United States) (study Ill) for a
minimum of 72 h. Before MR, every brain was positioned securely within a
polyethylene tube filled with perfluoro polyether (Galden HS240,
Vacuumservice Oy, Helsinki, Finland) to prevent tissue drying and to
effectively suppress the background signal.

4.1.2 Ex vivo MRI acquisition

For studies I and I, the brains were imaged in a 9.4 T (400 MHz) 89-mm-
vertical bore magnet (Oxford Instruments PLC, Abingdon, UK) incorporated
with 100 G/cm actively shielded gradients interfaced to an Agilent
DirectDrive console. A quadrature volume RF coil (diameter = 20 mm;
Rapid Biomedical GmbH, Rimpar, Germany) was used for
transmitting/receiving the MRI signal. For study Il, the rat brains were
imaged in an 11.7T NMR spectrometer (Bruker Biospin, Billerica, MA, USA),
with a Micro5.0 gradient system (maximum gradient strength = 3000
mT/m). A birdcage volume coil (diameter = 20 mm, Rapid Biomedical
GmbH, Rimpar, Germany) was used for transmitting/receiving the MRI
signal.

In study I, a 3D MGE sequence was utilized with monopolar readout
gradients a TR = 130 ms, flip angle = 25°, BW = 50 kHz, initial TE = 3 ms, no.
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of echoes = 6, echo spacing = 4 ms, field of view =15 mm x 19.2 mm x 25.6
mm, matrix size = 150 x 192 x 256, resolution = 100 pym isotropic, scan time
=1 h 40 min.

In study Il, a 3D diffusion-weighted gradient- and spin-echo sequence
(Aggarwal et al., 2010) was used with a TR = 800 ms, TE = 33 ms, rare-
factor/EPI factor = 4/3, bandwidth = 100 kHz, no. of averages = 2, matrix
size, = 152 x 112 x 78, spatial resolution = 150 pm? isotropic, zero-filled to
75 um?, diffusion images = 30, b-value = 3000 s/mm? and 6000 s/mm?,
images with minimal diffusion weighting = 3, diffusion gradient duration
(8)/separation (A) = 5/12 ms, scan time = 21 h.

In study Ill, a 3D spin-echo-echo-planar-imaging (SE-EPI) sequence with
triple reference was employed with a TR = 800 ms, TE = 35 ms, echo spacing
=0.584 ms, no. of shots = 4, bandwidth = 250 kHz, no. of averages = 2, matrix
size = 108 x 80 x 94, spatial resolution = 150 x 150 x 150 pym?, diffusion
images = 60, b-value = 3019.7 s/mm? images with minimal diffusion
weighting = 1, gradient duration (6)/separation (A) = 6/11.50 ms, scan time =
20 h 43 min. The long scan times resulted from the use of the inbuilt triple
reference scheme which was the manufacturer's post-processing
implementation for Nyquist ghost reduction and distortion correction in EPI.
Briefly, the triple reference scheme requires acquisition of 3 reference
scans; one with phase-encoding blips turned off (ref 1), one with blips
turned off but the readout gradient polarity reversed (ref 2) and another
with both blips and readout gradient polarities reversed (ref 3). Correction
for the phase drifts between the odd and even echoes are then performed
by using all the 3 reference scans.

4.2 IMAGE PROCESSING

For all the studies, raw data were reconstructed utilizing internal scripts in
MATLAB (Math-works, Natick, MA, USA), 2012b; study I, R2017a; study Ill)
and IDL (ITT Visual Information Solutions, Boulder, CO, United States; study
.
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4.2.1 QSM and Rz* (study I)

For obtaining QSM maps, a field map was determined by fitting the
complex data over multiple TE's (Liu et al., 2011). Following which a 3-D
Laplacian unwrapping was performed (Schofield & Zhu, 2003) to remove
residual phase wraps using a brain mask estimated from the magnitude
image. The field perturbations arising from sources outside the imaging
volume were removed using the projection onto dipole fields algorithm
(Liu et al., 2011). Before background field removal, the brain mask was
eroded by three voxels to lessen edge artefacts whist keeping the cortex as
much as possible. Susceptibility maps were generated with a iterative
Tikhonov inversion approach (alpha = 0.01) (Kressler et al., 2010) by
adjusting for susceptibility underestimation (scaling factor = 0.2) (Schweser
et al., 2013). For comparison, R>* maps were computed utilizing non-linear
exponential two-parameter fitting of the magnitude images over mutiple
TE's.

4.2.2 Multi-shell CSD, NODDI and DTI (study II)

Data were subjected to denoising (Cordero-Grande et al., 2019), Gibbs
unringing (Kellner et al., 2016), correction for eddy current induced
geometric distortions (Andersson & Sotiropoulos, 2016), bias field
correction (Tustison et al., 2010) to remove spatial inhomogeneities using
the default parameters. All preprocessing steps were performed either
using MRtrix3 (Tournier et al., 2019) and using MRtrix3 scripts linked with
other software packages.

Using response functions for WM, GM, and PBS (replacing CSF ex vivo),
FODs were estimated using multi-shell multi-tissue CSD (Imax = 6), which
were further subjected to muti-tissue-based intensity normalization. A
study template was then created using sham and mTBI brains by applying
linear and non-linear registration (Raffelt et al., 2011), and the resulting
warps were used to coregister the FODs from each rat brain to the study
template (Raffelt et al., 2012). FODs were segmented at a peak amplitude
of 0.06 and fixel-based metrics for FD, FC, and FDC were computed for
each rat brain. In addition, data were fitted to a multi-compartment NODDI
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model using the NODDI toolbox in MATLAB
(http://nitrc.org/projects/noddi_tolbox) to derive NODDI measures
including ODI, FWF, and NDI. Finally, tensor-based metrics including FA,
MD, AD, and RD were estimated using both b-values by employing the
iteratively weighted least squares (IWLS) method (Basser et al., 1994;
Veraart et al., 2013). Finally, FBA, NODDI, and DTI metrics were
coregistered to the study template using the non-linear warps generated
previously.

4.2.3 Single-shell CSD, TWI, and DTI (llI)

Data were subjected to similar pre-processing steps as described in study
Il. Additionally data were checked using EDDYQC (Bastiani et al., 2019) and
data detected as outliers for motion and contrast-to-noise ratios (CNRs)
were removed from subsequent analysis. The final dataset comprised of
10 rat brains (n(sham) = 4, n(TBI) = 6). Additionally, bootstrap aggregating
was performed by removing 10 diffusion volumes from each animal.

WM, GM, and PBS response functions were computed from each sham-
operated animal and averaged, and FODs were estimated using SS3T-CSD
(Imax = 8) (https://3Tissue.github.io), followed by multi-tissue-based
intensity normalization. FODs were segmented at a peak amplitude of 0.06
and scalar based metrics of total voxel-wise AFD, peak amplitude,
complexity, primary- and secondary FD were computed. In addition, the
WM, GM, and PBS signal fractions were normalized to compute 3-tissue
signal fractions Tw, Tg, and Te. Finally, tensor-based metrics including FA,
MD, AD, and RD were derived using the IWLS method.

4.3 QUANTITATIVE ANALYSES

4.3.1 ROI-based analysis (study I)

Regions-of-interest (ROIs) were manually outlined
(https://github.com/mijnissi/aedes) in 3 consecutive coronal slices on the
first echo magnitude image. The external capsule and corpus callosum
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were delineated at level -1.80 mm from bregma, rostrally to the epicenter
of the primary injury. The ventrobasal complex, internal capsule, corpus
callosum, and perilesional cortex were delineated at level -3.80 mm from
bregma, at the epicenter of the primary injury. The ROIs were delineated
both ipsilaterally and contralaterally and transferred to the computed QSM
and R>* maps to estimate the mean relative values of susceptibility values
and R2* relaxation rates.

4.3.2 Whole-brain analysis combined with ROIs (study II)

Whole-brain analyses comparing sham-operated and TBI animals were
performed by a general linear model using non-parametric permutation
testing (5,000 permutations) for both fixel- (Raffelt et al., 2015) and voxel-
based metrics. The data were smoothed using a Gaussian filter of 0.3 mm?
prior to analysis. FBA were conducted by connectivity-based fixel
enhancement (CFE) (Smith & Nichols, 2009) using the parameters (C=0.5, E
=2, H = 3). CFE was applied to the whole-brain tractogram derived from the
study template generated utilizing the iFOD2 algorithm with number = 20
million, radius of curvature = 22.5°, minimum/maximum length = 0.3/22.5
mm, cut-off = 0.06, power = 1. The tractogram was then filtered to 2 million
streamlines with spherical deconvolution informed filtering (Smith et al.,
2013). Voxel-based analysis (VBA) for tensor-based metrics was performed
with threshold-free cluster enhancement (TFCE) (Smith & Nichols, 2009)
using the parameters (C =6, E=0.5, H = 2). All the analyses were rectified
for family-wise error (FEW) with a p-value lower than 0.05 deemed
statistically significant. In addition to whole-brain analysis, we also
performed ROI analysis on predefined areas including the corpus callosum
and external capsule at -1.80 mm and -3.50 mm from bregma, and internal
capsule and ventrobasal complex at -3.50 mm from bregma in both ipsi-
and contralateral areas. ROIs were manually drawn on a single rat brain in
template space which was later inverse transformed into subject space for
the CSD-based metrics (FD, peak amplitude, and dispersion), DTI-based-
metrics (FA, MD, AD, and RD) and NODDI indices (ODI, NDI, and FWF). ROI-
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based analysis for CSD-based metrics such as FC and FDC were performed
on the template space.

4.3.3 ROI-based analysis (study Ill)

ROIs were manually outlined (https://github.com/mjnissi/aedes) in 3
consecutive coronal slices on the total-AFD maps in each rat brain at the
epicenter of the primary lesion (-3.80 mm from bregma) including the
corpus callosum, primary somatosensory cortex, stratum lacunosum-
moleculare, dentate gyrus, ventrobasal complex, and internal capsule. The
ROIs were then copied to the CSD-, and tensor-based metrics within the
same animal. In addition, streamlines were generated along the
thalamocortical pathway using the perilesional cortex and ventrobasal
complex as seed and target ROIs, and by incorporating exclusion and
inclusion ROIs. Streamlines were generated with the following parameters:
minimum/maximum length = 0.15/10 mm, angle = 45°, no. of tracks =
10,000. The streamlines were generated five times and streamlines from
every iteration were concatenated to derive track-weighted measures of
average pathlength map (Pannek et al., 2012), and mean curvature
(Calamante et al., 2012).

The ROIs in studies I, Il, and Il were selected based on previous studies
that demonstrated changes in MRI and histology following LFPI in rats
(Laitinen et al., 2010; San Martin Molina et al., 2020; Sierra et al., 2015).

4.4 HISTOLOGY

For histology, the brains following ex vivo imaging were washed for 24 h in
0.9% saline solution at 4°C following which they were kept for 36 hiin a
cryoprotective solution consisting of 20% glycerol in 0.02 M potassium
phosphate buffered saline (pH = 7.4). Finally, the brains were blocked,
frozen with dry ice and stored at -70 ° C. The brains were sectioned in the
coronal plane (30 pm, 1-in-5 series) utilizing a sliding microtome. Tissue
sections were stained for Nissl using thionin to evaluate the
cytoarchitecture and gliosis in studies I, Il, and Ill. Adjacent series of
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sections were stained for gold chloride (Laitinen et al., 2010) to assess the
myeloarchitecture (studies I, Il, and IlI), myelin and/or axonal alterations
(studies I, I, and IlI). In addition, the adjacent series of sections in study |
also underwent Perls’ staining enhanced with 3,3'-diaminobenzidine (DAB;
D12384, Sigma-Aldrich, MO, USA) to determine the presence of iron
(Fukunaga et al., 2010) and Alizarin Red S staining (Makinen et al., 2008) for
calcifications in the brain tissue.

Qualitative assessment of the histological sections in studies I, Il, and 11l
were performed by an expert neuroscientist (A.S.). Only representative
examples from the sham-operated and TBI group were chosen for
corroborating the microstructural tissue alterations observed in the
different brain areas. Finally, high-resolution photomicrographs were
acquired using a light microscope (with a light microscope (Zeiss Axio
Imager 2, White Plains, NY, USA) equipped with a digital camera (Zeiss
Axiocam color 506).

Quantitative assessment of the histological sections was performed in
study Il using the structure tensor (ST) framework by deriving the
anisotropy index (Al) (Budde et al., 2011) in mylein-stained sections, and
the cell density (CD) in Nissl-stained sections employing internal MATLAB
scripts to enable automated cell counting (San Martin Molina et al., 2020).

4.5 STATISTICAL ANALYSIS

Statistical analyses in studies I and Il were computed utilizing GraphPad
Prism (version 5.03 for Windows, La Jolla, CA, United States). In study I,
changes amongst sham-operated and TBI rats were analysed utilizing the
Mann-Whitney U-test, and changes between ipsi- and contralateral
hemispheres inside the same brain were analysed utilizing the Wilcoxon
matched-pairs signed-rank test. A p < 0.05 was considered statistically
significant. In study Il, changes amongst sham-operated and mTBI rats were
analysed with the unpaired two-sample t-test. Changes between ipsi- and
contralateral brain areas inside the same brain were analysed with the
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paired t-test. Correlation between dMRI and histology metrics were
performed using Pearson'’s correlation.

In study Ill, statistics were computed using Scipy (Virtanen et al., 2020),
Statsmodels (Seabold & Perktold, 2010) (v1.7.1), and Pingouin (Vallat, 2018)
(v0.4.0) packages in Python3 (v3.7.4) (Van Rossum, 1995). After checking for
normality using the Shapiro-Wilk test (Shapiro & Wilk 1965), differences in
tensor- (FA, AD, RD, and MD) and fixel-based metrics (AFD, peak amplitude,
dispersion, primary FD, secondary FD, and complexity) between sham-
operated and TBI rats were compared with the unpaired two-sample t-test.
Changes amongst ipsi- and contralateral brain hemispheres inside the same
brain were compared with the paired t-test. For the 3-tissue signal fractions,
interdependence, and boundedness of the maps i.e., TwtTe+Tp = 1, and 0 <
Tw, Ts, Tp < 1 rendered conventional parametric statistical analyses
unfeasible. Therefore, a compositional data analysis framework as
described previously (Khan et al., 2020; Mito et al., 2020) was incorporated
to convert the data into isometric log-ratio transforms. The isometric log-
ratio transforms were subsequently checked for multivariate outliers using
the Mahanabolis distance (g < 0.07) (Filzmoser, 2016), and normality by
applying the Henze-Zirkler Multivariate Normality Test (g < 0.07) (Henze &
Zirkler, 1990). Statistical analyses were performed using MANOVA between
sham-operated and TBI rats, and between ipsi- and contralateral
hemispheres inside the same brain. Pillai's trace was reported to be the
MANOVA test statistic.

Statistics in studies Il and Il were rectified for multiple comparisons
utilizing the Benajmini-Hochberg false discovery rate (FDR) method and a
g-value (p-value adjusted for FDR) less than 0.05 was the threshold
established for statistical significance (Benjamini & Hochberg, 1995).
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5 RESULTS

5.1 SUSCEPTIBILITY VARIATIONS AFTER SEVERE TBI (STUDY I)

Most dramatic tissue changes post-trauma were exhibited at -3.80 mm
from bregma (Figure 7G-L), corresponding to the epicenter of the primary
lesion. More specifically, the ipsilateral side in several brain regions
including the perilesional cortex, the thalamus demonstrated extensive
degeneration, and the ipsilateral ventricle also showed a drastic increase in
size. Moreover, the secondary damage also extended to areas distal from
the lesion site at, -1.80 mm from bregma (Figure 7A-F).

-1.8 mm from bregma -3.8 mm from bregma
SHAM TBI SHAM TBI
Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

Figure 7. Representative QSM maps (A, B, G, H), R:* maps (C, D, |,]) and
myelin-stained sections (E, F, K, L) from a sham-operated and a TBI rat at
-1.8 mm (A-F) and -3.8 mm (G-L) from the bregma. The white arrowheads
indicate variations in susceptibility or relaxation rates. Myelin stainings
were analysed in selected ROIs (white outlines in A and G). The white arrow
(H, J, L) points to a thalamic calcification. The asterisk indicates the core of
the primary lesion. Scale bar: 2 mm. Abbreviations: cc, corpus callosum; Cx,
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perilesional cortex; ec, external capsule; ic, internal capsule; VB,
ventrobasal complex. Reproduced with permission from (Chary, et al.,
2020), NMR in biomedicine, 34(2), e4438.

5.1.1 Secondary tissue changes distal from the lesion site

In sTBI rats, the ipsilateral corpus callosum demonstrated a significant
decrease in tissue susceptibility versus the contralateral side (p = 0.00078)
and also when compared ipsilaterally (p = 0.0186) to sham-operated rats.
In the external capsule, changes were insignificant in TBI rats when
compared to sham-operated, even though, increased susceptibility was
observed in some individual rats. In relation to R2*, no significant
differences were observed in the corpus callosum, while the R,* values
were significantly lower ipsilaterally (p = 0.0156) in TBI rats when compared
contralaterally in the external capsule.

In histology, the Nissl-stained sections showed increased gliosis in both
areas in TBI rats (Figure 8A, 3B, 8K, and 8L), more apparent in the deeper
aspects of the corpus callosum and spread throughout the bundle in the
external capsule (Figure 8L). The myelin-stained sections demonstrated
reduced thickness in both these areas indicative of loss of myelinated
axons (Figure 8D and 8N). However, the deeper aspects of the ipsilateral
corpus callosum in the TBI rats appeared denser. Finally, iron accumulation
in the form of small and widespread deposits were observed in the
ipsilateral corpus callosum and external capsule, respectively (Figure 8E,
8F, 80 and 8P).
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Corpus callosum External capsule
TBI Sham 7Bl

Figure 8. Representative photomicrographs of the ipsilateral corpus
callosum (A-F) and external capsule (K-P) of a sham-operated and a TBI rat
at —1.8 mm from the bregma. The histological sections are from the same
animals and level as shown in Figure 7. The white arrowheads point to
increased cell density in Nissl-stained sections, increased/decreased myelin
in myelin-stained sections, and iron accumulation in Perls'-stained sections.
Scale bar: 150 pm. Detail of the QSM maps and R>* maps of the ipsilateral
corpus callosum (G-J) and external capsule (Q-T) of a sham-operated and a
TBI rat at -1.8 mm from the bregma. Abbreviations: cc, corpus callosum;
Cx, cortex; ec, external capsule. Reproduced with permission from (Chary,
et al., 2020), NMR in biomedicine, 34(2), e4438.

5.1.2 Secondary tissue changes proximal to the lesion site

The internal capsule and ventrobasal complex were first investigated at the
level of the primary injury. In the ipsilateral internal capsule, TBI rats
demonstrated higher susceptibility values (p = 0.0234) and lower R>* rates
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(p = 0.0078) as compared the contralateral side. In histology, TBI rats
showed gliosis in the area (Figure 9A-B), and considerable loss of
myelinated axons indicating reduced myelin density (Figure 9C-D).
Additionally, there were minute amounts of iron deposits dispersed in the
structure ipsilaterally in TBI rats (Figure 9E-F).

The ventrobasal complex is an area that exhibited the presence of both
strongly paramagnetic and diamagnetic sources of susceptibility
ipsilaterally in TBI rats (Figure 7G-H). Increase in tissue susceptibility was
observed in most TBI animals ipsilaterally, and higher R>* rates were
observed when compared to the contralalateral side (p = 0.0078), and as
compared to the ipsilateral side in the sham-operated (p = 0.0016).
Histology demonstrated the complex pathology due to underlying tissue
changes in the thalamus, emanating from the presence of gliosis (Figure
9L), substantial loss of myelinated axons (Figure 9N) in the several crossing
fiber bundles observed in the area. Additionally, the area also showed iron
accumulation which were both wide-spread and highly concentrated and
the co-localized presence of calcifications (Figure 9N and 9P) with
opposing influence on tissue susceptibility.
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Figure 9. A-F, K-P, Representative photomicrographs of the ipsilateral
internal capsule (A-F) and ventrobasal complex (K-P) of a sham- operated
and a TBl rat at -3.8 mm from the bregma. The histological sections are
from the same animals and level as shown in Figure 7. The white
arrowheads point to increased cell density in Nissl-stained sections,
increased/decreased myelin in myelin-stained sections, and iron
accumulation in Perls’-stained sections. The white arrow indicates a
calcification. Scale bars: 150 pm (A-F) and 400 pm (K-P). G-}, Q-T, Detail of
the QSM maps and R;* maps of the ipsilateral internal capsule (G-J) and
ventrobasal complex (Q-T) of a sham-operated and a TBI rat at =3.8 mm
from the bregma. Abbreviations: ic, internal capsule; VB, ventrobasal
complex. Reproduced with permission from (Chary, et al., 2020) NMR in
biomedicine, 34(2), e4438.

In addition, two other areas were investigated in close proximity to the
primary lesion: the perilesional cortex and the corpus callosum. The
ipsilateral perilesional cortex in TBI rats showed significantly reduced
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susceptibility values when compared contralaterally (p = 0.0391).
Significantly reduced R2* values were also observed ipsilaterally in the TBI
rats (p = 0.0156) as compared to the contralateral side. In histology, the
Nissl-stained sections demonstrated gliosis throughout the cortical layers
ipsilaterally in TBI rats, and myelin loss and iron presence throughout the
cortex, but most extensively in layer VI.

In the corpus callosum, differences in tissue susceptibility were
insignificant between TBI and sham-operated rats, both ipsi- and
contralaterally. The R,* rates increased in TBI rats ipsilaterally (p = 0.078) as
compared to the contralateral hemisphere. In histology, the deep aspects
of the ipsilateral corpus callosum showed the most pronounced changes
including gliosis, reduced myelin density, and dense iron deposition.

5.2 MICROSTRUCTURAL CHANGES AFTER MILD TBI (STUDY II)

mTBI rats exhibited most dramatic changes at approximately -3.50 mm
from bregma, the epicenter of the primary lesion when compared rostrally
(approximately -1.80 mm from bregma). The secondary damage also
extended to connected brain regions at 35 days post-initial injury (Figure
10).

5.2.1 Whole-brain group analyses of dMRI measures

The whole-brain group analysis revealed significant decreases in several
DTI-, CSD- and NODDI-derived parameters including FA, AD, FD, FC, FDC,
and ODI in mTBI rats as compared to shams (TFCE, p-value < 0.05, FWE-
corrected) (Figure 10). More specifically, FA, FD, and FDC significantly
decreased in TBI rats throughout the brain in both WM and GM areas.
Besides, TBI rats exhibited significantly increased ODI in regions close to
the primary lesion which mainly included the WM, and thalamic areas, with
similar changes also observed in the FA, FD, FDC metrics. Changes in AD
were resticted to a few voxels in the mid brain, while significantly reduced
FC was also restricted to few damaged areas as shown in Figure 10.
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Figure 10. Whole-brain group differences in FA, AD, FD, FC, FDC, and ODI
metrics when comparing sham-operated and mTBI rats after 35 days of the
sham-operation or injury. Areas displaying significant group differences in
mTBI versus sham-operated rats (TFCE, p-value < 0.05, FWE-corrected) are
overlaid on the FOD-based template. Significances are displayed as voxels
in a light-dark blue scale, representing mTBI group values lower than
sham-operated group values, and in a red-yellow scale, representing mTBI
group values higher than sham-operated group values. The asterisk shows
the epicenter of the lesion. Au, auditory cortex; cc, corpus callosum; cg,
cingulum; cp, cerebral peduncle; CP, caudate putamen; ec, external
capsule; fmj, forceps minor of the corpus callosum; HC, hippocampus; ic,
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internal capsule; LG, lateral geniculate nuclei; LS/MS, lateral/medial septal
nucleus; MG, medial geniculate nucleus; ml, medial lemniscus; Sub,
subiculum; tg, tegmental nuclei; VB, ventrobasal complex. Reproduced
from (Chary et al., 2021), Frontiers in neuroscience, 15, 746214 under the
Creative Commons Attribution 4.0 (CC-BY, v4.0) International License.

5.2.2 Qualitative histology

mTBI rats exhibited microstructural alterations in the form of axonal injury
and/or loss of myelinated axons (Figure 11B’-H’) and gliosis (Figure 12 B’-
H’) in all the brain regions that revealed differences in the whole-brain
group analysis. Extensive axonal alterations were observed rostrally in
brain areas including the caudate putamen (Figure 11B’), cortex (Figure
11F’), and ventrobasal complex (Figure 11H’). Decreased myelin density
was observed in the internal capsule (Figure 11C’), external capsule
(Figure 11D’), auditory cortex (Figure 11E’), and stratum lacunosum-
moleculare (Figure 11G’). In the corpus callosum, axonal alterations were
observed both ipsi- and contralaterally along the fiber bundle and a less
pronounced decrease in axonal density (Figure 11F") as compared to the
other brain areas. Thinning of the fiber bundles in the internal capsule was
also observed rostrally (Figure 11C’).
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Figure 11. FA (A) and FDC (A’) at -1.80 and -3.50 mm from bregma,
respectively, from the group analyses. White squares indicate the location
of the photomicrographs shown in (B-H). Representative
photomicrographs of myelin-stained sections of a sham-operated and a
mTBI rat from the caudate putamen (B,B’) from -0.90 mm (not shown in A),
internal capsule (C,C’) from -1.80 mm, and external capsule (D,D’), auditory
cortex (E,E'), corpus callosum (F,F), stratum lacunosum-moleculare (G,G),
and ventrobasal complex (H,H’) from -3.50 mm from bregma. White
arrowheads point at myelin alterations associated with axonal damage and
asterisks indicate areas with extensive decrease in density of myelinated
axons. Au, auditory cortex; cc, corpus callosum; CP, caudate putamen; ec,
external capsule; ic, internal capsule; I-m, stratum lacunosum-moleculare;
VB, ventrobasal complex. Scale bars: 50 mm (B,B',D,D’-G,G’), 150 mm (H,H’),
and 250 mm (C,C'). Reproduced from (Chary et al., 2021), Frontiers in
neuroscience, 15, 746214 under the Creative Commons Attribution 4.0 (CC-
BY, v4.0) International License.
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Nissl-stained sections revealed a widespread increase in cellularity
extending rostrally (Figure 12), which was more pronounced in areas close
to the primary lesion including the corpus callosum (Figure 12F’), external
capsule (Figure 12D’), cortex (Figure 12F’), internal capsule (Figure 12C’),
and ventrobasal complex (Figure 12H’). Finally, increased cellularity (Figure
12G’) was observed in the stratum lacunosum-moleculare combined with
loss of fiber bundles (Figure 12G’) in the area.

Figure 12. FA (A) and FDC (A’) at -1.80 and -3.50 mm from bregma,
respectively, from the group analyses. White squares indicate the location
of the photomicrographs shown in (B-H). Representative
photomicrographs of Nissl-stained sections of a sham-operated and a
mTBI rat from the caudate putamen (B,B’) from -0.90 mm (not shown in A),
internal capsule (C,C’') from -1.80 mm, and external capsule (D,D’), auditory
cortex (E,E’), corpus callosum (F,F), stratum lacunosum-moleculare (G,G),
and ventrobasal complex (H,H’) from -3.50 mm from bregma. White

80



arrowheads point at gliosis alterations associated with axonal damage and
asterisk indicates less cell density. Au, auditory cortex; cc, corpus callosum;

CP, caudate putamen; ec, external capsule; ic, internal capsule; I-m,

stratum lacunosum-moleculare; VB, ventrobasal complex. Scale bars: 50
mm (B,B’,D,D'-G,G’), 150 mm (H,H’), and 250 mm (C,C’). Reproduced from
(Chary et al., 2021), Frontiers in neuroscience, 15, 746214 under the Creative
Commons Attribution 4.0 (CC-BY, v4.0) International License.

5.2.3 Correlation of dMRI and histology measures

ROl analyses of conventional and advanced dMRI measures showed
signifcant differences in several regions post-mild injury and also,

demonstrated good correspondence with histology (Table 1).

Table 1. Pearson'’s correlations of dMRI and histology measures with co-
efficient (R) and g-values (q).

-1.80 mm -3.50 mm from bregma
Level
from
bregma
Region ec cc ec ic VB
Metric cD Al Al CcD cD Al
FA
(R, (-0.333, (0.429, (0.737, (-0.712, (-0.344, (-0.333,
q) 0.187) 0.075) 9.623 x 2.235 x 0.172) 0.187)
10_5***) 10_4***)
RD
(0.474, (-0.544, (-0.410, (0.434, (0.347, (0.119,
(R, 0.044%) 0.014%) 0.093) 0.071) 0.168) 0.738)
q)
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Peak
(-0.181, (0.329, (0.781, (-0.695 (-0.189, (-0.383,

(R, 0.573) 0.193) 1.588 x 3.656 x 0.551) 0.123)
q) 1 0_5***) 10_4***)
FD
(-0.423, (0.105, (0.473 (-0.491, (-0.571, (-0.302,
(R, 0.081) 0.768) 0.044%) 0.034") 0.008"") 0.248)
q)
FC
(-0.147, (-0.125, (0.324, (-0.261, (-0.416, (-0.467,
(R, 0.660) 0.725) 0.201), 0.342) 0.087) 0.048%)
q)
FDC
(-0.413, (0.177, (-0.492, (-0.505, (-0.580, (-0.374,
(R, 0.090) 0.588) 0.034%) 0.027%) 0.007") 0.133)
q)
ODI
(R (-0.042, (-0.089, (-0.753, (-0.709, (0.200, (0.434
' 0.912) 0.791) 4780 x |2.100x 10" 0.515) ,0.071)
CI) 10_5***) 4***)

Numbers in bold indicate the correlations significantly different from zero:
*q <0.05; **g <0.01; ***q < 0.001. AD, axial diffusivity; Al, anisotropy
index; cc, corpus callosum; CD, cellular density; Disp, dispersion; ec,
external capsule; FA, fractional anisotropy; FC, fiber bundle cross-section;
FD, fiber density; FDC, fiber density and fiber bundle cross-section; FWF,
free water fraction; ic, internal capsule; MD, mean diffusivity; NDI, neurite
density index; ODI, orientation dispersion index; RD, radial diffusivity; VB,
ventrobasal complex.
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5.3 MICROSTRUCTURAL COMPLEXITY AFTER SEVERE TBI (STUDY
1])]

5.3.1 dMRI measures in detecting WM microstructural complexity

In the corpus callosum, TBI rats exhibited significantly decreased FA ipsi- (g
= 0.002) and contralaterally (g = 0.008) when compared to sham-operated,
and significantly decreased RD ipsi- (g = 0.005) and contralaterally (g =
0.004). In the internal capsule, significantly reduced FA (g = 0.015) and
increased RD were observed ipsilaterally (g = 0.028) in sTBI rats as
compared to sham-operated.

With regards to fixel-based measures, significantly decreased AFD was
observed in the corpus callosum ipsi- (g = 0.008) and contralaterally (g =
0.006) in sTBI rats when compared to sham-operated. Significantly reduced
peak FOD amplitudes and primary fiber bundle density was observed in
sTBI rats ipsi- (9= 0.010, g = 0.006) and contralaterally (g=0.010, g = 0.006).
A significant decrease was also observed ipsilaterally (g= 0.010) in sham-
operated rats when compared to contralateral side.

In relation to the 3-tissue signal fraction maps, sTBI rats exhibited lower
Tw, and distinctly higher Tg and T,, ipsi- and contralaterally in the corpus
callosum when compared to sham-operated. Statistical analyses of the
isometric log-ratios revealed significant differences ipsilaterally in sTBI rats
when compared to sham-operated (Pillai's trace = 0.754, g = 0.015) and also
contralaterally (Pillai’s trace = 0.815, g = 0.011). sTBI rats also demonstrated
lower Tw and higher Tg in the internal capsule ipsilaterally when compared
to sham-operated, and a significant difference was found contralaterally
when compared to shams (Pillai's trace = 0.767, q = 0.024).

5.3.2 dMRI measures in detecting GM microstructural complexity

In GM, the stratum lacunosum-moleculare was the only area which
demonstrated senstivity to DTI parameters with significantly reduced FA
observed in sTBI rats contralaterally (g = 0.009) when compared to the
ipsilateral hemisphere, and when compared contralaterally to sham-
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operated rats (q = 0.008). In this context, fixel-based parameters
demonstrated more changes as compared to DTI parameters.
Contralaterally, significantly decreased AFD and primary fiber density was
observed in sTBI rats when compared to the ipsilateral side (g = 0.014), and
(g=0.011), and significantly decreased AFD (g = 0.017), peak FOD
amplitudes (g = 0.030), and primary fiber bundle density g=0.011) were
observed as compared to sham-operated rats.

In the ventrobasal complex, significantly increased AFD was observed
ipsilaterally (g =0.010) in sham-operated rats as compared to the
contralateral side, and significantly decreased primary fiber bundle density
was observed ipsi- and contralaterally in sTBI rats (g = 0.012).

In relation to the 3-tissue signal fraction maps, the ventrobasal complex
in sTBI rats showed higher Twipsilaterally as compared to sham-operated.
A significant difference was observed ipsilaterally between sTBI and sham-
operated rats (Pillai's trace = 0.734, g = 0.019), and between ipsi- and
contralateral sides in the sham-operated rats (Pillai's trace = 0.914, g =
0.009). In the stratum lacunosum-moleculare, sTBI rats exhibited higher Tw
as compared to the contralateral side and a significant difference was
observed ipsi-contralaterally in sTBI rats (Pillai’s trace = 0.734, g = 0.010)
and contralaterally when comparing sTBI and sham-operated rats (Pillai’s
trace = 0.655, g = 0.048).

5.3.3 Qualitative histology

In the corpus callosum, there was sparse loss of myelin in the deeper
aspects (Figure 13a2), and dorsally in the internal capsule (Figure 13d2).
Both areas also exhibited the presence of gliosis along the structure
(Figure 13a4 and 13d4). In GM areas, the somatosensory cortex and
stratum lacunosum-moleculare exhibited extensive loss of myelinated
axons and gliosis (Figure 13b2 and 13b4), which was less severe in the
molecular layer of the dentate gyrus (Figure 13c2 and 13c4). Finally, there
was thinning of the myelinated fiber bundles, accompanied with
substantial neuronal loss and gliosis in the ventrobasal complex (Figure
13e2 and 13e4).
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Figure 13. Representative photomicrographs of Nissl and myelin stainings
from a sham-operated and a sTBI rat. Asterisks indicate a decrease in
myelin density and arrowheads increased cell density (small and intense
blue cells) associated to gliosis. Abbreviations: cc, corpus callosum; DG,
dentate gyrus; ic, internal capsule; I-m, stratum lacunosum-moleculare; S1,
primary somatosensory cortex; VB, ventrobasal complex. Scale bar: 50 pm.
Manuscript Submitted.
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5.3.4 Thalamocortical damage post-TBI

The streamlines generated along the thalamocortical tract demonstrated
changes in orientation from dorso-ventral to rostro-caudal in sTBI rats
ipsilaterally when compared to sham-operated (Figure 14). At -3.80 mm
from bregma corresponding to the epicenter of the primary lesion,
orientational changes were observed in the streamlines along the external
capsule (Figure 14c-d). Distant to the lesion site at -1.80 mm from bregma,
more pronounced orientational changes were observed in the streamlines
originating from the thalamus into the perilesional cortex (Figure 14c-d).

Quantitative analyses of the streamlines revealed significantly reduced
average pathlengths and curvature ipsilaterally (g = 0.004, g = 0.012) in sTBI
rats as compared to sham-operated, and ipsi-contralaterally in sTBI rats (q
=0.004, g = 0.008) (Figure 14e-f).
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Figure 14. Targeted tractography. Probabilistic streamlines were generated
using a combination of seed, target, and exclusion ROIs in sham-operated
(@) and TBI (b) rats. 2D reconstruction of the thalamocortical pathway in a

86



representative sham and TBI rat at -1.80 mm and -3.80 mm from bregma
(¢, d), colors indicate directionality: red, medio-lateral; green, dorso-ventral;
blue, rostro-caudal. Track-weighted measures of average pathlength map
and mean curvature computed from the generated tractograms (e, f).
Results are shown as minimum, lower quartile, median, upper quartile and
maximum, and paired t-test comparing ipsi- and contralateral sides within
animals (*q < 0.05, **q < 0.01) or unpaired t-test comparing the same
hemisphere between sham-operated and TBI rats (*'q < 0.01) which are
FDR corrected. Abbreviations: Cx, perilesional cortex; VB, ventrobasal
complex. Manuscript Submitted.
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6 DISCUSSION

This thesis demonstrated that the use of advanced quantitative MRI
methodologies is essential in underpinning the varying pathological
features of the secondary tissue damage post-TBI. At the chronic phase
post-severe injury, study | showed quantitative variations in susceptibility
contrast to be more sensitive in unravelling the different susceptibility
sources such as iron and calcifications close to the lesion site, and more so,
to changes distal from the lesion site as compared to R>*, which provided
complimentary information in some cases. Furthermore, considering DTl is
the gold standard to assess tissue microstructure, particularly in the sub-
acute and acute phases post-mild injury (Edlow et al., 2016), study Il
showed that the combination of conventional and advanced dMRI
approaches is warranted to provide a more comprehensive overview of the
underlying microstructural changes due to axonal damage and gliosis in
both WM and GM regions. At the chronic phase post-severe injury, study Il
demonstrated that advanced dMRI metrics such as 3-tissue signal fractions
can provide more specificity than conventional DTI to WM changes, which
were reflective of the magnitude of tissue damage microstructurally and
demonstrated the crucial need for the inclusion of bespoke analyses
approaches such as TWI to fully gauge tract integrity post-injury, which may
be unfeasible by conventional analyses.

6.1 ASSESSING WM POST-SEVERE INJURY

In study I, dense iron deposits were observed particularly in the deep
aspects along the ipsilateral corpus callosum and external capsule. These
findings were consistent with previous studies, which have reported the
severe LFPI to produce bleeds along these structures adjacent to the
primary injury site (Dietrich et al., 1994; Laitinen et al., 2015; Okubo et al.,
2013). Moreover, these dense iron deposits several micrometers in
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diameter induced very strong paramagnetic microscopic alterations in
tissue susceptibility, which were consistent with increased R>* rates.

DTI findings in the ipsilateral corpus callosum and internal capsule in
study Il showed good correspondence with studies reported previously
(Laitinen et al., 2015). However, the slightly contrasting patterns of the 3-
tissue signal fractions provided more specificity reflecting either more or
less severe loss of myelinated axons and gliosis. Although, there are no
previous studies in TBI for a direct comparison, similar findings were
observed when characterizing microstructural heterogeneity associated
with white matter lesions in patients with Alzheimer’s disease (Mito et al.,
2020) or stroke (Khan et al., 2020). More specifically, the authors reported
periventricular WM hyperintensities, which are histologically characterized
with considerable axonal loss, and gliosis (Fazekas et al., 1991, 1993;
Schmidt et al., 2011), exhibited markedly higher T.. On the contrary, the
deep WM hyperintensities which are associated with less severe damage
and gliosis (Fazekas et al., 1991, 1993; Schmidt et al., 2011), exhibited
variations in all the 3-tissue signal profiles, instead of a marked increase in
Tc alone. These findings suggest that the distinct variations observed in
these 3-tissue signal fractions in WM strongly reflect tissue damage and
could be potentially utilized as a quantitative marker to detect early
pathological changes among patients with brain injury, as well in follow-
ups that might lead to better patient outcomes.

Distal from the lesion site, the ipsilateral corpus callosum in study |
demonstrated an unexpected finding. Susceptibility variations in the area
were influenced by the increased diamagnetic myelin content over the
strong paramagnetic effects of iron, which was observed in the form of
small deposits. In addition, the external capsule exhibited the presence of
widespread iron deposits, as compared to dense deposits, which were
observed proximal to the primary lesion. Differences underlying
pathological tissue in WM at the chronic phase post-severe injury have
been described previously (Huttunen et al., 2018). Although, decreased R,*
rates suggested that myelin loss dominated the dispersed iron presence in
the structure, caution must be excised as the R;* contrast has several
confounding factors as opposed to QSM such as water content, structure,
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and orientation of myelin (Chappell et al., 2004; Cherubini et al., 2009; Li et
al., 2012, 2016; Rudko et al., 2014; Wisnieff et al., 2015). In the ipsilateral
thalamocortical tract, TWI measures in study Ill demonstrated more
pronounced changes rostral to the primary injury site. These findings are
reflective of the extent of the degeneration along the tract, post-severe
injury. Previously, (Wright et al., 2017) detected reduced curvature, and
average pathlengths in the corticospinal tract indicating degeneration of
the tract ipsilaterally following LFPI in rats, at the chronic phase. These
findings amongst others (Wright et al., 2016; 2017, 2021; Zamani et al.,
2021) have demonstrated TWI measures in revealing widespread
decreases in average pathlengths, mean curvature and track densities to
be more sensitive to WM changes than conventional DTI, post-injury. More
importantly, these findings highlight the promise of TWI-based measures
as a quantitative marker in detecting alterations in WM tracts post-injury,
which are not detectable by other dMRI approaches.

6.2 ASSESSING WM POST-MILD INJURY

Post-mild injury, several studies have explored the sensitivity of DTI to
detect microstructural tissue changes in WM (Bennett et al., 2012; Herrera
et al., 2017; Hutchinson et al., 2018; Hylin et al., 2013). Changes observed in
these studies were attributed to axonal damage and gliosis which were
mostly detected as decreased FA, and AD and increased RD (Hylin et al.,
2013; mac Donald et al., 2007; San Martin Molina et al., 2020). DTI findings
in study Il were consistent with those reported previously. However,
utilizing quantitative histology further enhanced our understanding of
these changes that exhibited good correspondence between the dMRI
measures and histology, which were attributed with increased cell density
and loss of myelinated fiber bundles. More specifically, in the corpus
callosum and external capsule, the positive association exhibited between
DTI metrics including FA, AD and Al were indicative of axonal damage
and/or axonal loss, while the negative association observed between FA
and CD in the external capsule was associated to axonal damage in
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combination with a significant increase in cellularity. Although, CSD-derived
metrics also detected changes in both these areas that exhibited significant
tissue damage, only changes in the external capsule showed good
correspondence with quantitative histology. These findings, thereby
reinforce the continued use of conventional DTI measures in investigating
mild trauma, and the combined use of conventional and advanced dMRI
for deriving more information as well as an enhanced comprehension of
the tissue damage after mild injury.

In addition to CSD, multi-compartmental NODDI was also incorporated
in study Il. However, changes were only detected in ODI in areas with
decreased FA including the corpus callosum and internal capsule, which
was also demonstrated previously (Jespersen et al., 2012; Zhang et al.,
2012). Moreover, given the changes observed in histology post-mild injury,
we also expected other parameters such as NDI and FWF also to be
sensitive to the tissue changes. However, it has been shown that FWF
measures have high variance and low reproducibility at 9.4 T, thereby,
requiring a considerably larger sample size to detect biological changes in
these parameters (McCunn et al., 2021) post-mild injury. While the lack of
changes detected in NDI could be hypothesized to the magnitude of axonal
loss observed in a mildly injured brain, which is expected to be far less as
compared to moderate or severe forms of injury.

Distal from the lesion site, fixel-based metrics detected more changes
rostral to the injury site as compared to DTI. In this context, a previous
study by Molina et al., 2020 at the sub-acute phase detected no changes
using in vivo DTI distal from the lesion site. Although, caution must be
exercised when comparing results obtained in vivo and ex vivo, these
findings further reinforce the necessity for incorporating these advanced
techniques, when assessing tissue microstructure post-mild injury.

6.3 ASSESSING GM POST-SEVERE AND MILD INJURY

In GM, the ventrobasal complex was an area that signified the complex
pathophysiology post-TBI. In study I, there was a clear decrease in the
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density of myelinated fiber bundles, and gliosis, combined with presence of
iron and calcifications. Calcifications (Aggarwal et al., 2018; Lehto et al.,
2012; Schweser et al., 2019) observed in the area were most likely linked to
the activation of microglia (Gayoso et al., 2003), which contain
hydroxyapatite resulting in their diamagnetic susceptibility. Moreover, in
regions exhibiting co-localization of iron and calcium, the observed
increase in susceptibility also demonstrated the dominating effect of
paramagnetic iron over diamagnetic calcium. In this context, increase in
R>* rates resulting from iron and calcium deposition facilitated in
distinguishing them in the ventrobasal complex and thereby, highlighted
the use of incorporating histology in assessing the different factors
influencing the magnetic susceptibility contrast.

Using DTI, a previous study (Laitinen et al., 2015) found significantly
reduced RD in the ventrobasal complex in the TBI rats ipsilaterally which
corresponded with thinning of the fiber bundles, loss of myelin,
neurodegeneration, and calcifications (Lehto et al., 2012). Although, none
of the DTI metrics were able to detect any changes in study Ill, significant
changes were observed in the fixel-based metrics and 3-tissue signal
fractions. More specifically, reduced FD observed in the area could be
possibly attributed to the reduction in density of the fiber bundles. In
addition, a previous study by (Grazioplene et al., 2018) have suggested that
the loss in density of the primary fiber bundle also leads to secondary
processes filling the space, mimicking the presence of crossing fibers in the
microstructure. This causes restriction to the isotropic diffusion signal
which manifests as an increase in the density of the secondary fiber
bundle, also observed in study Il. Although, the changes in the fixel-based
measures could be reasonably explained with histology, the changes
detected in the 3-tissue signal profiles were contradictory. In this case, the
higher Tw observed was not reflective of an increase in the diffusion signal
due to increased myelin content, but rather reflected contributions from
secondary processes such as gliosis, and thereby requires careful
interpretation.

We also investigated the sensitivity of dMRI to other GM regions post-
severe injury including the stratum lacunosum-moleculare, dentate gyrus,
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and perilesional cortex. Previously, (Laitinen et al., 2010) were unable to
detect any changes in ex vivo DTl measures in the stratum lacunosum-
moleculare, 6 months after sTBI. However, the authors observed
orientational changes in the primary diffusion towards the mediolateral
direction, which was associated with substantial loss of myelinated axons
and increased gliosis. Moreover, increased DTl and SS3T-CSD metrics
detected in study Il suggest the increased diffusion anisotropy observed in
the area was mostly associated with gliosis. In the dentate gyrus, neither
conventional and advanced dMRI detected any changes, which could be
reflective of the less severe myelin loss, and gliosis observed when
compared to other GM regions investigated in the study. Finally, despite
the proximity to the primary lesion site, the dMRI measures failed to detect
any changes in the perilesional cortex in the ROl analysis. We hypothesized
this lack of sensitivity to the multitude of trauma-related changes such as
the variable atrophy in the cortex, crossing fiber presence, microstructural
alterations including extensive myelin loss, neurodegeneration, or gliosis.

6.4 ADVANTAGES, LIMITATIONS, AND FUTURE PERSPECTIVES

It is also important to highlight the advantages, and limitations of the
studies in this thesis, that might direct future research in the field.

6.4.1 Advantages

In study I, the corpus callosum and perilesional cortex adjacent to the
lesion site were mostly affected by the microscopic susceptibility sources
resulting from the old bleeds, but areas rostral to the lesion site were less
influenced and thereby, demonstrated more sensitivity to tissue changes
as compared to Ry*.

In study Il, the multi-shell diffusion MRI enabled us to perform higher-
order modelling using MSMT-CSD, and NODDI which provided
complimentary information to DTI in assessing mTBI-related changes. In a
similar context, combination of FBA and DTI has been used to study the
effects of cognitive training on adolescents after moderate-to-severe TBI
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(Verhelst et al., 2019), and the combination of NODDI and DTI has
demonstrated better understanding of TBI-related WM alterations in the
sub-acute and chronic phase in adults (Muller et al., 2021; Oehr et al.,
2021).

SS3T-CSD utilized in study Il is a time-efficient approach, which would
enable the incorporation of other quantitative MRl measures such as R>*
and QSM to investigate other tissue alterations observed at the chronic
phase after severe trauma, such as iron presence and/or calcifications.
Furthermore, only utilizing averaged response functions from sham-
operated rats ensured our interpretation of the findings remained clear of
any bias to the underlying pathology. Finally, although, the low angular
resolution achieved by the nominally used b-value can result in the
underestimation of FODs ex vivo (Tournier et al., 2013), the accuracy and
interpretation of the quantitative CSD measures can be deemed
biologically meaningful when compared with higher b-value acquisitions
(Calamuneri et al., 2018).

6.4.2 Limitations

With regards to limitations, QSM, is inherently ill-posed by nature, and
secondly, is unable to fully resolve sub-voxel areas, which are associated
with strong susceptibility sources. A typical example was the dense
microscopic iron deposits observed in the external capsule and corpus
callosum in study I. As a result, a combination of these issues caused
streaking artefacts that extended beyond the susceptibility source into
other regions resulting in an underestimation of their underlying tissue
susceptibility. We employed different dipole inversion approaches based
on literature to mitigate the effects of these streaking artefacts. Dipole
inversion using the Tikhonov approach provided the best compromise
between reduction of streaking artefacts and preservation of anatomical
details. Nevertheless, the strong paramagnetic susceptibility contrast may
provide useful information qualitatively about the nature of these iron
deposits, and moreover, as QSM is a very rapidly evolving field, future
acquisition, and post-processing approaches (Acosta-Cabronero et al.,
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2018; Langkammer et al., 2018) may enable better resolution of these
strong susceptibility sources.

Regarding limitations associated with dMRI, the protocol used in study 1l
was incorporated with higher b-values than typically used to accommodate
the decreased diffusivity in ex vivo tissues due to temperature, and
chemical fixation (Rane & Duong, 2011; Sun et al., 2003; Wang et al., 2018;
Wu et al., 2013). In spite of the high b-values used, differences still persist
ex vivo due to the presence of immobile water hypothesized in the extra-
axonal space (Stanisz et al., 1997; Veraart et al., 2019), which might remain
un-attenuated. The single-shell protocol used in study Ill did not permit the
application of other advanced modelling approaches such as multi-shell
NODDI, which could have provided additional insights to infer tissue
microstructural complexity post-severe TBI.

6.4.3 Future perspectives

In the context of future directions, all the studies in this thesis were
performed ex vivo, which enabled us to acquire high-quality data required
for successfully applying the advanced MRI tools for assessing TBI-related
alterations. Future studies would be planned in vivo with the possibility of
including multiple time-points with naive animals (Chary et al., 2021; Chary
et al.,, 2021; Lehto et al., 2012; Mohamed et al., 2021; Sierra et al., 2015;
Stemper et al., 2015; Wright et al., 2017; Zamani et al., 2021), allowing
monitoring of the TBI-related tissue changes over time, which in-turn
would enable a clearer understanding of the TBI pathology and improved
clinical translatability (Agoston et al., 2019). Moreover, future studies would
also benefit with the inclusion of both males and females to better
investigate the influence of gender-related differences post-trauma, and
inform more individualized treatment strategies (Biegon, 2021; Gupte et
al., 2019; Levin et al., 2021).

Although, the high-resolution susceptibility and dMRI maps in study |
enabled assessment of complex susceptibility variations in the ventrobasal
complex, future studies are warranted for evaluating the counteracting
susceptibility mechanisms of iron and calcifications in pathological tissue.
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Studies Il and Il may also warrant the inclusion of multiple response
functions (de Luca et al., 2020) to accurately model different WM regions
(Schilling et al., 2019) and GM anisotropy, which not only comprises of
axons, but also dendrites and cell bodies (Jespersen et al., 2012; Palombo
et al., 2020; Zhang et al., 2012). In this context, the inclusion of quantitative
histology (Budde et al., 2011; Salo et al., 2021) and/or histological tract
tracing (Harsan et al., 2013) would be beneficial to corroborate the
quantitative MRI results.

Finally, we have applied quantitative MRI approaches in this thesis, and
hypothesized them to be most sensitive to the varying features of the
secondary tissue alterations post-trauma. However, considering the
complex pathophysiology of TBI, a multi-modal approach might enable a
more thorough comprehension of the underlying pathophysiology
(Heffernan et al., 2013; Wiegand et al., 2022; Yang et al., 2021).
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/7 CONCLUSIONS

The global incidence of TBI requires precise evaluation of tissue changes
both qualitatively and quantitatively to establish the injury severity, and
provide suitable treatment. Therefore, this thesis focused on the
application of advanced MRI techniques to assess the subtle secondary
tissue changes post-TBI. Conventionally used MRI methods were utilized
for the purpose of comparison. Coupled with comprehensive histology,
this thesis was able to demonstrate the advantages, pitfalls, and limitations
of these approaches. More specifically, this thesis showed that magnetic
susceptibility variations in WM and GM areas post-injury were associated
to reduction and/or loss of myelin, and presence of iron and calicifications.
QSM allowed detection of secondary injury-related tissue changes rostral
to the primary lesion, where R,* values exhibited normalcy. This thesis also
demonstrated the potential of dMRI for the detection of microstructural
alterations after mild and severe trauma, and the combination of
conventional and advanced dMRI approaches detected progressive
changes in both WM and GM areas. Overall, information provided by the
advanced quantitative MRl measures enhanced our understanding of the
underlying pathophysiology and could be potentially leveraged in the
clinics for more precise assessement of tissue alterations after mild and
severe trauma. Finally, work done in this thesis will inform future research
and developmental strategies to evaluate the outcomes at both the sub-
acute and chronic phases in a mild and severely injured brain, thereby,
further enhancing their prognosis and diagnosis.
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Our study investigates the potential of diffusion MRI (dMRI), including diffusion tensor
imaging (DTI), fixel-based analysis (FBA) and neurite orientation dispersion and density
imaging (NODDI), to detect microstructural tissue abnormalities in rats after mild
traumatic brain injury (mTBI). The brains of sham-operated and mTBI rats 35 days after
lateral fluid percussion injury were imaged ex vivo in a 11.7-T scanner. Voxel-based
analyses of DTI-, fixel- and NODDI-based metrics detected extensive tissue changes
in directly affected brain areas close to the primary injury, and more importantly, also
in distal areas connected to primary injury and indirectly affected by the secondary
injury mechanisms. Histology revealed ongoing axonal abnormalities and inflammation,
35 days after the injury, in the brain areas highlighted in the group analyses. Fractional
anisotropy (FA), fiber density (FD) and fiber density and fiber bundle cross-section
(FDC) showed similar pattern of significant areas throughout the brain; however, FA
showed more significant voxels in gray matter areas, while FD and FDC in white matter
areas, and orientation dispersion index (ODI) in areas most damage based on histology.
Region-of-interest (ROI)-based analyses on dMRI maps and histology in selected brain
regions revealed that the changes in MRI parameters could be attributed to both
alterations in myelinated fiber bundles and increased cellularity. This study demonstrates
that the combination of dMRI methods can provide a more complete insight into the
microstructural alterations in white and gray matter after mTBI, which may aid diagnosis
and prognosis following a mild brain injury.

Keywords: traumatic brain injury, fixel-based analysis, diffusion tensor imaging, axonal damage, gliosis,
histology, neurite orientation dispersion and density imaging
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INTRODUCTION

Magnetic resonance imaging (MRI) and computed tomography
(CT) are routinely used to assess tissue damage in patients after
traumatic brain injury (TBI; Duhaime et al., 2010). While these
imaging methodologies can assess tissue damage after moderate
and severe injury, mild TBI (mTBI) remains a challenge by not
providing clear radiological evidence of brain injury (Mittl et al.,
1994; Iverson et al., 2000; Scheid et al., 2003; Hughes et al.,
2004). Clinically, mTBI is defined by initial brief, decreased, or no
loss of consciousness, disorientation, or amnesia, which tend to
disappear within minutes or hours after injury (Mechtler et al.,
2014; Pervez et al, 2018). However, many patients complain
about persisting symptoms for days or even months after
the injury, such as headache, dizziness, concentration/memory
problems, or other long-term complications, such as sleeping
disorders, emotional distress, depression, or anxiety (Katz et al.,
2015; Ling et al.,, 2015; Cole and Bailie, 2016; van der Naalt
et al,, 2017). These short- and long term-consequences after a
mild injury indicate that there are still ongoing processes in
the brain, which are not detected by the clinically available
imaging methods.

Diffusion MRI (dMRI) detects the displacement of water
molecules, which reflects tissue microstructure. Therefore,
changes in the tissue microenvironment can provide non-
invasively detectable information associated to pathological
processes ongoing in the tissue. In particular, diffusion tensor
imaging (DTIL; Basser et al., 1994) has demonstrated a
good sensitivity to reveal microstructure-associated changes of
pathological features of mTBI both in patients (Inglese et al.,
2005; Yuh et al., 2014; Asken et al., 2018; Wallace et al., 2018;
Yin et al.,, 2019) and animal models of TBI (Bennett et al., 2012;
Hylin et al, 2013; Stemper et al., 2015; Herrera et al., 2017;
Hutchinson et al., 2018). Despite being widely used, the single
tensor model assumes one water pool with Gaussian distribution,
which oversimplifies the highly complex architecture of the
tissue within a voxel. For example, it has been studied that
white matter voxels may contain up to 90% of crossing fibers
(Jeurissen et al., 2013). Therefore, differences detected in a
region-of-interest (ROI) or voxel-based analyses are confounded
by partial volume effects making interpretation of DTT outcomes
a challenge in the presence of multiple fiber bundles or in
the gray matter (Jones et al., 2013). Recently, the introduction
of more advanced techniques, such as high-angular-resolution
diffusion imaging (HARDI) acquisitions (Tuch et al., 2002) in
combination with higher-order diffusion modeling tools, such as
constrained spherical deconvolution (CSD; Tournier et al., 2004,
2007), Q-ball (Tuch, 2004) or persistent angular structure-MRI
(Jansons and Alexander, 2003), offer new windows to estimate
the more complex microstructural environment of the brain
tissue. Based on CSD, Raffelt et al. (2012) introduced a novel
statistical analyses method for HARDI data known as fixel-
based analysis (FBA), which enables quantification of individual
fiber bundle populations within a voxel. More specifically,
the FBA framework provides estimation of microstructural
changes in apparent fiber density and macroscopic changes
in fiber bundle cross-section (Raffelt et al., 2012, 2017). On

the other hand, multi-compartment models, such as neurite
orientation dispersion and density imaging (NODDI; Zhang
et al,, 2012), can extract information of volume fractions of
isotropic, hindered, and restricted compartments and identify
microstructural features associated with pathological process
occurring in the brain. Both FBA framework and NODDI
has been already used to assess tissue alterations after TBI
in both animals and humans (Wright et al., 2017; Churchill
et al., 2019; Verhelst et al., 2019; Gazdzinski et al., 2020;
Palacios et al., 2020; Wallace et al., 2020; McCunn et al., 2021;
Muller et al.,, 2021; Oehr et al., 2021), however, there are few
studies including corroboration of the tissue changes after brain
injury with histology.

The aim of our study was to investigate microstructural
tissue changes throughout the brain in an experimental mTBI
rat model using DTI-, fixel- and NODDI based analyses. We
performed voxel-based analysis (VBA) comparing ex vivo sham-
operated and mTBI brains of the DTI-based metrics: fractional
anisotropy (FA), and axial (AD), radial (RD) and mean (MD)
diffusivities; fixel-based metrics: fiber density (FD), fiber bundle
cross-section (FC), and fiber density and fiber bundle cross-
section (FDC); and NODDI metrics: orientation dispersion
index (ODI), free water fraction (FWF), and neurite density
index (NDI). Histologically, we confirmed axonal alterations
and increased cell density associated to gliosis in highlighted
brain areas in both analyses by using myelin and Nissl stainings,
respectively. Additionally, we performed an ROI analysis on
MRI and histology in the same animals, and correlated values
from individual MRI maps with ones obtained from histological
sections stained for myelin and Nissl. Altogether, this study
explores the potential of established and advanced diffusion MRI
techniques with histological validation, and more importantly,
increases our understanding of tissue microstructural changes in
the brain after mild injury.

MATERIALS AND METHODS
Animal Model

Experimental TBI was induced in male Sprague-Dawley rats
(n = 8; 10 weeks old, 300-350 g, Harlan Netherlands B.V., Horst,
Netherlands) by lateral fluid percussion (LFP) injury. Rats were
anesthetized with a single i.p. injection (6 ml/kg) of a mixture
containing sodium pentobarbital (Mebunat, Orion Pharma,
Finland; 60 mg/kg), magnesium sulfate (127.2 mg/kg), propylene
glycol (39.5%), and absolute ethanol (10%). Then, a craniectomy
(¥ = 5 mm) was performed between bregma and lambda on
the left skull convexity (anterior edge 2.0 mm posterior to
the bregma; lateral edge adjacent to the left lateral ridge).
A fluid percussion device (AmScien Instruments, Richmond, VA,
United States) was then used to induce an LFP injury to the
exposed dura using a transient fluid pulse (21-23 ms) to induce a
mild injury (0.89 £ 0.21 atm). After the injury, we checked that
the dura was intact. Sham-operated rats (n = 6) were subjected to
same operational procedures except for the impact.

Following the operation, the animals were transferred to the
animal facility and housed in individual cages maintained under
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a 12 h light/12 h dark cycle (lights on 07:00 a.m., temperature
22 + 1°C, humidity 50-60%) with free access to food and
water. All animal procedures were carried out under licenses
that have been approved by the Animal Ethics Committee
of the Provincial Government of Southern Finland and in
accordance with the guidelines of the European Community
Council Directives 86/609/EREC.

Tissue Preparation

Thirty-five days after the operation, all the rats (n = 14)
were deeply anesthetized under 5% isoflurane in 30%/70%
0,/N; gas mixture, and transcardially perfused with saline for
2 min (30 ml/min) followed by 4% paraformaldehyde in 0.1 M
phosphate bufter, pH 7.4 (30 ml/min) for 25 min. After perfusion,
the brains were removed from the skull and post-fixed in a
solution of 4% paraformaldehyde until imaging. Before MRI, the
brains were transferred to a solution of 0.1 M phosphate-buffered
saline (PBS) containing 1 mM gadopentetate dimeglumine
(Magnevist, Berlex Imaging, Wayne, NJ, United States) for at least
72 h. The brains were then placed tightly inside a polyethylene
tube filled with perfluoro polyether (Fomblin, Solvay Inc.,
Princeton, NJ, United States) to prevent tissue drying and to
effectively suppress the background signal.

Ex vivo Magnetic Resonance Imaging
Acquisition

The brains were scanned on an 11.7 T NMR spectrometer
(Bruker BioSpin, Billerica, MA, United States), with a Micro2.5
gradient system (maximum gradient strength = 1,000 mT/m).
A 20-mm-diameter birdcage volume coil was used
for radiofrequency transmission and signal reception.
Diffusion data were acquired using a 3D diffusion-weighted
gradient- and spin-echo (DW-GRASE) sequence (Aggarwal
et al, 2010) with TR/TE = 800/33 ms, rare-factor/EPI
factor = 4/3, bandwidth = 100 kHz, number of averages = 2,
FOV = 228 mm x 168 mm x 11.7 mm, matrix size
(read x phase x phase 2) = 152 x 112 x 78, acquired spatial
resolution = 150 wm?® isotropic (zero-filling interpolation to
0.075 mm? isotropic), number of uniformly distributed diffusion
directions = 30 for each b-value of 3,000 and 6,000 s/mm?,
number of minimally diffusion-weighted images = 3, diffusion
gradient duration (8)/separation (A) = 5/12 ms, total acquisition
time ~21 h.

Image Pre-processing

k-space data were processed using in-house code in IDL (ITT
Visual Information Solutions, Boulder, CO, United States) to
reconstruct the diffusion weighted images. Preprocessing of
the reconstructed data consisted of image denoising based
on random matrix theory (Cordero-Grande et al., 2019) and
Gibbs ringing removal using the method of local subvoxel-shifts
(Kellner et al., 2016), both tools included in the MRtrix3 software
(Tournier et al., 2019). Finally, bias field correction was applied to
remove spatial intensity inhomogeneities (Tustison et al., 2010)
followed by motion and eddy current correction using Advanced
Normalization Tools (ANTSs) software (Avants et al., 2014).

Fixel-Based, Tensor-Based and Neurite
Orientation Dispersion and Density
Imaging Analyses

To perform FBA (Raffelt et al., 2012), tissue specific response
functions were estimated for white matter (WM), gray matter
(GM), and PBS in an unsupervised manner for each sham-
operated animal (Dhollander and Connelly, 2016), and combined
to create group averaged response functions. Whole brain masks
were obtained for each image. The fiber orientation distributions
(FODs) with a spherical harmonic degree (Imax = 6) were then
estimated from the group averaged response functions using
multi-shell, multi-tissue constrained spherical deconvolution
(MSMT-CSD; Jeurissen et al, 2014). The resulting FODs
were corrected for intensity inhomogeneities using multi-tissue-
informed intensity normalization.

Unbiased Population Template

The FOD maps from all the brains, including sham-operated
and mTBI, were then co-registered in two steps; first with rigid
and affine registration followed by a non-linear registration to
optimize a group-average template. The linear and non-linear
warps generated during co-registration were subsequently used
to warp (without orientation) the intensity normalized FODs
from each rat to the template.

Fixel-Based Metrics: Fiber Density, Fiber Bundle
Cross-Section, Fiber Density and Fiber Bundle
Cross-Section

To ensure that further analysis is performed on fixels that contain
data from all the rat brains, all the individual masks were warped
to the template, and the intersection of the masks were computed
to obtain a population template mask. Then, a white matter
template fixel mask was created by segmenting the peak FOD
amplitudes of each fixel in the FOD based template, at a threshold
of 0.06. The selected threshold for the fixel mask was chosen to
include fixels in crossing fiber areas that are genuinely in WM and
areas with a mixture of WM and GM, without the inclusion of any
spurious fixels. Each FOD lobe from the warped individual rat
brain FODs were segmented into corresponding fixels by taking
the integral of the FOD lobe (at the threshold defined previously)
to obtain the FD per fixel and reoriented into the template
image (Raffelt et al., 2012). The fixel spatial correspondence was
achieved by taking each reoriented fixel in the individual rat brain
FODs and assigning it to the corresponding fixel in the FOD
template (Raffelt et al., 2017). The FC metric was computed from
the deformation fields obtained during co-registration (from the
individual to template). Finally, FDC metric was computed by
modulating the FD with FC computed previously.

Tensor-Based and Multicompartment Model Neurite

Orientation Dispersion and Density Imaging Analyses
We calculated tensor-based metrics using both b-values (i.e.,
3,000 and 6,000 s/mm?) and the iteratively weighted least-
squares (IWLS) method to improve accuracy in the parameter
estimations (Basser et al., 1994; Veraart et al., 2013). The
tensor-based metrics included were fractional anisotropy
(FA), axial diffusivity (AD), radial diffusivity (RD), and
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mean diffusivity (MD). Multicompartment model NODDI
was computed and fitted using the NODDI toolbox (UCL,
United Kingdom) for Matlab'. The derived NODDI indices
included orientation dispersion index (ODI), free water fraction
(FWF), and neurite density index (NDI). For the voxel-wise
analysis, the tensor- and NODDI-based metrics were then
warped to the FOD-based template using the non-linear
transformations obtained during FBA analysis.

Statistical Analysis

Statistical analysis for fixel-based metrics were performed by
connectivity-based fixel enhancement (CFE) which uses whole
brain tractography-derived connectivity information to infer
the amount of cluster-like local spatial support for each
corresponding voxel (Raffelt et al., 2015). For this purpose,
whole-brain tractography was performed on the study-specific
FOD template within the template mask intersection using
the iFOD2 algorithm by generating 20 million streamlines,
angle = 22.5°, minimum length = 0.3 mm, maximum
length = 22.5 mm, cutoff = 0.06, power = 1. In order
to minimize errors between tractography-derived streamline
densities and spherical deconvolution-derived fiber densities, the
resulting tractogram was reduced to 2 million streamlines using
spherical-deconvolution-informed filtering of tractograms (SIFT;
Smith et al.,, 2013). Connectivity-based fixel enhancement was
performed for the group analysis FD, FC, and FDC metrics
comparing sham-operated versus mTBI rats applying a spatial
Gaussian filter of 0.3 mm x 0.3 mm x 0.3 mm and using
general linear model with non-parametric permutation testing
(5,000 permutations) using the default MRtrix3 fixelcfestats
tool parameters (C = 0.5, E = 2, H = 3) (Raffelt et al,
2015). For voxel-based metrics, a spatial Gaussian filter of
03 mm x 0.3 mm x 03 mm was applied to the data
and the statistical analysis was performed with non-parametric
permutation testing (5,000 permutations) using threshold-free
cluster enhancement (TFCE) with the default FSL randomize tool
parameters (C = 6, E = 0.5, H = 2) (Smith and Nichols, 2009).
Both the DTI- and fixel-based voxel-wise statistical analyses were
fully corrected for family-wise error (FWE). A p-value of less than
0.05 was considered statistically significant.

We pre-selected the regions of interest based on histology in
the same animals as in MRI. We selected the corpus callosum
and external capsule at —1.80 and —3.50 mm from bregma, and
internal capsule and ventrobasal complex at —3.50 mm from
bregma, both ipsi- and contralaterally. A single set of ROIs were
manually drawn in the template. The selection of ROIs was based
on our previous study (San Martin Molina et al., 2020). Then,
the ROIs were transformed to the subject space using the inverse
matrix transformation for each brain. The ROI-based analysis
for histology comparison was performed for tensor-based (FA,
RD, AD, and MD) and CSD-based metrics (FD, dispersion, and
peak), as well as NODDI parameters (ODI, FWE and NDI). The
ROI-based analysis of FC and FDC were also included but note
that these metrics requires the non-linear transformations used
to generate the template, hence, the corresponded ROIs were
calculated in template space.

!http://nitrc.org/projects/noddi_tolbox

Histological Procedures and Analysis

The histological procedures and ROI analysis were presented in
our previous study (San Martin Molina et al., 2020). In brief, after
ex vivo imaging, the brains were washed in 0.9% NaCl for at least
for 2 h at 4°C. After this, they were placed in a cryoprotective
solution containing 20% glycerol in 0.02 M potassium phosphate-
buffered saline (pH = 7.4) for 36 h. Then, the brains were blocked,
frozen in dry ice, and preserved at —70°C until sectioning. The
brains were sectioned in the coronal plane (30 wm, 1-in-5 series)
using a sliding microtome. Sections from the first series were
stored in 10% formalin while the remaining series were stored in
a cryoprotectant tissue-collecting solution (30% ethylene glycol,
25% glycerol in 0.05 M sodium phosphate buffer) at —20°C until
further processing. The first series of sections was stained with
Nissl (thionin) and the second series with a gold chloride solution
for myelin (Laitinen et al., 2010).

For the quantitative analysis, we selected brain areas that
showed microstructural changes in the group analysis and
were of interest in the TBI pathology (Laitinen et al., 2015;
San Martin Molina et al., 2020; Chary et al, 2021). These
brain areas were the corpus callosum and external capsule
at —1.80 and —3.50 mm from bregma, internal capsule and
ventrobasal complex at —3.50 mm from bregma. All the analyses
were performed on high-resolution photomicrographs of the
sections acquired at a resolution of 0.013 wm?/pixel using
a light microscope (Zeiss Axio Imager 2, White Plains, NY,
United States) equipped with a digital camera (Zeiss Axiocam
color 506). We performed structure tensor (ST) and derived
the anisotropy index (AL Budde et al., 2011), which correlates
strongly with alternative dispersion measures, from myelin-
stained sections, and cell density (CD) from Nissl-stained
sections using an in-house Matlab code for automated cell
counting analysis (San Martin Molina et al., 2020).

Region-of-Interest Statistical Analyses

All data were analyzed using GraphPad Prism software (version
5.03 for Windows, La Jolla, CA, United States). Differences
between sham-operated and mTBI rats were assessed using
the unpaired two-sample t-test, and differences between
ipsi- and contralateral brain areas within the same brain
using the paired t-test. Pearson’s correlation was used to
correlate dMRI and histological metrics. The Benjamini-
Hochberg false discovery rate (FDR) method was used for
multiple comparison corrections in both tests, and FDR-
threshold g < 0.05 was chosen for statistical significance
(Benjamini and Hochberg, 1995).

RESULTS

Figure 1 shows the outcomes from the group analyses in FA,
AD, FD, EC, FDC, and ODI maps when comparing mTBI
and sham-operated rats. The epicenter of the primary lesion in
mTBI animals was at approximately —3.50 mm from bregma
(asterisk in Figure 1), where we found the most extensive
significant changes between the groups. The secondary damage
expanded into connected areas throughout the brain at 35 days
after the initial injury. These five parameters showed significant
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subiculum; tg, tegmental nuclei; VB, ventrobasal complex.

FIGURE 1 | Whole-brain group differences in FA, AD, FD, FC, FDC, and ODI metrics when comparing sham-operated and mTBlI rats after 35 days of the
sham-operation or injury. Areas displaying significant group differences in mTBI versus sham-operated rats (TFCE, p-value < 0.05, FWE-corrected) are overlaid on
the FOD-based template. Significances are displayed as voxels in a light-dark blue scale, representing mTBI group values lower than sham-operated group values,
and in a red-yellow scale, representing mTBI group values higher than sham-operated group values. The asterisk shows the epicenter of the lesion. Au, auditory
cortex; cc, corpus callosum; cg, cingulum; cp, cerebral peduncle; CP, caudate putamen; ec, external capsule; fmij, forceps minor of the corpus callosum; HC,
hippocampus; ic, internal capsule; LG, lateral geniculate nuclei; LS/MS, lateral/medial septal nucleus; MG, medial geniculate nucleus; ml, medial lemniscus; Sub,

decreases (TFCE, p-value < 0.05, FWE-corrected) in mTBI rats
compared to sham-operated ones. From the DTI parameters,
FA significantly decreased in both white and gray matter areas
throughout the brain and AD showed few highlighted voxels in
the midbrain. FD and FDC showed similar pattern of changes
than FA, while the results in FC were restricted to few damaged

areas. ODI significantly increased in the closed areas to the
primary injury, mainly white matter and thalamic areas, which
were also shown in FA, FD, and FDC maps.

Figure 2 shows representative photomicrographs of myelin-
stained sections from a sham-operated and mTBI rat 35 days after
the sham-operation or injury. We observed two microstructural
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FIGURE 2 | FA (A) and FDC (A’) at —1.80 and -3.50 mm from bregma, respectively, from the group analyses. White squares indicate the location of the
photomicrographs shown in (B-H). Representative photomicrographs of myelin-stained sections of a sham-operated and a mTBlI rat from the caudate putamen
(B,B’) from —0.90 mm (not shown in A), internal capsule (C,C’) from —1.80 mm, and external capsule (D,D’), auditory cortex (E,E’), corpus callosum (F,F’),
stratum-lacunosum moleculare (G,G’), and ventrobasal complex (H,H’) from —3.50 mm from bregma. White arrowheads point at myelin alterations associated with
axonal damage and asterisks indicate areas with extensive decrease in density of myelinated axons. Al values of these two animals shown in this figure are shown in
Supplementary Table 1. Au, auditory cortex; cc, corpus callosum; CP, caudate putamen; ec, external capsule; ic, internal capsule; I-m, stratum-lacunosum
moleculare; VB, ventrobasal complex. Scale bars: 50 um (B,B’,D,D’-G,G’), 150 um (H,H’), and 250 um (C,C’).

alterations in mTBI animals when compared to sham-operated
rats: axonal alterations shown as dark accumulation of staining
(arrowheads in Figure 2) and decreased axonal density (asterisks
in Figure 2). Axonal alterations are associated to axonal injury
and/or myelin damage, which were consistently found in all areas
exhibiting group differences, in all the animals. We observed
wide-spread axonal alterations rostrally in the brain, such as in
the caudate putamen (arrowheads in Figure 2B’), which appeared
more numerous and closer to the epicenter of the primary
lesion, as in the internal capsule (Figure 2C’), external capsule
(Figure 2D’), cortex (Figure 2F’), and ventrobasal complex
(Figure 2H’). Decrease in axonal density was found in the
internal capsule (Figure 2C’), external capsule (Figure 2D’),
auditory cortex (Figure 2E’), and stratum-lacunosum moleculare
(Figure 2G’). In the corpus callosum, we observed axonal
alterations along the structure ipsi- and contralaterally, and
a decrease in axonal density (Figure 2F’); however, not so
prominent as in other areas. We also observed the thinning of
fiber bundles in the internal capsule at the level of the caudate
putamen (arrow in Figure 2C’).

Figure 3 shows representative photomicrographs of Nissl-
stained sections from a sham-operated and mTBI rat 35 days after
the sham-operation or injury. We found a wide-spread increase
in cell density, associated to gliosis, rostrally in the brain as in
the caudate putamen (Figure 3B’). Gliosis was more evident

closer to the epicenter of the primary lesion, as in the internal
capsule (Figure 3C’), external capsule (Figure 3D’), cortex
(Figure 3F’), corpus callosum (Figure 3F’), and ventrobasal
complex (Figure 3H’). We observed a decrease in cell density in
the stratum-lacunosum moleculare (Figure 3G’) along with the
loss of fiber bundles in the layer (asterisk in Figure 2G’).

We performed an ROI analysis of specific brain regions
on MRI maps at the perilesional and epicenter sites; —1.80
and —3.50 mm from bregma, respectively (Figures 4-6). We
found significant decrease in FA ipsilaterally in mTBI rats when
comparing within mTBI animals and/or between sham-operated
and mTBI rats at —3.50 mm from bregma (Figure 4A). AD
decreased ipsilaterally in the mTBI rats in the corpus callosum
and internal capsule at the epicenter (Figure 4B). On the
contrary, RD (Figure 4C) and MD (Figure 4D) increased at
—1.80 mm in the corpus callosum and/or at —3.50 mm in
the internal capsule. It is worth noting that sham-operated rats
ipsilaterally showed significant differences as compared to the
contralateral side in the ROI analysis, such as FA and AD in the
external capsule (Figures 4A,B), MD in the corpus callosum and
external capsule at —1.80 mm, or internal capsule (Figure 4D).

We did not find significant differences in dispersion values
in any of the brain areas (Figure 5A). Peak FOD amplitudes
showed a significant decrease ipsi- and/or contralaterally, when
comparing sham-operated and mTBI rats or hemispheres within
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bars: 50 pm (B,B’,D,D’-G,G’), 150 um (H,H’), and 250 um (C,C’).

FIGURE 3 | FA (A) and FDC (A’) at —1.80 and -3.50 mm from bregma, respectively, from the group analyses. White squares indicate the location of the
photomicrographs shown in (B-H). Representative photomicrographs of Nissl-stained sections of a sham-operated and a mTBI rat from the caudate putamen
(B,B’) from —0.90 mm (not shown in A), internal capsule (C,C’) from —1.80 mm, and external capsule (D,D’), auditory cortex (E,E’), corpus callosum (F,F’),
stratum-lacunosum moleculare (G,G’), and ventrobasal complex (H,H’) from —3.50 mm from bregma. White arrowheads point at gliosis alterations associated with
axonal damage and asterisk indicates less cell density. CD values of these two animals shown in this figure are shown in Supplementary Table 1. Au, auditory
cortex; cc, corpus callosum; CP, caudate putamen; ec, external capsule; ic, internal capsule; I-m, stratum-lacunosum moleculare; VB, ventrobasal complex. Scale

mTBI rats (Figure 5B). FD, FC, and FDC showed decreased
values ipsilaterally in almost all the brain areas in mTBI rats;
specially in those at the level of the epicenter of the primary lesion
at —3.50 mm (Figures 5C-E). Also, a decrease was obtained
ipsilaterally in the sham-operated animals, such as in FD and
FDC in the external capsule (Figures 5C,E) or in FC in the
internal capsule (Figure 5D).

We found significant increases in ODI values in the corpus
callosum, external capsule and internal capsule at —3.50 mm
(Figure 6A). FWF showed a significant increase in the internal
capsule, when comparing when comparing ipsi- and contralateral
hemispheres in mTBI rats, and also in the sham-operated rats in
the corpus callosum, external and internal capsule (Figure 6B).
NDI showed an increase in the corpus callosum at —3.50 mm,
and a decrease in the internal capsule when comparing ipsi- and
contralateral hemispheres in mTBI rats (Figure 6C).

Histological ~analysis showed that anisotropy index
significantly decreased in the external and internal capsule
at —3.50 mm (Figure 7A), where we found increased
cellularity (Figure 7B).

Table 1 shows the correlation results when comparing MRI
and histology metrics from the ROI analyses. In the corpus
callosum at —3.50 mm, AI showed a negative correlation with
RD (R = —0.544; q = 0.014) (Supplementary Figure 1A).
In the external capsule, we found that cellularity correlated
positively with RD (R = 0.474; q = 0.044) at —1.80 mm from

bregma (Supplementary Figure 1B). At —3.50 mm, the external
capsule showed the most robust correlations. Al positively
correlated with FA (R = 0.737; ¢ = 9.623 x 107°), peak FOD
amplitude (R = 0.781; ¢ = 1.558 x 107°), FD (R = 0.473;
q = 0.044), and FDC (R = 0.492; q = 0.034), and negatively
with ODI (R = —0.753; ¢ = 4.780 x 107°) (Supplementary
Figures 1C,E,G,LK). Also, cell density correlated negatively
with FA (R = —0.712; q = 2235 x 107%), peak FOD
amplitude (R = —0.695; q = 3.656 x 10~%), FD (R = —0.491;
q = 0.034) and FDC (R = —0.505; g = 0.027), and positively
with ODI (R = 0.709; q¢ = 2.100 x 10~%) (Supplementary
Figures 1D,EH,J,L). The internal capsule showed correlations
between CD and FD (R = —0.571; ¢ = 0.008), and FDC
(R = —0.580; g = 0.007) (Supplementary Figures 1M,N). The
ventrobasal complex showed a negative correlation between CD
and FC (R = —0.467; g = 0.048) (Supplementary Figure 10).

DISCUSSION

In this study, we used DTI, FBA, and NODDI to investigate
microstructural changes in the mildly injured brain ex vivo.
Whole-brain analyses revealed significant differences throughout
the rat brain when comparing sham-operated and mTBI brains.
FA, FD, and FDC showed a similar pattern of microstructural
changes in the brain in the voxel-based analysis; however,
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FIGURE 4 | Diffusion tensor imaging (DTI) metrics, fractional anisotropy (A), and axial (B), radial (C), and mean (D) diffusivities, were analyzed in the corpus callosum
and external capsule at —1.80 and —3.50 mm, and the internal capsule and ventrobasal complex at —3.50 mm from bregma. Sham-operated animals are indicated in
blue and mTBlI in red, while ipsi- and contralateral hemispheres are represented by circles and triangles, respectively. Results are shown as mean and standard
deviation, and paired (*) t-test comparing ipsi- and contralateral sides within animals (*g < 0.05) or unpaired (+) t-test comparing the same hemisphere between
sham-operated and mTBl rats (fg < 0.05), both FDR-corrected. AD, axial diffusivity; cc, corpus callosum; ec, external capsule; FA, fractional anisotropy; MD, mean
diffusivity; RD, radial diffusivity; ic, internal capsule; VB, ventrobasal complex.

FBA metrics showed more significant fixels in white matter,
FA also detected changes in gray matter, while ODI mainly
detected areas closest to the primary lesion. Myelin- and Nissl-
stained sections of the same brains revealed axonal alterations
and increased cellularity in white and gray matter areas.
Quantitative histological analyses of selected brain areas revealed
that alterations in myelinated axons and increased cellularity
correlated to changes in MRI metrics after mTBI.

Our study demonstrates that DTI provides a good sensitivity
to detect microstructural-associated changes associated to mTBI
in both white and gray matter (Bennett et al., 2012; Hylin et al.,
2013; Stemper et al., 2015; Herrera et al,, 2017; Hutchinson
et al, 2018). Previous studies demonstrated the presence of
axonal damage and increased cellularity due to gliosis using
histology analysis (Mac Donald et al., 2007a,b; Hylin et al., 2013;
San Martin Molina et al., 2020). More specifically, decreased
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FIGURE 5 | Fixel-based metrics, dispersion (A), peak FOD amplitudes (B), FD (C), FC (D), and FDC (E), were analyzed in the corpus callosum and external capsule
at —1.80 and -3.50 mm, and the internal capsule and ventrobasal complex at —3.50 mm from bregma. Sham-operated animals are indicated in blue and mTBI in
red, while ipsi- and contralateral hemispheres are represented by circles and triangles, respectively. Results are shown as mean and standard deviation, and paired
(*) t-test comparing ipsi- and contralateral sides within animals (g < 0.05, **q < 0.01) or unpaired (+) t-test comparing the same hemisphere between
sham-operated and mTBlI rats (fg < 0.05, **q < 0.01, ***+g < 0.001), both FDR-corrected. cc, corpus callosum; ec, external capsule; FC, fiber bundle
cross-section; FD, fiber density; FDC, fiber density and fiber bundle cross-section; ic, internal capsule; VB, ventrobasal complex.
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FIGURE 6 | NODDI metrics, ODI (A), FWF (B), and NDI (C), were analyzed in the corpus callosum and external capsule at —1.80 and -3.50 mm, and the internal
capsule and ventrobasal complex at —3.50 mm from bregma. Sham-operated animals are indicated in blue and mTBI in red, while ipsi- and contralateral
hemispheres are represented by circles and triangles, respectively. Results are shown as mean and standard deviation, and paired (*) t-test comparing ipsi- and
contralateral sides within animals (g < 0.05) or unpaired (+) t-test comparing the same hemisphere between sham-operated and mTBlI rats (fg < 0.05), both
FDR-corrected. cc, corpus callosum;ec, external capsule; ic, internal capsule; FWF, free water fraction; NDI, neurite density index; ODI, orientation dispersion index;
VB, ventrobasal complex.

FA and AD due to axonal damage, and increased RD have
been associated to gliosis. In our study, the positive association
observed between FA, AD and Al in the corpus callosum and
external capsule were indicative of axonal damage and/or axonal
loss, while the negative association observed between FA and
CD in the external capsule was associated to axonal damage
in conjunction with a marked increase in cellularity. This was
further indicated by the inverse relationship between RD and
Al, and the positive association between RD and CD in both
the corpus callosum and external capsule. With regards to CSD-
derived metrics, the positive association observed in the external
capsule between peak FOD amplitudes, FD and FD, and Al,
and their negative relationship with CD, could be attributed a
reduction in intact healthy fiber bundles and gliosis in those
areas. Interestingly, the positive relationship observed between
dispersion and Al in the ventrobasal complex was contrary to
that observed in the white matter. As the ventrobasal complex
is a region comprising of multiple fiber bundle populations; we
hypothesize that the situation could result either from a reduction

in densities of the primary fiber bundle or an increase in the
densities of the secondary fibers (Riffert et al., 2014; Grazioplene
et al,, 2018). The NODDI analysis provided information of the
microstructural compartment contributions, which has shown
promising results in clinical research (Kamiya et al., 2020). Our
voxel-based analysis only showed statistical differences in ODI
in areas showing decreased FA, as suggested in previous studies
(Jespersen et al., 2012; Zhang et al.,, 2012). Based on histology,
we expected to also obtain differences in both NDI and FWEF;
however, it has been described that the reproducibility of NODDI
in rat brain at 9.4 T was lower for FWF than ODI and NDI,
which might require a considerably larger number of animals to
observe biological changes in those parameters after mild TBI
(McCunn et al., 2021).

Previous studies in animal models have shown the potential
of DTT to detect the effect of mild injury in the brain. Wright
et al. (2017) showed that FBA detected more voxels in the
rat brain after severe injury than DTI in vivo. These authors
found reduced FD predominantly in the ipsilateral corticospinal
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FIGURE 7 | Histology metrics, anisotropy index (A) and cellular density (B), were analyzed in the corpus callosum and external capsule at —1.80 and -3.50 mm, and
the internal capsule and ventrobasal complex at -3.50 mm from bregma. Sham-operated animals are indicated in blue and mTBlI in red, while ipsi- and contralateral
hemispheres are represented by circles and triangles, respectively. Results are shown as mean and standard deviation, and paired (%) t-test comparing ipsi- and
contralateral sides within animals (*g < 0.05, **g < 0.01) or unpaired (+) t-test comparing the same hemisphere between sham-operated and mTBl rats (*q < 0.05),
both FDR-corrected. Al, anisotropy index; cc, corpus callosum; CD, cellular density; ec, external capsule; ic, internal capsule; VB, ventrobasal complex.

tract, external capsule, fimbria, and corpus callosum, which
also extended along the corpus callosum from the ipsilateral to
contralateral hemisphere after severe TBI in rats. Additionally,
these authors performed track-weighted imaging measurements
revealing significantly fewer streamlines, shorter and straighter
trajectories in the ipsilateral corpus callosum, fimbria, and
internal capsule in TBI rats as compared to sham-operated
ones. In accordance with our study, fixel-based metrics showed
more significant voxels in the white matter as compared to FA.
However, FA showed more significant voxels in the gray matter
as compared to fixel-based metrics. Our results indicate that fixel-
and DTI-based analyses may offer complementary information of
tissue changes after mTBI as already shown in a previous study on
adolescents with moderate-to-severe TBI (Verhelst et al., 2019).
Our study also showed that ODI mainly detected changes in areas
closed to the primary lesion. NODDI has demonstrated to be
sensitive to early acute microstructural changes following a single
closed head controlled cortical impact in rats, not detectable by
DTI (McCunn et al., 2021). Another study using a closed-skull
impact in mice showed greater sensitivity using NODDI than
DTI to microstructural changes in white matter associated to
astrocyte and microglia (Gazdzinski et al., 2020). Human studies
suggested that the combination of DTI and NODDI significantly
enhances our understanding of white matter microstructural
alterations in subacute and chronic TBI (Muller et al., 2021; Oehr
etal., 2021). In summary, our study suggests that the combination
of dMRI parameters may provide more complete information of
changes in tissue microstructure after brain injury, and therefore,

an evaluation including different approaches could provide better
understanding of the tissue damage after brain injury.

Different sensitivity of DTI- and fixel-based analyses could
potentially result from poor fixel correspondence in complex
brain areas, such as crossing fibers or gray matter, thereby
resulting in large intra-group variances. Conventional DTI
studies are typically based on lower diffusion weightings resulting
in decreased angular contrast (Soares et al,, 2013). The FBA
framework, which is conditionally valid in the high b-value
regime (>3,000 s/mm?) (Raffelt et al, 2012; Genc et al,
2020), provides an improved resolution of crossing fiber bundle
populations (Tournier et al., 2013). As, the diffusion-weighted
signal originating from a restricted compartment is nearly
fully preserved (Hall and Alexander, 2006; Yeh et al.,, 2010),
and high b-values attenuate the signal from the extracellular
water, the diffusion-weighted signal which is assumed to be
restricted in the radial direction (Stanisz et al., 1997; Assaf
and Basser, 2005; Alexander, 2008; Assaf et al., 2008; Barazany
et al, 2009; Alexander et al., 2010) corresponds to the intra-
axonal water-content (Raffelt et al., 2012). Moreover, as the
FOD amplitude is relatively equal to the total radial diffusion-
weighted signal, it provides an approximate measure of the
intra-axonal volume of the corresponding fiber bundle (Raffelt
etal, 2012). Therefore, the estimated FD metric is largely derived
from the anisotropic WM component of the diffusion MRI signal
and, is thereby highly specific to changes in axonal density
(Tournier et al., 2004, 2007; Raffelt et al., 2012). Moreover, we
also demonstrated the use of CSD-derived metrics for providing
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a better understanding of the tissue-specific sources underlying
the microstructural alterations post mTBI. Our findings were
consistent with previous literature, as changes in conventional
DTI-based metrics can be influenced by several pathological
events, not just decreased density, such as axonal injury, gliosis,
edema, or increased membrane permeability (Mac Donald et al.,
2007a; Budde et al., 2011; Bennett et al., 2012; Salo et al.,
2017). Future studies may benefit by the incorporation of signal
fractions representative of tissue-specific microstructure (Khan
et al, 2020; Mito et al, 2020). It is worth mentioning that
advanced methodologies come at the cost of more complex data
processing; however, these methods can provide more specific
information on tissue microstructure and pathological alterations
in the context of brain diseases, disorders, and injuries, and
specially with a more comprehensive histological validation.

We used higher b-value than typically used in vivo, as it has
been shown that diffusivity values ex vivo are decreased 2-3-
fold as compared to in vivo due to changes in (1) temperature
and (2) tissue microstructural properties following chemical
fixation (Sun et al., 2003; Rane and Duong, 2011; Wu et al,,
2013; Wang et al., 2018). As opposed to in vivo conditions,
wherein the extra-axonal water signal attenuates with increasing

b-value, the presence of immobile water confined in bodies of
glial cells and other minute compartments such as vesicles, has
been postulated in the extra-axonal space ex vivo (Stanisz et al.,
1997; Veraart et al., 2019). Therefore, despite studies using high
b-values enable a more direct comparison with in vivo results,
further in vivo studies of mTBI using advanced dMRI are needed
to provide more insights into the potential of these imaging
methods (Wright et al.,, 2017; San Martin Molina et al., 2020;
Pham et al., 2021).

While we have used CFE to correct for multiple comparisons,
CFE applies on each measure separately that may give rise to false
positives over the nominal alpha-threshold due to testing several
parameters per a fixel or a voxel (Smith et al., 2021). However,
given the complexity of CFE correction, it is challenging to decide
what is the best approach to strike balance between Type I and
Type II errors in the analysis. As a mitigation approach in this
work, we used histology to verify the findings of DTI, FBA, and
NODDI analyses. We also note that the statistically significant
differences in the maps were in locations where we would
expect to see differences based on previous experiments on how
the tissue damage expands from the cortical primary lesion to
connected areas as secondary damage. We used FWE correction

TABLE 1 | Coefficient (R) and g-values (q) from the Pearson’s correlations between dMRI and histological metrics.

cc (—1.80 mm) cc (—3.50 mm) ec (—1.80 mm) ec (—3.50 mm) ic (—3.50 mm) VB (—3.50 mm)
Al cD Al cbh Al cD Al cD Al cbh Al cDh
FA R 008 —0.061 0.429 -0.016 0.237 —0.333 0.737 -0.712 0.013  —-0.344 0.045 -0.333
q 0.809 0.877 0.075 0.961 0.401 0.187  9.623 x 1075*** 2235 x 10~ 4*** 0.962 0.172 0.915 0.187
AD R 0.156 0.166 0.018  —-0.165 0.026 0.051 0.436 —0.357 —0.033 —0.098 0.350 —0.348
q 0643 0.616 0.961 0.621 0.951 0.898 0.070 0.154 0.926 0.775 0.164 0.166
RD R —-0.017 0.150 —0.544 —-0.040 —-0.228 0.474 —-0.410 0.434 —0.076 0.347 0.188 0.119
q 0.961 0.660 0.014* 0.924 0.426 0.044* 0.093 0.071 0.835 0.168 0.554 0.738
MD R 0.199 0258 -0.251 —-0.167 —0.121 0.282 —0.040 0.086 —0.099 0.057 0.360 —0.057
q 0523 0.350 0.367 0.616 0.735 0.287 0.924 0.809 0.775 0.882 0.149 0.882
Disp R 0.039 0.1563  —0.248 —0.058 —0.082 —0.172 -0.175 0.049 -0.055 -0.115 0.459  —0.026
q 0926 0.651 0.373 0.882 0.818 0.603 0.591 0.903 0.887 0.744 0.053 0.951
Peak R 0.151 0.079 0.329 0.036 0.231 —0.181 0.781 —0.695 0.072 -0.189 0.193  -0.383
q 0.657 0.829 0.193 0.926 0.417 0.573  1.558 x 10~5*** 3,656 x 10~ 4*** 0.846 0.551 0.540 0.123
FD R 0.084 -0.089 0105 -0.122 0.257 —0.423 0.473 —0.491 0.443 —0.571 0.088 —-0.302
q 0813 0.805 0.768 0.734 0.354 0.081 0.044* 0.034* 0.066 0.008** 0.926 0.248
FC R 0102 -0277 -0.125 —0.461 0.149 —0.147 0.324 —0.261 0.125 -0.416 0.103  —0.467
q 0.770 0.299 0.725 0.051 0.660 0.660 0.201 0.342 0.725 0.087 0.769 0.048*
FDC R 0.093 -0.103 0.177  —0.139 0.266 —0.413 0.492 —0.505 0.419 -0.580 0.018 -0.374
q 0792 0.769 0.588 0.687 0.330 0.090 0.034* 0.027* 0.084  0.007**  0.961 0.133
oDl R -0.167 —0.001  —0.089 0.190  —-3.290 x 10-4 —0.042 —-0.753 0.709 0.028 0.200 —0.150 0.434
q 0.598 0.997 0.791 0.537 0.999 0.912  4.780 x 1075** 2,100 x 104*** 0.947 0.515 0.633 0.071
FWF R 0.355 0.416 0.161 0.190 0.103 0.026 ~0.321 0.371 —0.202 0.209 0.313 0.148
q 0.160 0.088 0.611 0.537 0.761 0.948 0.215 0.138 0.511 0.490 0.230 0.635
NDI R 0.002 -0.078 0.435 0.301 0.218 —0.421 —0.230 0.292 0.030 -0.308 —-0.164 0.095
q 0.99% 0.818 0.071 0.255 0.462 0.083 0.425 0.272 0.941 0.243 0.603 0.775

Numbers in bold indicate the correlations significantly different from zero: *q < 0.05; **q < 0.01; **q < 0.001. AD, axial diffusivity; Al, anisotropy index; cc, corpus
callosum; CD, cellular density; Disp, dispersion; ec, external capsule; FA, fractional anisotropy; FC, fiber bundle cross-section; FD, fiber density; FDC, fiber density and
fiber bundle cross-section; FWF, free water fraction; ic, internal capsule; MD, mean diffusivity; NDI, neurite density index; ODI, orientation dispersion index; RD, radial

diffusivity; VB, ventrobasal complex.
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when performing (potentially highly correlated) voxel- and fixel-
based analyses as there exist a potentially large number of false
positives that arise with data-informed clustering, such as TFCE.
However, in the ROI-based analysis, where the ROIs were defined
based on the brain anatomy, we used FDR that is more liberal
than FWE. Our reason for using FDR with ROIs is that it controls
the number of false positives effectively, while simultaneously
having a considerably lower number of false negatives than FWE.
This balancing act, in turn, may lead to better reproducibility than
strict control for false positives as argued by Geerligs and Maris
(2021).

Our study included animals in the subacute stage, 35 days
after the injury, which were subset of our previous in vivo study
(San Martin Molina et al., 2020). This subgroup of animals
showed, at day 3, hyperintensity associated to edema in the
somatosensory cortex on in vivo T2-weighted images in four
out of eight mTBI rats and hypointensity related to parenchymal
bleeding in one of these four rats. After 28 days, three out
of eight rats showed persistent but less pronounced cortical
edema as compared to the acute time point, even two out of
those three rats still showed signs of bleeding. The complex
cortical patterns at the level of the primary injury associated
to the secondary injury, and more importantly, to pathological
outcomes warrant future studies. Despite of cortical damage
in T2-weighted MRI, all the animals presented a consistent
pattern of secondary tissue damage throughout the brain based
on histology. Although the dura of the sham-operated and
mTBI animals remained intact and no brain tissue damage
was inflicted during the craniotomy, differences between ipsi-
and contralateral hemispheres in sham-operated animals were
reported. Histologically, the sham-operated rats did not present
any tissue damage or cellular alteration. However, the sham-
operation involving craniotomy might cause effects, e.g., swelling,
that could affect the measurements at acute and/or subacute
stages. Future studies should consider including a group of naive
rats to discern between minor sham-operation alterations and
tissue damage associated to the injury.

Human histopathological studies are very scarce, and the
low mortality after mTBI does not allow histopathological
examination to correlate with MRI experiments in mTBI
patients. Preclinical experiments including histology provide
an opportunity to understand the mTBI pathogenesis (Bennett
et al, 2012; Hylin et al, 2013; Stemper et al., 2015; Haber
et al, 2017; Yu et al, 2017; San Martin Molina et al.,
2020; Sinke et al, 2021). In our study, there were axonal
alterations observed in all the areas highlighted in dMRI analyses,
which were consistent across all the mTBI animals. These
findings demonstrate that significant differences between sham-
operated and mTBI rats in dMRI analyses reflected ongoing
microstructural alterations after injury.

CONCLUSION

This study reveals the potential of the dMRI framework to detect
microstructural alterations when comparing sham-operated and
rats post mTBI. The combination of dMRI-based analyses
could provide a more complete insight into the detection

of microstructural alterations in white and gray matter after
mild injuries. Advanced methodologies in combination with
histopathological characterization of the same subjects can open
new avenues into the improvement of our understanding of
dMRI, which can directly enhance the diagnosis and prognosis
of the mildly injured brain.
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Supplementary Material

Supplementary Table 1: Anisotropy index (Al) and cellular density (CD) values obtained from
the histological analyses from the ipsilateral hemisphere of the sham-operated and mTBI

animals shown in Figure 2 and 3, respectively.

Animal Al CcD
Sham 0.856 0.00597
mTBI 0.814 0.00556
Sham 0.745 0.00544
mTBI 0.783 0.00546
Sham 0.722 0.00409
mTBI 0.621 0.00450
Sham 0.752 0.00492
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ec (-3.50 mm) mTBl | 0.649 | 0.00553
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mTBlI 0.444 0.00429
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Supplementary Figure 1: Pearson'’s correlations between dMRI and histological metrics
statistically significant in Table 1, for the corpus callosum (A), external capsule (B-L), internal
capsule (M,N) and ventrobasal complex (0). Sham-operated animals are indicated in blue and
mTBI in red, while ipsi- and contralateral hemispheres are represented by circles and
triangles, respectively. Al, anisotropy index; cc, corpus callosum; ec, external capsule; FA,
fractional anisotropy; FD, fiber density; FDC, fiber density and fiber bundle cross-section; ic,
internal capsule; ODI, orientation dispersion index; RD, radial diffusivity; VB, ventrobasal
complex.



Diffusion MRI approaches for investigating microstructural
complexity in a rat model of traumatic brain injury

Chary K, Manninen E, Claessens J, Ramirez-Manzanares A, Grohn O and
Sierra A

Submitted, 2022









KARTHIK SAMPATH KUMAR CHARY

Conventional quantitative MRI techniques
often lack sensitivity or specificity for
detecting complex secondary tissue changes
after traumatic brain injury (TBI). Using
an experimental TBI model, this thesis
presents new knowledge on the potential of
advanced quantitative MRI approaches for
improved characterization of secondary tissue
damage and disseminates the effectiveness
and limitations of these quantitative MRI
approaches.

UNIVERSITY OF
EASTERN FINLAND

uef.fi

PUBLICATIONS OF
THE UNIVERSITY OF EASTERN FINLAND
Dissertations in Health Sciences

ISBN 978-952-61-4738-3
ISSN 1798-5668




	Tyhjä sivu
	UEF_Karthik_Sampath_sisus.pdf
	Quantitative susceptibility mapping of the rat brain after traumatic brain injury
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animal model
	2.2  Tissue preparation for ex vivo QSM
	2.3  QSM imaging protocol and image processing
	2.4  Quantitative analyses of QSM and R2* maps
	2.5  Statistical analyses
	2.6  Tissue processing and histological procedures

	3  RESULTS
	3.1  The corpus callosum and external capsule at -1.80mm from the bregma
	3.2  The internal capsule and ventrobasal complex at -3.80mm from the bregma
	3.3  The perilesional cortex and corpus callosum at -3.80mm from the bregma

	4  DISCUSSION
	4.1  The leading role of iron in magnetic susceptibility changes after TBI
	4.2  The effects of myelin loss on magnetic susceptibility
	4.3  The effect of increased myelin density on magnetic susceptibility
	4.4  Spurious susceptibility values: streaking artefacts

	5  CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	Microstructural Tissue Changes in a Rat Model of Mild Traumatic Brain Injury
	Introduction
	Materials and Methods
	Animal Model
	Tissue Preparation
	Ex vivo Magnetic Resonance Imaging Acquisition
	Image Pre-processing
	Fixel-Based, Tensor-Based and Neurite Orientation Dispersion and Density Imaging Analyses
	Unbiased Population Template
	Fixel-Based Metrics: Fiber Density, Fiber Bundle Cross-Section, Fiber Density and Fiber Bundle Cross-Section
	Tensor-Based and Multicompartment Model Neurite Orientation Dispersion and Density Imaging Analyses

	Statistical Analysis
	Histological Procedures and Analysis
	Region-of-Interest Statistical Analyses

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


	Tyhjä sivu



