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Abstract

Demyelinating diseases, such as multiple sclerosis (MS), degrade the myelin sheath that
surrounds and protects the axons in our central nervous system. Myelin sheaths aid in the
transmission of information along the axons, which transfer signals throughout the brain and
spinal cord. When this sheath is disrupted, signal transfer becomes less efficient leading to
some of the most disabling symptoms of MS. Magnetic resonance imaging (MRI) plays an
important role in the diagnosis, management and treatment of MS because of its ability to
detect lesions prior to clinical symptoms. Even with its importance, MRI has its limitations
including the lack of correlation between conventional MRI results and tissue pathology which
restricts clinicians from improving their understanding between MRI findings and patient
disability. Inflammation, axonal damage, increased cellularity and demyelination, rarely
occur in isolation in MS. Individual MRI methods are sensitive to a variety of pathologies
and are generally not specific to an individual pathology. This thesis aims to improve
the understanding of how microstructural tissue changes caused by a variety of pathologies
influence MRI metrics by developing and applying methods in a longitudinal study using the
cuprizone mouse model of MS. Several in vivo and ex vivo MRI methods were developed,
compared and correlated with tissue measurements taken from electron microscopy images
of control and cuprizone fed mice. MRI methods included T; and Ty relaxometry, diffusion
tensor imaging (DTI), and quantitative magnetization transfer imaging (qMTT). Correlations

with tissue measurements were made at the early stages of the disease course, specifically at
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weeks 2 and 3 of the 6 week cuprizone induced disease course. Through tissue analysis, a
significant difference in myelinated axon fraction between groups was found at week 3 of the
study. Strong Spearman correlations between tissue measurements and MRI metrics included
mean diffusivity (< D >) vs. myelinated axon fraction (p=-0.84), ex vivo Ty vs. myelinated
axon fraction (p=-0.68), and normalized To-weighted signal (Tow) vs. myelinated axon
fraction (p=-0.80). Multiparametric MRI studies show promise in bridging the gap between

damage detected in clinical images and clinical status associated with MS.
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Chapter 1

Introduction

Magnetic resonance imaging (MRI) plays an important role in the diagnosis and manage-
ment of multiple sclerosis (MS) because of its ability to detect lesions prior to clinical symp-
toms. MRI allows us to improve our understanding of MS as well as non-invasively monitor
the effects of drug therapies on individual patients. Even with its importance, MRI has
limitations including the lack of correlation between conventional MRI results and tissue
pathology in central nervous system disorders like MS. New MRI methods are being devel-
oped to overcome these limitations which restrict clinicians from improving the correlation
between MRI findings and clinical disability. While quantitative MRI methods such as dif-
fusion tensor imaging (DTI), magnetization transfer imaging (MTI), and multicomponent
Ty (mcT2) analysis show promise in understanding changes in white matter structure and
integrity associated with MS, more work is needed to understand the correlations between
these MRI metrics and pathological changes. These individual methods are not sensitive to
individual pathological changes, rather they are sensitive to a variety of pathologies mak-
ing interpretation of individual results difficult. Inflammation, axonal damage, increased
cellularity, and demyelination are processes that rarely occur in isolation in MS, further

complicating interpretation of MRI results.



This thesis aims to improve the understanding of how microstructural tissue changes
influence MRI metrics by developing and applying methods to the cuprizone mouse model
of MS. This can improve the specificity of MRI and bridge the gap between white matter

damage detected in clinical images and clinical status associated with MS.

1.1 MRI and White Matter Changes

MRI relies on the manipulation of the magnet moments of hydrogen nuclei using strong
magnetic fields and radio-frequency (RF) electromagnetic radiation to create signals and
images sensitive to different tissue structure and content. The abundance of mobile water
in tissue (and the hydrogen nuclei within) is the source of MRIs predominantly soft tissue
signal. The signal can be manipulated using a variety of pulse sequences which can use RF
and magnetic field gradient pulses. The choice of pulse sequence sensitizes the signal, and
hence the image contrast, in different ways to the proton density, longitudinal relaxation
times (T4), and transverse relaxation times (T3) of the magnetization and/or the diffusion

of the molecules containing the hydrogen nuclei.

The MR images shown in Figure 1.1 are of the same slice and were taken from a healthy
control mouse brain on a 7T Bruker Avance III system. These images demonstrate how
different MRI methods are sensitive to different features in the white matter, providing a

variety of information about the tissue structure and content.

T, (see subsection 2.1.3) in tissue is sensitive to water mobility and content as well
as the lattice structure the hydrogen nuclei are attached to and surrounded by. T; times
are longer in grey matter compared to white matter and are increased in white matter by
demyelination, inflammation, gliosis, edema and axonal loss (1; 2). Ty (see subsection 2.1.3)

in healthy white matter is attributed to water in the intra- and extra-cellular compartments



Diffusion Tensor Imaging
T

Figure 1.1: Ez vivo MRI maps from the same slice of a healthy control mouse brain. The
corpus callosum displays varying contrast in each MRI metric map. Relaxometry metrics
include longitudinal relaxation times (T;), transverse relaxation times (T5), myelin water
fraction (MWF), and intra- and extra- cellular water fraction (IEWF). Diffusion tensor
imaging metrics include mean diffusivity (< D >), axial () and radial (A,) diffusivity,
fractional anisotropy (FA), and directionally encoded red-green-blue (RGB) maps. Magneti-
zation transfer imaging metrics include the bound pool fraction (f), longitudinal relaxation
rates of the liquid pool (R4), the magnetization transfer rate between the bound and lig-
uid pools (R), the transverse relaxation time of the liquid pool (T%'), and the transverse
relaxation time of the bound pool (T%).

and is generally shorter in healthy white matter. When demyelination occurs, or in areas

with increased extracellular water, the Ty value increases.

DTT metrics shown in Figure 1.1 (see subsection 2.3.3) are sensitive to tissue structure
and orientation of the axonal tracts in the white matter. Mean diffusivity, <D>, gives infor-
mation on the average diffusivity occurring in a voxel while axial diffusivity, A, and radial
diffusivity, A, give information on the amount of diffusion running parallel and perpendic-
ular to the white matter tracts. In healthy white matter, A, is smaller than \;. Fractional

anisotropy reveals how directional diffusion in a voxel is and is high in healthy white matter



tracts due to its directionally coherent structure.

Quantitative magnetization transfer imaging (¢qMTI) shown in Figure 1.1 (see subsec-
tion 2.3.4) indirectly reveals information on the hydrogen nuclei contained in myelin (bound
pool). The bound pool fraction, f, represents the relative size of the bound pool compared
to overall collection of hydrogen nuclei and has been shown to decrease with myelin loss,
axonal loss, gliosis or increased cellularity (2). R4 and T% are the rate of longitudinal re-
laxation and transverse relaxation time in the liquid pool, respectively, while T% is related
to the transverse relaxation time of the bound pool. R represents the rate of magnetization

transfer between the bound pool and liquid pool.

Metrics from mcTy analysis such as myelin water fraction (MWF') and the short To-
component are also able to give insight on the distribution and content of water contained

in myelin.

1.2 The Cuprizone Mouse Model

of Multiple Sclerosis

Animal models are useful in the correlation of MRI with disease pathology due to their ease
of disease induction, short disease course, controlled conditions and the choice they offer
of pathologies and mechanisms that accompany each model. Animal imaging studies have
proven to contribute valuable knowledge of the pathophysiology of MS, all with the goal
of translating results to human studies. A variety of MS models exist providing different
pathological routes and features that are complementary in increasing our understanding of

MS pathophysiology.

The cuprizone model is a common model for investigating de- and re-myelination in



rodents and offers highly reproducible demyelination in the corpus callosum of the mouse
brain. Cuprizone is a copper chelator that when added to a rodent diet for 6 weeks, causes
cell death of oligodendrocytes and subsequently, near complete demyelination. In the first
3 weeks of feeding, proliferation and activation of microglia and astrocytes is observed (be-
ginning the increase in tissue cellularity) in response to the attack on the oligodendrocytes.
Substantial demyelination is apparent at week 3.5 of feeding and activated microglia begin
to clear myelin debris. Local and migrated oligodendrocyte precursor cells (OPCs) begin
proliferation as demyelination increases between weeks 3-5. Near complete demyelination of
the once myelinated axons occurs at weeks 5-6 and OPCs begin to differentiate into mature
oligodendrocytes which begin remyelinating bare axons. Axon remyelination is observed at

week 6 despite continued cuprizone feeding (3).

A previous study (2) using the cuprizone mouse model proposed that a multiparametric
approach, where measurements from more than one quantitative MRI metric are compared
and correlated with each other as well as with tissue pathology, may be a solution to the
varying influence that tissue pathology has on individual MRI metrics. The study found that
different in vivo MRI metrics follow different time courses from one another, supporting the
idea that while each metric is affected by white matter pathology changes, each occurs in
different proportions. They then hypothesized that normalized To-weighted signal intensity
changes co-varied more strongly with vasogenic edema as well as with tissue cellularity and
that MTR co-varied more strongly with demyelination. Furthermore, the study found that
f was the strongest indicator of myelin content while longitudinal relaxation rates (T; and
R.) and diffusion metrics (A;/, A1, and FA) showed promise in indicating changes in tissue
structure. While these correlations were strong, they were made in the cuprizone mouse at
only week 6 of feeding making it difficult to attribute changes in MRI metrics to changes
in microstructural measurements. As a solution to this as well as to improve the power of
these correlations, quantitative MRI and microstructural examination at chosen time points

during the disease course was completed.



Chapter 2

Theory

To understand how MRI works, a look at the microscopic properties of the nuclei being
imaged is necessary. MRI takes advantage of the resonance phenomenon that arises from

the interaction of the nuclei in the tissue and the magnetic field applied.

2.1 Nuclear Magnetic Spin Systems

2.1.1 Magnetic Dipole Moments in a Magnetic Field

Nuclei are composed of protons and neutrons that possess an intrinsic angular momentum
called spin. All elementary particles have this fixed value intrinsic spin and its motion can
be thought of as top spinning about its own axis. A charged particle (or a neutral one with
an uneven charge distribution) with non-zero spin will create a magnetic dipole equivalent
to a tiny bar magnet with north and south poles. The magnetic dipole moment,u, is a vector

indicating the magnitude and direction of the magnetic dipole.



From the

N[ —=

Hydrogen (composed of one proton), has a spin angular momentum I =
laws of quantum mechanics, the spin angular momentum can take on values of the magnetic
quantum number

m=-I,-I +1,...,1I-1, I For 'H, the cigenstates are m = +1.

When placed in an external magnetic field, By, the proton magnetic moments will
align parallel (high energy state) or anti-parallel (low energy state) with their individual

magnitudes equal to

pw=yh\/I(I+1). (2.1)

Their z-components are equal to

W, = yhm (2.2)

while their z- and y-components are randomly oriented. The energy associated with a

magnetic dipole moment in an external magnetic field, By = Bz, is

E=—-pBo (2.3)
making the E levels for 'H:
E.= JZB L (2.4)

The difference between the two energy levels is then (see Figure 2.1)

where 7 is a physical constant called the gyromagnetic ratio of the nucleus. For 'H, v /27 =

42.58 MHz/T.

The probability of a proton being either spin state is determined by the Boltzmann



Figure 2.1: Energy levels for 'H.

distribution,
e:F’yhBo /Qk‘T

b+ = e—VhBo/2kT | o+7hBo/2kT (26)

where k is the Boltzmann constant (1.38 x 10%* J/K) and T is the temperature (K). Through

series expansion and first order approximation (AE << kT),

Ly 2B

The difference in the distribution of protons in the low and high energy states is,

_”}/hBO

—p_ = . 2.
py—p SET (2.8)

These equations demonstrate the effects of increasing the By field. The energy difference

is increased and consequently, so is the excess of protons in the low energy state.

At a field strength of 7.0 T, like the one used in the experiments described in this
thesis, N, — N_ corresponds to a fractional population difference of 24 x 107%. For a
million proton sample, there will be 24 more protons in the lower energy state than the high
energy state. A typical MRI voxel volume contains 10?! protons making the excess number

of protons in the low energy state to be 2.4 x 106, This produces an observable magnetic



dipole moment.

The magnetic dipole moment of a single proton is extremely small and so it is useful to
consider them as a macroscopic collection in a volume. The net magnetization vector, M, is

used:

M=) u, (2.9)

where N is the number of protons in the sample.

At equilibrium, a collection of protons will have a random orientation to each of its spins
due to thermal random motion and thus no net magnetization will exist. The net magnetiza-
tion vector is made of 2 components: a longitudinal (M,) and a transverse component (M,,).
When placed in a magnetic field, By, the random orientation of the proton spins around the
z-axis causes the transverse component to cancel and thus only longitudinal magnetization
exists, M = MgZ, dependent on the excess number of protons in the low energy state (see

Figure 2.2).

No magnetic
field

¥

Figure 2.2: Macroscopic collection of proton magnetic dipole moments and their contribution
to the net magnetization vector, M. In the absence of an applied magnetic field, M = 0.
When Byz applied, M = Mz



Larmor Frequency
The magnetic field exerts a torque g x B on the protons rotating dipoles causing them to

presses around that field at a characteristic rate called the Larmor frequency, wy, where

wo = vBy (2.10)

and

fo = wo/2m. (2.11)

My experiments used a 7.0 T magnetic field which results in a Larmor frequency fo = 300

MHz.

By convention, the By field is oriented parallel to the z-axis on a 3 dimensional Cartesian
coordinate system. Two frames of reference are used to conceptualize the interaction of
the protons with the magnetic fields: the laboratory frame and the rotating frame. The
laboratory frame is a stationary reference frame from the observers point of view. In this
frame, the protons individual magnetic moments precess around the z-axis as described
previously. The rotating frame has the axis spinning at the processional frequency of the

protons such that they appear stationary when rotating at the same frequency.

2.1.2 The RF Pulse and Resonance

Manipulating desired protons through the application of applied magnetic fields is the essence
of magnetic resonance imaging. Protons in the low energy state are able to transition to the
high energy state by absorbing energy equal to the energy separation between the states. By
manipulation of Equation 2.5, Equation 2.10 and Equation 2.11, it can be shown that this
energy separation is equal to hfy. This energy is delivered in the form of radio-frequency

electromagnetic radiation, called the B(t) field, with a specific frequency equal to the pro-

10



tons precessional frequency (see Figure 2.3). In the classical approach to this process, the

4

Q’\

Figure 2.3: A proton with m = +% absorbing energy from the B (t) field causing a transition

to the m = —% energy level.

B, (t) field is a sinusoidal wave applied orthogonally to the By field,
By (1) = BSlcos(wps(t) + )% — sin(ws(t) + 0)3] (2.12)

where Bf{(t) is the pulse envelope function, w,s is the frequency of the applied pulse and ¢

is the initial phase angle (4).
The sinc pulse is a common shape for the By (t) envelope and is defined as,

Bi(t) = Asinc[rAf(t —7,/2)]  for 0 < t < 7,/2 (2.13)

where 7, is the pulse time length and A is a constant determined by the flip angle. In the

frequency domain, sinc pulses become rectangular pulses defines as

) =[] g et (2.14)

where Af is the frequency bandwidth centered on the Larmor frequency, f.. This function

11



becomes particularly useful when selecting a slice of the volume with a range of specific

frequencies (See subsection 2.2.1).

The number of protons that absorb this energy depends on the amplitude and duration
of the By(t) field, which allows the longitudinal magnetization to assume different values
along the z-axis. In the rotating frame, the B;(t) field appears stationary relative to the
precessing protons. The net magnetization vector experiences a torque from Bi(t) which
causes it to tip away from the z-axis into the transverse plane. The angle of this tip away
from the z-axis, called the flip angle («), is related to the strength of the By(t) field and
the time it is applied. In the lab frame, the magnetization vector still precesses around the
z-axis as is it being tipped into transverse plane. It can be visualized as cone with a growing

radius.

A /2 pulse flips the net magnetization vector from M = Myz to M = Myxy by bringing
the individual proton spins into phase with each other and transitioning approximately half
them to the higher energy level. This is the maximum amount of transverse magnetization
the net magnetization vector can obtain. A 7 pulse flips the net magnetization vector 180
degrees, sweeping out a half circle from M = Myz to M = -Myz in the rotating frame

(see Figure 2.4).

The signal detected from the relaxation of the proton back to equilibrium is composed
purely of the transverse component of the magnetization (S o< M,,). The rotating transverse
magnetization induces voltage changes in a receiver coil with a frequency equal to that of its
rotation, specifically wy = vBy. After the B;(t) field has perturbed the magnetization vector
and been turned off, the magnetization vector will relax back to equilibrium (as described
in subsection 2.1.3). The volume can be excited by several RF pulses at fixed intervals and
durations to manipulate the transverse magnetization component and make it depend on

different tissue properties. This is discussed further in the following subsections.

12



At equilibrium (rotating frame) Apply B, field (RF pulse)

7 , 90° flip
B, =
180° flip
y E—

Figure 2.4: The net magnetization vector, M, before and after applying a By (t) pulse with
a m/2 flip angle (top) and 7 flip angle (bottom).

2.1.3 FIDs and Relaxation

T5 Relazation

The signal produced by the precessing transverse magnetic field in the receiver coil is termed
the free induction decay (FID). It is so called due to the damped sinusoidal behavior of
the rotating transverse component of the magnetization vector which decreases during its
relaxation back to equilibrium. The decrease in the transverse magnetization is caused by
the individual proton spins dephasing from small local magnetic inhomogeneities intrinsic
to the sample of the structure. Some protons will experience a slightly stronger magnetic
field while some will experience a slightly weaker magnetic field, causing them to precess at
slightly different frequencies. As time passes, the spins tend towards a random distribution
around the z-axis, causing no transverse magnetization to exist (see Figure 2.5). The decay
of the FID envelope is governed by the Ty decay constant called the spin-spin relaxation
time. Ty represents the time the FID signal takes to decrease by a factor of e, or 37 % of its

maximum value. The transverse magnetization decay follows the equation,

M, (t) = Mye /T2, (2.15)
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Figure 2.5: Individual proton spins in the x/y/ plane and rotating frame with the correspond-
ing FID created by the x and y components as well as the envelope of the magnetization
vector.

Protons in different molecular environments will have different Ty times. Protons in
cerebral spinal fluid (CSF) are rapidly moving causing the effects of magnetic field inhomo-
geneities to cancel. CSF will then have a long Ty time (5). Protons in larger non-moving
structures, such as myelin, will have short Ty times due to stationary magnetic field inho-

mogeneities.

When magnetic field inhomogeneities include imperfections in By, spins dephase quicker

and can be modeled as Ty shortening to Ty*.
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T) Relazxation
T, relaxation is also called the spin-lattice relaxation time and governs the recovery of the
longitudinal magnetization (Figure 2.6). Mathematically this recovery after a 7/2 excitation

pulse is described by,
M, (t) = M,[1 — e V7], (2.16)

Magnetization

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 2.6: Recovery of the longitudinal magnetization, M,, after a m/2 pulse.

Ty is the time it takes for the longitudinal relaxation to recover by a factor of (1 - e)
or 63% of its original value after being displaced by a B;(t) field. T, relies on the protons
losing energy to the surrounding molecular lattice thus the structure of the lattice in part
determines T relaxation. Furthermore, energy transfer is most efficient when the vibrational
frequency range of the lattice contains that of the precessing protons. Molecules vibrate at
different frequencies with varying ranges depending on their size and movement therefore T,
relaxation is dependent on the physical characteristics of the tissue (5). Specifically lipids,

proteins, and fats have vibrational frequencies that allow them to undergo the most efficient
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energy transfer with excited protons.

If the By field and consequently the Larmor frequency is increased, the vibrational
frequency range of the molecular structure may not overlap with wy causing increased T,

times.

2.2 Magnetic Resonance Imaging (MRI)

It has been discussed how a sample of protons can be manipulated through the application of
magnetic fields to produce a signal that can be detected by a receiver coil. The proceeding
section will discuss how the signals can be localized in order to probe desired slices of a

sample and how the signal is reconstructed into an image.

2.2.1 Signal Localization

If a sample of protons is placed in a uniform external magnetic field and a perfect single 7/2
RF pulse is applied, protons throughout the entire sample will be excited and all precess
with the frequency. In order to produce images containing only a portion (or slice) of the
sample, only protons from that slice are required to be excited. This is accomplished by the

use of RF excitations and magnetic field gradients, a process called spatial localization.

Recall the detected signal from a sample of protons has the same frequency as the
protons producing the signal. In order to probe different sections of a sample, the precession
frequency of the protons must vary from point to point. Magnetic gradients are used to vary
the magnetic field over a sample in order to vary the precessional frequency of the protons
in the sample. These gradients are used in addition to the main magnetic field and are only

applied temporarily.
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Gradients work by linearly varying magnetic field strength over a distance along one
axis of the sample. Proton precession frequency varies corresponding to their position along
the applied gradient. The localization in a 3D volume requires the use of 3 gradients: the
slice select, frequency encode and phase encode gradients. The following will describe the
format of a typical axial slice. Any other slice can be obtained by changing the direction of
the axes. In the following explanation phase and frequency encoding are applied in the y

and z directions respectively, and can also be switched.

Slice Select Gradient
The slice select gradient in conjunction with a RF pulse selects a specified thin section
of the tissue. The slice select gradient is applied across the entire sample which causes
the protons to precess with different frequencies depending on their position while the RF
pulse selectively excites protons by containing only the desired matching narrow band of
frequencies (see Figure 2.7). The RF pulse is applied to the entire sample although protons
outside of the specified frequency band precess at a different frequency and will not be
excited. A temporary setback to this gradient method is that it causes dephasing of spins
throughout the sample. The solution is a re-phasing gradient, equal to half the area of the
original gradient and opposite in polarity, applied to rephrase spins after the slice is selected.

This is the first of 3 gradients used to localize the proton signal.

Phase Encode Gradient
The phase encode gradient (PEG), G, is used to encode the position of the protons in each
column within the selected slice. This is done by linearly varying the magnetic field within
the slice along the y-axis. This is done before the frequency encode gradient applied. Phase
encoding causes the phase difference between protons at different positions along the y-axis

to be varied once the PEG is turned off. The protons spins will have a phase angle of

(y) = —1Gyylg, (2.17)
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By(1) -1 |
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Figure 2.7: Application of a gradient in combination with a RF pulse to select a slice along
the z-axis. The slice thickness depends on the gradient chosen, G, or GG,, and the bandwidth
of the By(t) pulse.

once the PEG is removed, where T, is the period of time the PEG is applied. The phase
shift experienced by the protons increases linearly to the maximum phase shift on one side
of the gradient to the edge of the field of view (FOV) while the frequency decreases linearly
to maximum negative phase sift towards the opposite end of the FOV. Thus the position
of the protons along the y-axis is encoded by the amount of phase shift it inherits. Once
the PEG is removed the protons phase shift remains although the precessional frequency
reverts back to the Larmor frequency. This causes the selected slice to be further sectioned
into rows, each with its own phase shift. The strength of the PEG, also known as the slope
of the PEG, is varied for each repetition interval (e.g. from positive to negative polarity)
to produce a positionally dependent phase shift at each position along the phase encode
direction. The spatial position is decoded using the Fourier transform after all of the data

has been collected.

Frequency Encode Gradient
Once the slice has been selected, the slice select gradient is turned off. The protons in this

selected slice have been excited and contain transverse magnetization. Once the gradient is

18



off, these protons once again all experience the same magnetic field (By) and precess with the
same frequency. The frequency encode gradient (FEG) is then used to encode the position
of the protons within the sample by linearly varying the magnetic field within the slice along
the z-axis. The Larmor frequency of a proton spin at a position x immersed in a By field,

after excitation in combination with the FEG (G, ) is

w(z) = wo + 7Gx, (2.18)

In this explanation, the slice is selected along the z-axis using the slice select gradient
and the spins are then spatially encoded along the z- and y- axis. The FEG applied during
the formation and decay of the proton signal. For a typical axial image, the FEG is applied
along the z-axis and spins are frequency encoded depending upon their position along the
FEG. Protons at the center of the gradient, in the middle of the FOV, experience no frequency
shift. The frequency shift experienced by the protons increases linearly to + f,,.. on one side
of the gradient to the edge of the FOV while the frequency decreases linearly to — f,,4. to
the opposite end of the FOV. The protons experience the frequency shifts only when the
gradient is on. This means the signal must be acquired while the FEG is on. This causes the
selected slice to be further sectioned into rows, each with its own frequency shift. The signal
from each row is then amplified, digitized and Fourier transformed to produce a data set
containing the amplitude of the signal in each column versus its frequency (and therefore)

position in the FOV.

k-space and Image Reconstruction
When the frequency and phase shifts are combined, as they are during frequency encode
gradient, each pixel in the selected slice will have its own unique phase shift and frequency
shift. In a 256x256 image, the Fourier transform will reveal 256 component frequencies, each

having 256 unknown phase components. In order to determine the 256 phase components
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(the position along the y-axis) at each frequency (the position along the z-axis) the signal
of each pixel must be measured 256 times, each time giving new phase information. This
is why the PEG must be varied each repetition interval. Each row in data space contains

signal obtained from the entire image at each repetition time, Tg.

MR data is initially stored in a 2D matrix of positive and negative spatial frequency
values as complex numbers. In a typical axial image, data is encoded along the k, axis by the
frequency encode gradient and along the k, axis by the incremented phase encode gradient
(Figure 2.8). Each axis ranges from — f,,,4; t0 + finaz. Prior to the application of the FEG, a
gradient pulse called the readout dephaser, is applied for half the time of the FEG in order
to encode the z-axis in k-space from — f,,.. t0 + finae rather than 0 to 2f,,... k-space is
first Fourier transformed along each row of the k-space matrix, stored in an intermediate
matrix and then Fourier transformed along each column of the intermediate matrix. This
2D Fourier transform converts the data in the k-space matrix into image space to produce a

meaningful image (Figure 2.9).
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Figure 2.8: After the application of all 3 spatial localization gradients, each voxel becomes
frequency and phase encoded. The range of frequencies created by G, is w = wy_,wp, and
wop, - The range of phases created by G, is ¢ = ¢_,0, and ¢,.

Signal with the highest amplitude is contained at the centre of k-space where the lowest

spatial frequencies are located. Higher frequency data is contained at the outer parts of
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k-space Image space

Figure 2.9: A 2D FT of k-space into image space.

the k-space matrix and have low signal amplitude. Fine detail of the image is stored in the
higher spatial frequencies. A reconstructed image without high spatial frequency data loses
resolution and fine detail and becomes fuzzy. Removing the bulk of signal that is stored at
low spatial frequency gives an image lacking bulk signal contrast. k-space can be filled in
various ways other than filling in each row incrementally. This is beyond the scope the thesis

and the reader is referred to Bushberg (5) to explore other methods of data acquisition.

2.2.2 The Spin Echo

Tissue contrast can be varied to reveal different tissue features by manipulating the protons
in the tissue in certain ways to have their signal more (or less) dependent on T, relaxation,
Ty relaxation, proton density or other properties like diffusion (subsection 2.3.3) or magne-
tization transfer (subsection 2.3.4). The manipulation of the protons is executed by varying

the timing, order, polarity and repetition frequency of the RF pulses and magnetic field gra-
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dients (distinct from signal localization gradients). The spin echo pulse sequence is one of
the major pulse sequences in MR imaging. How the sequence works as well as a description

of the parameters used in the sequence are described below.

A spin echo can be generated by 2 RF pulses separated by a period of time (Tg/2)
where T is the time of the echo signal. The first RF pulse, a 7/2 pulse applied say in the
x direction, excites the protons creating maximum transverse magnetization that produces
an FID, decaying with the time constant Ty*. After a period of Tg/2, a second RF pulse, a
7 pulse applied in an orthogonal direction, say the y direction, inverts the individual spins.
After inversion, the direction of motion of individual spins is reversed and they begin to
converge. This is the beginning of the spin echo. The peak of the echo marks the Tg
time and occurs at maximum convergence of the spins. The echo then decays with the
Ty* time constant as the spins dephase due to variations in their precession frequencies

(see Figure 2.10) The amplitude of the spin echo is Ty-weighted (4):
S(Tg) = Mye Te/T2, (2.19)

The signal is thus time dependent. The time between the 2 RF pulses can be adjusted to

vary tissue contrast between tissues with different Ty times.

2.3 Magnetic Resonance Imaging Methods

There are many MRI pulse sequences that can be used obtain the desired signal weighting

and so only MRI methods used in this thesis experiment are discussed.
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2.3.1 Ty-weighted Imaging

The Carr-Purcell Meiboom-Gill (CPMG) pulse sequence (see Figure 2.11) is used in this
experiment to calculate the in vivo and ex vivo single component Ty decay curve. The FID
decay is governed by T,* decay while the envelope of the multiple echoes decays with T,.

Signals from the CPMG pulse sequence can be fit to the equation:

S(nt) = See ™+ C for n = 2,4, 6,8, ... (2.20)

with Tg held constant, and Ty can be estimated. By varying the phase encoding gradient
strength for each 7w pulse, each echo produced is spatially encoded with a different phase
encoding. Each echo then contains data for a different line of k-space. This method is known
as Rapid Acquisition with Relaxation Enhancement (RARE). If n echoes are acquired per

Tr then the sequence is said to have a RARE factor of n (where n is a power of 2) and
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Figure 2.11: The CPMG pulse sequence.

image acquisition becomes n times faster.

2.3.2 Relaxometry

Relaxometry is referred to as the measurement of T; and Ty relaxation times. A series of
RARE acquisitions can be collected and the echo images can be used to calculate T; and
Ty values. T, is calculated from echo images generated as described below, while T is

calculated as described in subsection 2.3.1.

The amplitude of the spin echo signal at t = Tg in the spin echo sequence described
above is (4):

S(TE) o Mzo(l — 2~ (Tr=TEp/2)/T1 + G_TR/Tl)e—TE/TQ. (2‘21)
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In practice, Ty < T and this equation simplifies to

S(Tg) ox M2(1 — e~ Tr/Th)e=Te/T2, (2.22)

Ti-weighting can be selectively achieved by varying Tx and keeping T g short and constant.

The Ty-weighting factor can be ignored and Equation 2.22 can be written as

S(TR) oc MO(1 — e~ Tr/Th), (2.23)

2.3.3 Diffusion Tensor Imaging (DTT)

MRI can also be used to measure the amount of motion, or diffusion, of the precessing protons
by utilizing inherited phase shifts that arise from multiple gradient encodings. Measuring
diffusion is useful due to its ability to give insight on tissue structure and organization,

specifically of the white matter tracts that cannot be found through relaxometry.

Diffusion

Diffusion is the process of random molecular thermal motion, also known as Brownian mo-
tion. Unrestricted diffusion can be described by the equation < x >?= 2D(ty — t;) where
< o >2? is the mean-squared diffusion distance of the molecule along one direction, D is
the diffusion coefficient (um?/ms) and (ty — t;) is the diffusion time. In 3 dimensions, this

equation becomes: < r >%= 6D(ty — t;).

D is called the diffusion tensor and is a 3x3 matrix that describes molecular movement

in 3 directions:
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The PGSE Sequence

The pulse sequence used in this experiment to measure diffusion is called the pulsed gradient

spin echo (PGSE) sequence and is pictured in Figure 2.12. This sequence is the familiar spin
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Figure 2.12: The PGSE sequence and its de- and rephasing gradient effects on proton spins.

echo sequence with 2 additional gradients applied before and after the 7 RF pulse used to

magnetically label protons attached to moving molecules such as water (6). In the PGSE

sequence, the diffusion weighted signal is

S(Tg) o< MF(1 — e_TR/Tl)e_TE/TQG_b(TE)D (2.25)
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where b is known as the diffusion weighted factor. This factor includes all diffusion and
imaging gradient effects (such as the duration and separation of the diffusion gradients,
o and A, respectively) and characterizes the diffusion signal attenuation. By holding all

variables constant except for those introduced by diffusion, the signal can be written
S(t) = Spe P (2.26)

which was Stejskals and Tanners solution to the modified Bloch-Torrey equation (7).

Now it can be seen that by varying b in a series of images, the diffusion coefficient D

can be determined.

Apparent diffusion coefficient (ADC) and the Diffusion Tensor

Manipulating Equation 2.26 results in a new equation that D is able to be determined

from:

InS(b) = —bD + In S(b = 0) (2.27)

and
b_ I S(b= 02 —InS(b)] |

(2.28)

Above, S(b) is the echo image obtained with a diffusion weighting factor b and S(b = 0) is

the echo image obtained with no diffusion weighing.

The mean apparent diffusivity coefficient considering 3 directions in a voxel is then
<D >= (D,+Dy+D,)/3. The mean apparent diffusivity coeflicient describes the magnitude

of diffusion but gives no information of the directionality of diffusion.

In biological tissue, diffusion is hindered within cells by dense macromolecule packing

and high cytoplasmic viscosity while extracellularly, diffusion is hindered by tortuosity effects
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(6). Tortuosity is the concept that explains how water must travel obscure paths rather than
in a straight path due to hindrance by fibers, macromolecules, organelles, and other obstacles
(6). This hindrance causes the measured diffusion coefficient to be less than the free diffusion

coefficient, D. Thus with MRI we measure an apparent diffusion coefficient, or ADC.

The structures within biological tissues could cause the apparent diffusion to be unequal
in all directions, a property called anisotropy. For instance water diffusing in axons can diffuse
more easily along the axon rather than across the axon. When diffusion is anisotropic,
the diffusion tensor is used in place of the ADC. This experiment wanted to inquire into
diffusion along 6 directions and thus 7 images with different b values (including a non-

diffusion weighted image, the b=0 image) were acquired.

D can now be determined from the equation derived from Equation 2.25 (8):

InS(b)—1In(S(b =0) = —(byy Dy + 2byy Doy +2b,. Dy + by Dy + 26, Dy, +b,. D). (2.29)

Here, S(b) is the echo image obtained with a diffusion weighting factor and S(b=0) is
the echo image obtained with no diffusion weighing. The diffusion weighting factor is now a
matrix, b, and is calculated for the series of diffusion weighted images collected. Once again,
D is estimated by varying b and examining the echo signal in each voxel. D was estimated

using a constrained non-linear least squares method that was previously used (2).

Diffusion Tensor Metrics

The diffusion tensor is calculated in each voxel of a diffusion weighted image and contains a
large amount of information about the movement of water in that voxel. Metrics that define

the amount of diffusion as well as its directionality can be derived from the eigenvectors and
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eigenvalues of the diffusion tensor matrix. These metric maps simplify the interpretation
of image information. Directionally encoded color maps, known as red-green-blue (RGB)
maps give 2 dimensional spatial information as well as the direction and magnitude of dif-
fusing water in the image acquired. These metrics as well as the RGB maps are discussed

below.

Eigenvalues and Eigenvectors of D and the ellipsoid representation of D

Diagonalization of D yields eigenvectors (ej, ey, e3) and their corresponding eigenvalues
(A1, Ag, A3) that describe the diffusion directions as well as their magnitude of diffusion along
these directions (9). D then becomes, D = [A; 00, 0 A2 0, 00 A3] and can be visualized as an
ellipsoid (see Figure Figure 2.13a). The major axis has eigenvector e; with its radius equal
to the square root of A\; while the radii of the minor axes, along e, and e3, are the square
root of Ay and M3, respectively. The mean squared displacement, < r >2, of the molecule

is measured which then introduces the square root to the radii of the axis of the ellipse, A.

€

a b C d

Figure 2.13: The diffusion ellipsoid (a), isotropic diffusion (b), planar anisotropic diffusion
(¢), linear anisotropic diffusion (d) ellipsoid representations.
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Mean Diffusivity

Trace(D) A+ o+ A
<D>:%():% (2.30)

Mean diffusivity defines the magnitude of diffusion in a voxel and generally increases with

increased extracellular space and tissue water (2).

Axial and Radial Diffusivity

Ao+ A3

)\”:)\1 and )\i: B

(2.31)

Axdial diffusivity, |, describes the amount of diffusion parallel to major axes of the ellipsoid,
generally in the direction parallel to the white matter tract. Radial diffusivity, A, defines
the amount of diffusion running perpendicular to the major axis of the ellipsoid (along e; and
e,). Because water diffuses more easily parallel to and along a white matter tract than it does
across one, it follows that A will be greater than A, in a healthy white matter bundle (2).
Decreased A has be shown to be a reliable marker for axonal damage (10; 11; 12; 13) while
increases in A have been linked to demyelination distinct from axonal damage (12; 14; 15)

in mouse models of white matter damage including ischemia, EAE and cuprizone.

Fractional Anisotropy

3 (M =—<D>P2+N—<D>24+(N3—<D>)?
FA=4/= 2.32
\/;\/ JYEDVEDY (2:32)

Fractional anisotropy, FA, is the fraction of the total magnitude of the diffusion tensor
that is anisotropic (16) and indicates if diffusion is favored more along 1 axes compared
to the remaining 2. FA values range between 0, indicating diffusion is not favored in any
direction (isotropic), and 1 indicating diffusion is favored in one of the measured directions

(anisotropic).
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Isotropic diffusion Figure 2.13b occurs when A\; &~ Ay &~ A3 making the diffusion ellipsoid
spherical in geometry. Planar anisotropic diffusion occurs when \; &~ Ay > A3 creating an
oblate ellipsoid (Figure 2.13c) while linear anisotropic diffusion occurs from A; > Ay &= A3

and creates a prolate ellipsoid (Figure 2.13d).

Changes in < D >, A\ and A consequently cause changes in FA making its sensitivity

a useful tool for studying pathological changes (17).

Directionally Encoded Color Maps

RGB maps are a useful tool in visualizing the direction of diffusion in an image. A colour
component (R,G,B) is assigned to the (z,y,z) components of e; where = defines the left-
right, y defines the front-back, and z defines the top-bottom directions. These values are
multiplied by the FA value in that voxel to give a direction as well as the magnitude of
diffusivity in that direction represented by the intensity of the color. Because water diffuses
more easily down a white matter tract than across it, brighter voxels can indicate a path of

connected white matter tracts.

R=lei,| FA G=ley,|FA B=le.|FA (2.33)

< D >, A\ and A, and FA are all scalar metrics and rotationally invariant. This
makes comparing these metrics between samples easier since each sample does not need to

be positioned in the same orientation while collecting images.

2.3.4 Quantitative Magnetization Transfer Imaging (qMTI)

Protons contained within macromolecules exist in a slightly different magnetic environment

than protons in free water making their Larmor frequencies different. This means bound
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pool protons (those contained in macromolecules like myelin) can be selectively excited by
a narrowband RF pulse apart from free pool protons (Figure 2.14). The RF pulse used is
called an off resonance pulse because its frequency is shifted away from the Larmor frequency
of the bulk of protons (in the free pool). Magnetization transfer from the excited protons in
the bound pool to protons in the free pool occurs creating partial saturation of the free pool.
This saturation causes signal attenuation in the free pool after the on resonance RF pulse is

applied when compared to the signal obtained with no off resonance RF pulse.
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Figure 2.14: Magnetization transfer contrast is achieved using an off resonance RF pulse to
saturate bound pool protons apart from free pool protons.

Bound pool protons have T, relaxation times too short to allow for detection (Ty <
1 ms) using the spin echo technique described throughout this section. Free pool protons
however, have long T, relaxation times that do not completely decay before all of the nec-
essary spatial encoding gradients are applied and signal acquisition is complete. Therefore
using this off resonance RF pulse technique, protons in macromolecules (specifically myelin

in this experiment) can be indirectly imaged.
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Two Pool Model of Magnetization Transfer

Figure 2.15 shows an interpretation of the two pool model of magnetization transfer. The
free pool protons initially start with magnetization Mg' and the bound pool protons start
with magnetization M. The off resonance pulse selectively excites the bound pool creating
an increased amount of transverse magnetization within this pool. The pools relax back to
equilibrium with longitudinal relaxation rate R4 = 1/77* and Rp = 1/TZ. While relaxation
is occurring, the pools exchange magnetization. The amount of transfer is dependent on
the magnetization transfer rate R. The exchange of magnetization leaves less longitudinal
magnetization at equilibrium in the free pool available to be excited for the /2 on resonance

RF pulse thus creating signal attenuation.

Free Pool

Bound Pool

Ry

M& M5

Figure 2.15: Two pool model of magnetization transfer. The free pool protons have mag-
netization M¢' and the bound pool protons have magnetization M. Spins have either
longitudinal (white) or saturated (grey) magnetization. After RF excitation of the bound
pool, magnetization transfer occurs between pools with a rate R, while each pool relaxes
longitudinally with rates R4 and Rp.

A proton density image is acquired using a spoiled gradient echo imaging sequence (see

Figure 2.16). The spoiled gradient is applied along the slice direction during a gradient echo
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imaging sequence to minimize residual transverse magnetization after signal acquisition such
that only longitudinal magnetization exists at the time of the subsequent excitation pulse
(2; 18). The gradient echo signal amplitude is dependent on T; and Ts* of the sample as
well as the flip angle, Ty and Tg. A proton density image with fast acquisition is achieved
by minimizing TR and reducing the flip angle to reduce T-weighting, all in combination
with the spoiler gradients (2). This is known as the Fast Low Angle Shot (FLASH) method.

Applying the off resonance RF pulse before the FLASH method gives an image with magne-
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Figure 2.16: The gradient echo pulse sequence. Gradient dephasing and rephrasing creates
the echo signal at ¢t = T.

tization transfer contrast proportional to the magnetization transfer properties of the tissue
and the imaging parameters (2). The off resonance RF pulse can be characterized by its

offset frequency, Af (in Hz) and the angular frequency it induces in the precession, wy

(rad/s).

The coupled two pool system described above can be represented by differential equa-
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tions to produce an equation defining the relationship between the longitudinal magnetiza-
tion directly after RF excitation in a MT sequence (M) and the longitudinal magnetization
directly after RF excitation with no off resonance pulse used (Mg!),

MA

T =9
MA < RMA w 2
’ {—Rm‘)f})} (Bo+ Rugs) + (1+ [5255] [k ) (Be + Reps + RMg)

A
Ry [%] s+ R+ RAMY )
(2.34)

Above, f is the bound pool fraction f = (MP)/(Mg + MP), g is a constant related to the
gain settings, I,r4 is the absorption rate of the free pool and R,;p is the absorption rate
of the bound pool. This ratio, MA/Mg, represents the normalized signal intensity and is
equivalent to the magnetization transfer ratio M, /M, discussed below. The derivation of

Equation 2.34 can be found in (2).

The parameters Rg, RM', f/Ra(1 — f), TZ, 1/RAT;" and g can be estimated by
collecting a series of images with varying values of A f and w; and fitting the signal to Equa-
tion 2.34. In this experiment, 1 proton density image was collected contributing Mg along
with 18 MTC images with varying Af and w;. Equation 2.34 was used to estimate the 6

parameters listed. Rp was arbitrarily set to 1 s~1 by convention (2; 19).

qMTI Metrics

Longitudinal Relaxation Rates of the Free (R4) and Bound (Rp) Pools

1

R:ﬁ

(2.35)

The relaxation rate depends on characteristics of the molecular environment as well as mag-
netic field strength. A decrease in lattice coherence or an increase in water mobility will

cause the longitudinal relaxation rate to increase in biological tissues (2).
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Transverse Relaxation Times of the Liquid (7%') and Bound (7:7) Pools

T, measured from magnetization transfer methods reflect the same relaxation mechanisms
as Ty measured from relaxometry methods (2). Spins in the bound pool will dephase faster
and have shorter 75 times than spins in the free pool because of their stationary magnetic

field inhomogeneities.

Magnetization Transfer Rate, RMg' (or just R)

The magnetization transfer rate, referred to in this thesis as just R, is the rate magnetization
is transferred from the bound pool to the free pool after an off resonance RF pulse. It is

dependent on the size of the pools as well as the surface chemistry of the macromolecule (2; 5).

Magnetization Transfer Ratio (MTR)

MTR = My — M,y /M, (2.36)

The amount of magnetization transfer detected depends on how fast magnetization is trans-
ferred from the bound pool to the free pool which is in competition with how fast the
saturated spins are regaining their longitudinal magnetization. Higher R creates more mag-
netization transfer therefore causing more signal attenuation and a larger MTR value. Higher
R4 means longitudinal magnetization will be more likely to recover and contribute to the

detected signal therefore decreasing MTR values (20).

MTR maps are created using a proton density image (M) and a single saturation image
making acquisition times shorter than collecting a set of QMT images (minimum of 6 in this

thesis experiment) which are required to estimate the desired parameters. Thus, MTR maps
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provide good contrast between tissues in a short amount of time while qMTI metrics give

more specific detail of the 2 pools and their interaction but require more time.

Bound Pool Fraction, f

f=MP /(MG + MP) (2.37)

The bound pool fraction is a ratio of the macromolecular protons to the total protons (macro-
molecular and free water). f is expected to decrease as macromolecules are depleted as is

the case in demyelination or with an increase in the free water component (as in edema)

(21).
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Chapter 3

Methods

3.1 Mouse Model

Thirty-six 8 week old female C57BL/6 mice (Genetic Models Centre, Winnipeg, Canada)
were housed at the University of Manitobas Animal Care facility. Cuprizone (Sigma Aldrich)
was mixed with mouse chow (Teklad Global 16% Protein Rodent Diet) to a final concen-
tration of 0.3% (w/w) and pressed into pellets (see Figure 3.1). Mice were classified into
two groups: control mice receiving regular mouse chow (n=18 CTL) and those receiving
the same mouse chow but with cuprizone mixed in (n=18 CPZ). Cuprizone feeding began
immediately after initial in vivo images were taken at week 0. The experimental protocol
was approved by the University of Manitoba and University of Winnipeg Animal Care Com-
mittees who adhere to the guidelines and principles created by the Canadian Council on

Animal Care. Table 3.1 gives a representation of the study set up.
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Figure 3.1: Cuprizone was mixed with mouse chow to a final concentration of 0.3% (w/w)
and pressed into pellets. Blue food coloring was added to the cuprizone chow to avoid
confusion with the control normal mouse chow.

3.2 In vivo MRI

MRI was performed on a 7T 21 cm Bruker Avance 11T MRI System (pictured in Figure 3.2)
with Paravision 5.0 (Bruker BioSpin). Both groups were imaged prior to the start of the
cuprizone feeding (week 0) and every week there after for 6 weeks where maximum demyeli-
nation in the corpus callosum is reached. Six mice (n=3 CPZ, n=3 CTL) were imaged per
day of week 0 for 6 days such that all 36 mice were imaged. Beginning week 1 after in vivo
imaging, 3 CPZ mice and 3 CTL mice, one mouse per day, were euthanized to perform ez

vivo analysis.

Mice were anesthetized using 5% isoflurane in O5/N5O and maintained at approximately
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Table 3.1: Schematic representation of the study setup. The ’Live Mice’ column represents
the number of live mice in each group at the beginning of each week. This is the number
of mice that underwent in vivo imaging that week. The "Mice Sacrificed” column represents
the number of mice from each group sacrificed that week. These mice underwent ex wvivo
imaging immediately after sacrifice. Cuprizone feeding began immediately after week 0 in
V100 imaging.

Live Mice  Mice Sacrificed

Week o1 cpz oTL  cpPZ
0 18 18 0 0
1 18 18 3 3
9 15 15 3 3
3 12 12 3 3
4 9 9 3 3
5 6 6 3 3
6 3 3 3 3

1.5% isoflurane in O5/N,O with a nose cone during imaging. A gas scavenging system was
used to collect excess isoflurane. Respiration and external body temperature were monitored
during imaging using a MR-compatible small animal monitoring system (SA Instruments,
Stony Brook, NY,USA). External body temperature was maintained at 37°C with a heating

circular bath pad.

A custom built 42 mm diameter, 300 MHz inductively coupled quadrature RF volume
coil (NRC Institute for Bio-diagnostics, Winnipeg, MB, Canada) containing a tooth bar
secured the head in place during imaging. The bed containing the monitoring systems,
heating pad and coil were placed inside a Bruker BGA12-S actively shielded gradient system

with integrated shim coils (Bruker BioSpin).

MRI setup was completed in the following order:

1. Initial pilot scan to ensure proper placement of the mouse.

2. RF coil tuning and matching to the mouse head.
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Figure 3.2: The 7T 21 cm Bruker Avance III MRI System used to collect in vivo and ez vivo
images.

3. Magnetic field inside the coil made homogenous by manually adjusting the 1st and
2nd order gradients (shimming). After automatic shimming, a By field map acquired
and the shimming gradients re-calculated using Brukers MapShim function to improve

shimming.

4. The Larmor frequency, wy, found at peak signal strength.

5. Appropriate RF attenuation determined for creating 7/2 and 7 pulses.

6. Receiver gain adjusted dependent on pulse sequence used.

7. Axial, coronal, sagittal scout scans performed to consistently orient the desired coronal

slice relative to the centre line of the brain.

8. Based on a high resolution Ty-weighted sagittal image (Figure 3.3) along the centre line
of the brain, a coronal slice was centered on the anterior commissure and moved 0.5
mm anteriorly while intersecting the rostral region of the corpus callosum. A second
slice was positioned perpendicular to the corpus callosum and intersected the region of

corpus callosum that was contained in the first slice. The first slice was then deleted
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and the second was the desired slice. This procedure allowed consistent slice placement
from mouse to mouse, week to week and reduced partial volume averaging effects in

the corpus callosum.

Desired
Slice (S2)

Figure 3.3: The high resolution Ts-weighted sagittal image used to select the desired coronal
slice. A first coronal slice (S1) was centered on the anterior commissure (AC) and moved
0.5 mm anteriorly. A second slice (S2) was positioned perpendicular to the corpus callosum
(CC) and intersected the region of corpus callosum that was contained in the first slice. The
first slice was then deleted and the second was the desired slice.

To-weighted images and MT images were acquired with the same coronal slice with 98x98x750
um? resolution. Field of view (FOV)/matrix size was (2.5cm)?/256x256 resulting in a

98x98x750 pm? voxel resolution.

In vivo To-weighted images were acquired using a Rapid Acquisition with Relaxation
Enhancement (RARE) sequence (22) with fat suppression. The parameters of the sequence
were effective echo time (Tg.rr) = 80 ms, a repetition time (7x) = 1640 ms, 12 averages,

RARE factor = 8, echo spacing = 20 ms and a 10 minute acquisition time.

To create magnetization transfer ratio (MTR) maps, two in vivo Fast Low Angle Shot
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(FLASH) (23) images were acquired: one with a magnetization transfer saturation pulse
(Gaussian shaped, 10.25 ms long with a 10 uT saturation amplitude and a frequency offset
of 6 kHz) and one without (Proton Density (PD) image).The remaining parameters for these
images were using a Ty = 6 ms, T = 70 ms, 48 averages, 10 degree flip angle and a 2x14

minute acquisition time.

3.3 FEx vivo MRI

Beginning week 1 after in vivo imaging, 6 mice (n = 3 CPZ, n= 3 CPZ) were euthanized,
one mouse per day, to perform ez vivo analysis. This schedule allowed the analysis of the
cuprizone damage progression in 3 treatment mice at each week. Under deep anesthetic,
intracardial injections of 10 mL of cold 0.1 M phosphate buffered saline (PBS) followed
by 0.5% glutaraldehyde and 2% paraformaldehyde (PFA) were performed to fix the brain.
These were followed by another 10 mL of cold 0.1 M PBS injection to flush out the remaining
fixative. The skull was removed from the body and the skin and tissue were removed from
around the skull before storing in PBS prior to ex vivo imaging. Skulls were secured in place
for imagining using a custom built acrylic brain holder filled with room temperature Fomblin
Perfluoropolyethwe Y04 grade fluid (Solvay Solexis) to eliminate external proton signal and
susceptibility artifacts (2). The magnet bore remained at a constant temperature of 18°C
during overnight imaging. After imaging, skulls were dried of excess Fomblin and rinsed in
PBS. Brains were removed from the skull and stored in a 2% glutaraldehyde and 2% PFA

solution in a fridge for electron microscopy.

Ez vivo images acquired included Ty-weighted, T and Ty relaxometry, MTI and DTI.
All images were acquired with the same coronal slice with 98x98x750 pum? resolution. Field
of view (FOV)/matrix size was (1.25cm)?/128x128 resulting in a 98x98x750 um? voxel res-

olution. One CTL mouse was acquired with 2 additional slices which were not used in the
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analysis. High resolution ex wvivo Ty-weighted images were acquired using the RARE se-
quence with fat suppression. The parameters of the sequence were
Tgers = 46 ms, T = 1640 ms, 4 averages, RARE factor = 4, echo spacing = 23 ms and a 7

minute acquisition time.

Combined T4 and T, relaxometry data was acquired using a series of RARE acquisitions
with Tgerr = 11, 33, 55, 77, 99 ms, Tp = 5, 3, 1.5, 0.8, 0.4, 0.2s, RARE factor = 2, 8
averages and an acquisition time of 71 minutes. The CTL mouse images acquired with
3 slices used T = 5, 3, 1.5, 0.8, 0.4, 0.356s due to slight difference in image protocol.
Additional multicomponent Ty relaxometry maps were acquired using a Multi-Slice Multi-
Echo (MSME) sequence with 32 slice selective pi pulses and a 10 ms echo spacing (T = 10,

20, 30 320 ms, Tg = 2500 ms, 24 averages and a 96 minute acquisition time).

MT images were collected using the same FLASH sequence as in vivo with 18 MT
saturation pulse images acquired with RF amplitudes of 5, 10, and 20T and frequency
offsets at each power of 1, 2, 4, 6, 10, and 30 kHz (64 averages and an acquisition time of

19x9.6 min) and 1 with no saturation pulse (PD image).

DT images were collected with a Pulsed Gradient Spin Echo sequence (PGSE) (24)
using a 7 direction tetra-orthogonal gradient-encoding scheme and b-value=1000 s/mm? (§
= 6 ms, A = 14 ms), 6 averages Tr = 26 ms, Tr= 5000 ms, and a 5 hour acquisition

time.

3.4 Preprocessing and Image Analysis

In order to fit a series of images to the equations found in chapter 2, to define consistent

regions of interest (ROIs) across images of the same mouse and to compare different MR
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metric values on a voxel-by-voxel basis, image registration was required.

In vivo To-weighted images and MT images with no saturation pulse (PD) were aligned
to MT saturation images using an affine transformation matrix determined by minimizing
the 2D correlation coefficient and/or mutual information of the two images, with manual
adjustments if needed, using a custom built MATLAB GUI (2). Ts-weighted images were
normalized to the mean CSF signal in the third ventricle. MTR images were calculated by
finding the difference between the PD and MT saturation image and dividing by the PD on

a pixel by pixel basis.

Ez vivo PD, MT saturation, and T;/Ts relaxometry images were aligned to the low
b-value diffusion weighted image using the same method and GUI as the in vivo images. Dif-
fusion weighted images required that the b-matrices of each image were rotated to reflect the

rotations from image registration to maintain accurate orientation information (2; 25).

MRI metric maps from each imaging method were calculated using custom MATLAB
scripts. Images were first filtered using an adapted anisotropic diffusion filter (26; 27) as

done previously (2).

After images were registered and filtered, MATLAB scripts were developed to calculate
metric maps from each MRI method and were calculated using equations found in chapter 2.
ROIs were defined for each mouse on in vivo normalized Ts-weighted signal intensity images
and applied to the remaining n vivo images while ez vivo ROIs were defined on the diffusion
derived RGB maps and then applied to the remaining ex vivo images. These ROIs included
the corpus callosum, the left and right external capsule, the left and right cerebral cortex,

and the whole brain as shown in Figure 3.4.
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Figure 3.4: Ex vivo ROIs included the corpus callosum (1), the left (2) and right (3) external
capsule, the left (4) and right (5) cerebral cortex and the whole brain (6).

3.5 Electron Microscopy (EM)

Brain tissue was fixed in 2% glutaraldehyde and 2% PFA solution for a minimum of 7
months. Five mice at week 2 of the study (n=2 CTL, n=3 CPZ) and 6 mice at week 3
of the study (n=3 CTL, n=3 CPZ) were selected for EM. In vivo normalized Ty-weighted
signal intensity values in the corpus callosum of cuprizone fed mice were found to experience
the first and largest statistically significant increase between weeks 2 and 3 of feeding the
cuprizone chow (further explained in section 4.2). Based on this, brains from these weeks
were chosen for EM. An approximately 1 mm thick slice was removed corresponding to the
coronal slice imaged through MRI (see Figure 3.5). The corpus callosum was carefully cut
from this slice using a dissecting microscope as shown in Figure 3.6. Rectangular cubes of
corpus callosum were further fixed in phosphate buffered 4% glutaraldehyde followed by 1%

osmium tetroxide overnight, dehydrated in alcohol then acetone, and embedded in Epon

46



resin. Semithin sections (1 pum) were stained with toluidine blue. Ultrathin sections (90 nm)
from the corpus callosum were contrasted with uranyl acetate and lead citrate then viewed
and photographed with a JEOL 1010 transmission electron microscope equipped with digital
camera. An experienced neuropathologist took representative photomicrographs. EM images

at 2000, 5000, and 15 000x magnification were taken.

il
1 2
CENTIMETF

Figure 3.5: The first cut made in the dissection of the same slice of the mouse brain imaged
using MRI. To find the position of the slice in the actual brain tissue, a mouse brain (out
of the skull) and a sagittal MR image that was taken during the current study (similar to
that in Figure 3.3) were used to determine the image scale. On the MR image, the distance
of the left side of the slice from the edge of the olfactory bulb was measured. Using this
distance and the scale of the MR image, the distance the first (slightly angled) cut from the
left side of the actual brain (side with the olfactory bulb) was determined to be 2mm. The
1mm slice was then taken from the tissue remaining on the right side.

EM metrics were found by placing a 2x2 pum grid over 2 of the 5000x magnification
EM images from each of the mice. Tissue at each intersection (208 points per image, 416
points per mouse) was classified into 1 of 4 groups: myelinated axons, myelin sheath, non-

myelinated cells (including unmyelinated and demyelinated material, glial cells and processes,
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Figure 3.6: Once the slice was removed from the whole brain, the corpus callosum was
dissected out of the slice and was sent for EM imaging. The remaining slice, with a hole
where the corpus callosum once was, is pictured above.

and apoptotic cells), and extracellular space. The fraction of each was calculated per mouse.
Axon diameters and myelin sheath thickness were measured on two 15,000x magnification
EM images. The g-ratio, myelinated axons per 100 gum?, and myelin/axon diameter ratio

was calculated using these values as was done previously (2; 19).

3.6 Statistical Analysis

Independent sample t tests were performed at each week between groups for normalized
To-weighted signal intensities, MTR values, and ex vivo imaging metrics in the CC and EC.

One-way ANOVA with Tukey’s post hoc test was also used to find significant week to week
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differences within groups for all in vivo and ez vivo metrics in the CC and EC.

A Mixed Models procedure was performed on in wvivo normalized Tso-weighted signal
intensities and MTR values with week serving as the within-subject effect and group as
the between subject effect (treated as a continuous variable). The Mixed Model procedure
allows the within-subject factor to be treated as continuous and handles missing data more

desirably than two-way repeated measures ANOVA (28).

Spearman rank correlation coefficients and Pearson correlation coefficients were calcu-
lated between in vivo metrics and between all ex vivo metrics using mean ROI values and
individual voxel values in the CC and EC of control mice, cuprizone mice and the combined
control and cuprizone datasets. Metric values from control mice from week 1 (n=1) and
week 4 (n=1) were excluded from the correlation due to ROIs having a different number of

pixels from defining them on different images.

Independent sample t tests were performed on cellular features found through EM ex-
amination between groups at weeks 2 and 3 and within groups comparing week 2 to week
3. Spearman correlation coefficients were also performed between MRI metric mean ROI

values and cellular features.
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Chapter 4

Results

4.1 Cuprizone Diet

The 0.3% (w/w) cuprizone diet did not cause the mice to display any signs of pain or distress
nor did it cause death. As shown in Figure 4.1, the cuprizone fed mice weighed significantly
less beginning week 1 and throughout the remainder of feeding when compared to control
mice. The largest difference in weight between groups occurred at week 6 where control mice
weighed an average 24 4+ 2 g compared to cuprizone fed mice weighing an average of 20 +
1 g. Cuprizone fed mice lost a maximum of 5.4% after the second week of feeding. The
majority of mice then began gradual weight gain, while the remaining began gradual weight

gain the following week.
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Figure 4.1: Weekly average mouse weight for control (blue) and cuprizone-fed (red) mice.
Values are reported as mean + standard deviation. [Week 0: n=18 per group, Week 1: n=18
per group, Week 2: n=15 per group, Week 3: n= 12 per group, Week 4: n= 9 per group,
Week 5: n= 6 per group, Week 6: n= 3 per group].

4.2 In vwwo MRI

Visual inspection of Figure 4.2 and Figure 4.3 indicate that both methods are sensitive to
changes caused by the cuprizone treatment and that these MR metrics follow different time
lines. Normalized To-weighted images detected changes as early as week 2 while MTR maps
detected changes at week 4. The normalized Ty-weighted signal increased before plateauing
at week 3 in the corpus callosum whereas MTR values experienced decreases before plateau-
ing at week 4. Normalized Ts-weighted signal intensity was significantly different between
controls and cuprizone mice starting at week 1 in both the corpus callosum and external
capsule whereas the MTR values between control and cuprizone fed mice in the corpus cal-
losum were significantly different at week 2, not significantly different at week 3 and became

substantially significantly different beginning week 4.
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Figure 4.2: Weekly normalized To-weighted (T2w) signal intensity changes (mean + SEM)
in the corpus callosum (CC,black) and external capsule (EC,blue) in cuprizone fed (dotted)
and control (solid) mice. [Week 0: n=16(CTL)/11(CPZ), Week 1: n=17(CTL)/18(CPZ),
Week 2: n=12(CTL)/15(CPZ), Week 3: n=11(CTL)/11(CPZ), Week 4: n=9(CTL)/9(CPZ),
Week 5: n=6(CTL)/6(CPZ), Week 6: n=3(CTL)/3(CPZ)]. Data from weeks excluded due
to high noise. (*) denote significant differences between groups at that week with *p < 0.05,
**p < 0.01, ***p < 0.0001. All data shown for the corpus callosum in Figure B.1.
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Figure 4.3: Weekly MTR changes (mean + SEM) in the corpus callosum (CC,black) and
external capsule (EC,blue) in cuprizone fed (dotted) and control (solid) mice. [Week 0:
n=16(CTL)/11(CPZ), Week 1: n=17(CTL)/18(CPZ), Week 2: n=12(CTL)/15(CPZ), Week
3: n=11(CTL)/11(CPZ), Week 4: n=9(CTL)/9(CPZ), Week 5: n=6(CTL)/6(CPZ), Week
6: n=3(CTL)/3(CPZ)]. Data from weeks excluded due to high noise. (*) denote significant
differences between groups at that week with *p < 0.05, **p < 0.01, ***p < 0.0001. All data
shown for the corpus callosum in Figure B.2.
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Table 4.1: Weekly in vivo normalized Ty weighted signal (Tow) and MTR and ex wvivo
relaxometry MRI metrics in the corpus callosum of control (CTL) and cuprizone (CPZ)
mice. Values are reported as mean (SEM). In vivo values have measurements as follows:
[n=16 CTL, n=11 CPZ] at week 0, [n=17 CTL, n=18 CPZ] at week 1, [n=12 CTL, n=15
CPZ] at week 2, [n=11 per group| at week 3, [n=9 per group| at week 4, [n=6 per group| at
week 5, [n=3 per group| at week 6. Ex vivo measurements contain n = 3 per group at each
week (except for week 4 where n=2 CTL). * denotes significant differences between groups.
xp < 0.05, % xp < 0.01, %% xp < 0.0001.

Method
In vivo ex vivo Relaxometry
Week Mouse Tow MTR Ty (s) Ty (ms)
0 CTL 0.274 (0.004) 0.508 (0.006) - -
CPZ 0.271 (0.009) 0.514 (0.007) - -
1 CTL 0.262 (0.003) 0.514 (0.007) 1.43 (0.01) 52 (2)
CPZ 0.281* (0.005) 0.506 (0.005) 1.38% (0.01) 46 (1)
2 CTL 0.257 (0.005) 0.527 (0.004) 1.43 (0.02) 52 (1)
CPZ  0.322%** (0.008) 0.498** (0.008) 1.40 (0.01) 50.7 (0.4)
3 CTL 0.252 (0.004) 0.523 (0.004) 1.41 (0.02) 49 (1)
CPZ 0.37%** (0.01) 0.509 (0.007) 1.46 (0.02) 55 (2)
4 CTL 0.247 (0.005) 0.531 (0.004) 1.41 (0.03) 49 (1)
CPZ 0.35%** (0.02)  0.47*** (0.01) 1.43 (0.02) 50.6 (0.4)
5 CTL 0.247 (0.004) 0.511 (0.008) 1.39 (0.01) 50 (1)
CPZ 0.38%** (0.01) 0.46* (0.02) 1.51 (0.02)* 54 (1)
6 CTL 0.260 (0.006) 0.535 (0.003) 1.36 (0.05) 53 (2)
CPZ 0.37%** (0.01) 0.46** (0.02)  1.514 (0.002)* 53 (3)

Normalized To-weighted signal images (Figure 4.4) show signal increase in the corpus
callosum of the cuprizone fed mice beginning as early as week 2 of feeding. Signal increase in
the external capsule appears to lag signal increase in the corpus callosum although complete
signal inversion compared to the surrounding tissue is apparent at week 6 of the study in
external capsule where it is not in the corpus callosum. Numerical normalized Ty-weighted

signal intensity values and MTR values can be found in Table 4.1.

Weekly changes (mean + SEM) in the normalized Ty-weighted signal in the corpus
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Figure 4.4: Weekly (a) normalized To-weighted signal intensity images and (b) MTR maps
for a cuprizone mouse.

callosum and external capsule in cuprizone fed (dotted) and control (solid) mice are shown
in Figure 4.2. Independent sample t tests verified differences in normalized Ts-weighted
signal intensities between control and cuprizone fed mice in the corpus callosum and external
capsule were both significantly different beginning week 1 (p < .01 for both). One-way
ANOVA confirmed significant week to week normalized Ty-weighted signal changes occurred
in the cuprizone fed corpus callosum and external capsule (p < .0001 for both). Comparisons
using Tukeys post hoc test indicated the largest significant week to week change in the
normalized Ty-weighted signal of the external capsule of the cuprizone fed mice occurred
between weeks 4 and 5 where as it occurred between weeks 2 and 3 in the corpus callosum.
No significant week to week changes occurred after week 3 in the corpus callosum of the
cuprizone fed mice whereas significant week to week changes ceased at week 5 in the external
capsule. Mixed Models analysis showed significant differences in the normalized Ty-weighted
signal intensity of the corpus callosum between the control and cuprizone groups (p < .0001).
Significant weekly changes and significant interaction between week and treatment were also

apparent (p < .0001 for both).

While the pathological changes due to cuprizone feeding cause an increase in normal-

ized Ty-weighted signal intensity, they cause a decrease in the MTR. Decreased MTR was
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observed in the white matter regions of the cuprizone fed mice compared to control mice as
shown in Figure 4.3. Similar to normalized Ts-weighted signal results, MTR values in the
external capsule appear to experience the most change in response to the cuprizone treat-
ment. Independent sample T tests verified differences in MTR between control and cuprizone
fed mice in the corpus callosum were significantly different beginning at week 2 (p < .01),
excluding week 3. Independent sample T tests also indicated differences in MTR, between
control and cuprizone fed mice in the external capsule were only marginally significantly
different at week 2 (p < .05) and became substantially significantly different beginning week
4 (p < .0001 for all).

One-way ANOVA confirmed significant week to week changes occurred in the cuprizone
fed corpus callosum and external capsule (p < .0001 for both). Comparisons using Tukeys
post hoc test indicated the largest significant week to week change in both the corpus callosum
and external capsule of the cuprizone fed mice occurred between weeks 3 and 4. Week to
week changes were not significant after week 4. Mixed Models analysis showed significant
differences in MTR values of the corpus callosum between the control and cuprizone groups
(p < .0001). Significant weekly changes (p < .01) and significant interaction between week

and treatment were also apparent (p < .0001).

4.3 In vivo normalized T,-weighted signal and MTR

correlations

Weekly normalized Ty-weighted signal intensity and MTR weekly voxel based Spearman
correlation coefficients for the corpus callosum and external capsule are shown in Table 4.2
for the control, cuprizone and combined mice (control and cuprizone) data sets. Weekly ROI

based correlation showed strong but insignificant relationships. Correlations are stronger in
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Table 4.2: Normalized Ty-weighted signal intensity and MTR weekly voxel based Spearman
correlation coefficients (p) for the corpus callosum (CC) and external capsule (EC) for the
control, cuprizone fed and combined mice (control and cuprizone) data sets. All coefficients
have * * xp < .0001.

Week Control Cuprizone Combined
cC EC CC EC CC EC

0 -0.37 -0.46 -0.37 -0.54 -0.37 -0.49

1 -0.48 -0.59 -0.45 -0.54 -0.47 -0.58

2 -0.44 -0.64 -0.45 -0.52 -0.51 -0.60

3 -0.43 -0.71 -0.49 -0.56 -0.43 -0.55

4 -0.53 -0.73 -0.60 -0.45 -0.76 -0.80

5 -0.34 -0.57 -0.70 -0.49 -0.65 -0.84

6 -0.33 -0.66 -0.37 -0.40 -0.65 -0.85

the external capsule than in the corpus callosum at nearly all weeks in the control, cuprizone
and combined control and cuprizone mice data sets with the strongest correlation occur-
ring in the external capsule at week 6 in the combined data set (p=-0.85, p<.0001). The
strongest correlation in the corpus callosum of the combined data set occurred at week 4 (p=-
0.77, p<.0001). The combined data set was analyzed to include measurements with varying

degrees of myelination at each week of the study to improve the power of correlations.

The combined data set of all weeks for control, cuprizone and the combined control
and cuprizone mice data sets ROI based Spearman correlation coefficients showed weaker
negative correlations than the voxel based analysis which were still statistically significant
(Table 4.3). This analysis showed the strongest correlation in the external capsule of the
cuprizone fed mice using the voxel based values (p=-0.69, p<.0001). The combined data set

corpus callosum gave a coefficient of p=-0.52 (p<.0001).
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Table 4.3: Normalized Ty-weighted signal intensity and MTR combined week voxel-based and
ROI-based Spearman correlation coefficients (p) for the corpus callosum (CC) and external
capsule (EC) for the control, cuprizone fed and combined mice (control and cuprizone) data
sets. All coefficients have * % xp < .0001.

Control Cuprizone Combined

Week  «¢ B¢ cc EC CC  EC

Voxel-based -0.44 -0.61 -0.50 -0.70 -0.52 -0.68
ROI-based -0.41 -0.23 -0.54 -0.55 -0.57 -0.51

4.4 Fx vivo MRI

4.4.1 Relaxometry

T, Measurements

Visual inspection of Figure 4.5 shows an overall increase in T as changes from the cupri-
zone feeding progressed in the corpus callosum and external capsule of the cuprizone fed

mice.

Independent sample t tests indicated T, values were significantly smaller at week 1
(p=.05) in the corpus callosum of the cuprizone fed mice compared to control mice. At
weeks 5 and 6 of feeding, T, values were significantly larger (p<.05 and p=.05, respectively)
in the corpus callosum of cuprizone fed mice compared to control mice. One-way ANOVA
and Tukeys post hoc tests indicated T values in the corpus callosum of cuprizone fed mice

were significantly larger at weeks 5 and 6 than weeks 1 and 2 (p<.01).

Independent sample t tests indicated T; values were significantly larger in the external
capsule of cuprizone fed mice when compared to control mice at week 5 (p<.01) and week

6 (p<.05). Ty values from the first 3 weeks of feeding were significantly smaller than values
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from weeks 5 and 6 in the external capsule of cuprizone fed mice while week 4 was only

significantly different from week 6 (p<.0001 for all).

Ty values from a control mouse at week 4 were excluded from the analysis. It is suspected
magnetization transfer effects from acquiring 3 slices caused a significant increase in T,
values. Slices were acquired in the following order: 1, 3, 2 with slice 3 being the slice of
interest. The RF pulse used to select these slices is not a perfect rectangular pulse (in the
frequency domain). Instead, it takes on a Gaussian shape. If the slices are close together,
the edges of the Gaussian RF pulse overlap with the adjacent slices and cross talk occurs.
The frequencies at the edge of the RF pulse from slice 1 will excite bound pool protons (with
a frequency approximately 500 to 2500 Hz away from the bulk protons) in slice 3. This
means the bound pool protons will lose all of their longitudinal magnetization and will gain
transverse magnetization. However, the bound pool and free pool exchange magnetization
causing a net transfer of longitudinal magnetization from the free pool to the bound pool.
When a 7 pulse is sent to slice 3 which is meant to decrease the longitudinal magnetization
of the free pool (ideally) to zero, it instead decreases to a value below zero. Thus the time
it takes the free pool to recover its full longitudinal magnetization increases and therefore
so does T;. Additionally, free protons in slice 3 may be unintentionally but directly excited
due to cross talk. This would prematurely decrease the longitudinal magnetization of the

free pool and a similar result described above would occur after the 7 pulse is applied.

T, Measurements

Ty values tended to fluctuate throughout the study in the corpus callosum and external
capsule of the cuprizone fed mice and had large standard deviations (Figure 4.6). No com-

parisons between groups were significant.

There was no clear trend in Ty values in the cuprizone fed mice throughout the weeks
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Figure 4.5: (a) Ty (s) vs week in the corpus callosum of control (solid) and cuprizone fed
(dotted) mice. (b) Ty (s) vs week in the external capsule of control (solid) and cuprizone
fed (dotted) mice. Each group mean at each week contains n=3 measurements excluding
CTL week 4 where n=2 due to suspected cross talk effects. * denotes significant differences
between groups. *p < 0.05, x * p < 0.01, * x *p < 0.0001. All data shown for the corpus

callosum in Figure B.3.
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Figure 4.6: (a) Ty (s) vs week in the corpus callosum of control (solid) and cuprizone fed
(dotted) mice. (b) T2 (s) vs week in the external capsule of control (solid) and cuprizone fed
(dotted) mice. Each group mean contain n=3 measurements excluding CTL week 4 where

n=2 due to suspected cross talk effects. * denotes significant differences between groups.
xp < 0.05, xxp < 0.01, x*xxp < 0.0001. All data shown for the corpus callosum in Figure B.4.
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rather they fluctuated as feeding progressed. Values were more consistent in the control mice
but were not steady as would be expected in control measurements. Ty signal amplitude
should decrease as echo number increases but this was not the case in some of the control
and cuprizone images throughout the study. In many cases, echo 1 was smaller than echo 2,
and echoes 3-5 decreased as expected. In these cases echoes 2-5 were fit to Equation 2.20.
The fit Ty value was higher when fitting all the echoes to this equation than when fitting
only echoes 2-5. The Ty value was decreased in each case after echo 1 was excluded from

the fitting, but values were still higher than previous measurements.

Representative Ty and Ty maps for control and cuprizone-fed mice at weeks 2 and 3 are

shown in Figure 4.7, with numerical values at each week in Table 4.1.

4.4.2 DTI

< D >, )\, and A, showed an overall increase as changes from the cuprizone progressed in

the corpus callosum and external capsule in the cuprizone fed mice.

In both regions, < D > was significantly larger in cuprizone fed mice than control
mice at weeks 4 (p<.01 in the CC, p<.05 in the EC) and 6 (p<.05 in the CC, p<.01 in
the EC). < D > values from the first 2 weeks of feeding were significantly smaller than
values from the last 4 weeks in the corpus callosum of cuprizone fed mice (p <.01). In the
external capsule, < D >was significantly larger at weeks 3, 5 and 6 when compared to week
1 (p<.05). Figure 4.8 shows the weekly progression of < D > in the corpus callosum and

external capsule of the control and cuprizone fed mice.

Ay was significantly larger in cuprizone fed mice than control mice at weeks 4 (p<.05 in
the CC, p<.01 in the EC) and 6 (p<.01 in the CC, p<.05 in the EC) as shown in Figure 4.9.

In addition, A was significantly smaller at week 1 in the cuprizone fed mice compared to
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Figure 4.7: Representative Relaxometry metric maps for control (CTL) and cuprizone fed
(CPZ) mice at weeks 2 and 3.
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Figure 4.8: Weekly mean diffusivity, < D >, in the corpus callosum (CC,black) and external
capsule (EC,blue) of control (CTL,solid) and cuprizone fed (CPZ,dotted) mice. Each group
mean at each week contains n=3 measurements excluding CTL week 4 where n=2 due to
suspected cross talk effects. * denotes significant differences between groups. *p < 0.05,
xxp < 0.01, % x xp < 0.0001. All data shown for the corpus callosum in ?77.
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Figure 4.9: Weekly radial diffusivity, A, in the corpus callosum (CC,black) and external
capsule (EC,blue) of control (CTL,solid) and cuprizone fed (CPZ,dotted) mice. Each group
mean at each week contains n=3 measurements excluding CTL week 4 where n=2 due to
suspected cross talk effects. * denotes significant differences between groups. *p < 0.05,
% p < 0.01, %% xp < 0.0001. All data shown for the corpus callosum in Figure B.6.

controls (p=.05). In the corpus callosum of the cuprizone fed mice, A; was only significantly
smaller at week 1 compared to weeks 3 and 5 (p<.05). In the external capsule, it was only

significantly smaller at week 1 compared to week 5 (p<.05).

A was larger in the corpus callosum of cuprizone fed mice compared to control mice at
all weeks but only by a significant amount at week 4 (p<.05). In the external capsule, in
addition to be significantly larger at week 4 (p<.05),\| was larger at weeks 3 (p<.05) and
6 (p<.01) in the cuprizone fed mice compared to controls. A significant increase in A of
the cuprizone fed mice corpus callosum was apparent between weeks 1 and 4 (p<.05). This
increase was only apparent between weeks 1 and 3 as well as between weeks 1 and 6 in the

external capsule (p<.05). Figure 4.10 shows the weekly progression of A in the corpus
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Table 4.4: Weekly ex vivo DTI metrics in the corpus callosum of control (CTL) and cuprizone
(CPZ) mice. Values are reported as mean (SEM). Each group mean at each week contains
n=3 measurements. * denotes significant differences between groups. *p < 0.05, x*p < 0.01,
*x xp < 0.0001

DTI
Week Mouse < D > (um?/ms) A (pm?/ms) Ay (um?/ms) FA
1 CTL 0.28 (0.01) 0.17 (0.01) 051 (0.02)  0.62 (0.02)
CPZ 0.25 (0.01) 0.11% (0.01) 051 (0.01)  0.75 (0.03)
2 CTL 0.28 (0.02) 0.16 (0.02)  0.51 (0.03)  0.62 (0.05)
CPZ 0.29 (0.01) 0.16 (0.02)  0.56 (0.03)  0.65 (0.05)
3 CTL 0.28 (0.01) 0.16 (0.01) 051 (0.03)  0.61 (0.05)
CPZ 0.35 (0.03) 0.22 (0.03)  0.63 (0.04)  0.59 (0.03)
4 CTL  0.260 (0.004) 0.13 (0.01) 051 (0.01)  0.69 (0.03)
CPZ  0.33% (0.01)  0.179% (0.002) 0.64* (0.02)  0.67 (0.01)
5  CTL 0.29 (0.02) 0.16 (0.02)  0.55 (0.03)  0.66 (0.03)
CPZ 0.35 (0.01) 0.22 (0.02)  0.61(0.01)  0.57 (0.03)
6  CTL 0.28 (0.01) 0.14 (0.01) 056 (0.03)  0.697 (0.004)
CPZ 0.33% (0.01)  0.20%* (0.01)  0.59 (0.01)  0.60* (0.03)

callosum and external capsule of the control and cuprizone fed mice.

FA showed differences between groups at week 6 in the corpus callosum (p<.05) and
at week 4 in the external capsule (p<.01). The weekly progression of FA in the corpus
callosum and external capsule of the control and cuprizone fed mice is shown in Figure 4.11.
Week to week decreases in the corpus callosum of the cuprizone fed mice were shown to be
non-significant. In the external capsule the decrease from week 1 to week 5 proved to be

significant (p<.05).

Representative DTI metric maps for control and cuprizone fed mice at weeks 2 and 3

are shown in Figure 4.12 with numerical values shown in Table 4.4.
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Figure 4.10: Weekly axial diffusivity, )|, in the corpus callosum (CC,black) and external
capsule (EC,blue) of control (CTL,solid) and cuprizone fed (CPZ,dotted) mice. Each group
mean at each week contains n=3 measurements excluding CTL week 4 where n=2 due to
suspected cross talk effects. * denotes significant differences between groups. *p < 0.05,
x % p < 0.01, % xp < 0.0001. All data shown for the corpus callosum in Figure B.7.
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Figure 4.11: Weekly fractional anisotropy, FA, in the corpus callosum (CC,black) and ex-
ternal capsule (EC,blue) of control (CTL,solid) and cuprizone fed (CPZ,dotted) mice. Each
group mean at each week contains n=3 measurements excluding CTL week 4 where n=2 due
to suspected cross talk effects. * denotes significant differences between groups. *p < 0.05,
xxp < 0.01, %% xp < 0.0001. All data shown for the corpus callosum in Figure B.8.
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Figure 4.12: Representative DTT metric maps for control (CTL) and cuprizone fed (CPZ)
mice at weeks 2 and 3.
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Figure 4.13: Weekly magnetization transfer rate, R, values in the corpus callosum (CC,black)
and external capsule (EC,blue) of control (CTL,solid) and cuprizone fed (CPZ,dotted) mice.
Each group mean at each week contains n=3 measurements excluding CTL week 1 where
n=1 due to contamination of k-space with high frequency noise in M at images that was
unable to be removed and CTL week 4 where n=2 for suspected cross talk effects. * denotes
significant differences between groups. *p < 0.05, * * p < 0.01, * % *p < 0.0001. All data
shown for the corpus callosum in Figure B.9.

4.4.3 qMTI

The magnetization transfer rate, R, in the corpus callosum was found to be significantly
smaller in the cuprizone fed mice at week 4 (p<.05) and larger at week 5 (p<.05) when
compared to the control mice (Figure 4.13). There were no significant week to week changes

in R in the corpus callosum or external capsule of the cuprizone-fed mice.

The transverse relaxation time of the liquid pool , T4 (Figure 4.14), was found to be

significantly larger in the cuprizone-fed mice corpus callosum and external capsule compared

70



*

0.05 MY

CTL —

0.02F cPZ ----}CC 5
CTL —
CPZ -} EC

0.01 1 5 5 5

3 4
Week

Figure 4.14: Weekly transverse relaxation time of the liquid pool, T4, values in the corpus
callosum (CC,black) and external capsule (EC,blue) of control (CTL,solid) and cuprizone fed
(CPZ,dotted) mice. Each group mean at each week contains n=3 measurements excluding
CTL week 1 where n=1 due to contamination of k-space with high frequency noise in M at
images that was unable to be removed and CTL week 4 where n=2 for suspected cross
talk effects. * denotes significant differences between groups. *p < 0.05, * * p < 0.01,
x % *xp < 0.0001. All data shown for the corpus callosum in Figure B.10.

to control mice at week 5 (p<.01 in the CC, p<.05 in the EC) and week 6 (p<.05 for both).
In the corpus callosum of the cuprizone-fed mice, T4 was found to be significantly smaller
at week 3 compared to weeks 5 and 6 (p<.05). T4 was also found to be significantly smaller

at week 3 compared to week 5 in the external capsule (p<.05).

The transverse relaxation time of the bound pool, TZ, was not significantly different be-
tween groups throughout cuprizone feeding and no significant week to week changes occurred

in the corpus callosum of the cuprizone fed mice (Figure 4.15).

The longitudinal relaxation rate of the liquid pool, R4, in the corpus callosum and
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Figure 4.15: Weekly transverse relaxation time of the bound pool, TZ, values in the corpus
callosum (CC,black) and external capsule (EC,blue) of control (CTL,solid) and cuprizone fed
(CPZ,dotted) mice. Each group mean at each week contains n=3 measurements excluding
CTL week 1 where n=1 due to contamination of k-space with high frequency noise in M at
images that was unable to be removed and CTL week 4 where n=2 for suspected cross talk
effects. xp < 0.05, * * p < 0.01, % x *p < 0.0001. All data shown for the corpus callosum in
Figure B.11.
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Figure 4.16: Weekly longitudinal relaxation rate of the liquid pool, R4, values in the corpus
callosum (CC,black) and external capsule (EC,blue) of control (CTL,solid) and cuprizone fed
(CPZ,dotted) mice. Each group mean at each week contains n=3 measurements excluding
CTL week 1 where n=1 due to contamination of k-space with high frequency noise in M;at
images that was unable to be removed and CTL week 4 where n=2 for suspected cross
talk effects. * denotes significant differences between groups. *p < 0.05, * x p < 0.01,
%% *xp < 0.0001. All data shown for the corpus callosum in Figure B.12.

external capsule of the cuprizone-fed mice was only significantly smaller than control mice
values at week 5 (p<.05 in the CC, p<.01 in the EC). R4 was significantly smaller at weeks
5 and 6 compared to week 1 in the corpus callosum of the cuprizone-fed mice. Week 6 values
were also significantly smaller compared to week 2 (p<.01 for all). In the external capsule,
R4 values during the first 3 weeks of feeding was significantly larger than values from the

last 3 weeks of feeding (Figure 4.16).

The bound pool fraction, f, in the corpus callosum and external capsule of the cuprizone-

fed mice was significantly smaller when compared to control mice at week 5 (p<.01 for both)
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Figure 4.17: Weekly bound pool fraction, f, in the corpus callosum (CC,black) and external
capsule (EC,blue) of control (CTL,solid) and cuprizone fed (CPZ,dotted) mice. Each group
mean at each week contains n=3 measurements excluding CTL week 1 where n=1 due to
contamination of k-space with high frequency noise in Myat images that was unable to be
removed and CTL week 4 where n=2 for suspected cross talk effects. * denotes significant
differences between groups. xp < 0.05, % * p < 0.01, % % xp < 0.0001. All data shown for the
corpus callosum in Figure B.13.

(Figure 4.17). There were no significant week to week changes in f in the corpus callosum

or external capsule of the cuprizone-fed mice.

Representative qMTI metric maps for control and cuprizone-fed mice at weeks 2 and 3

are shown in Figure 4.18 with numerical values shown in Table 4.5.
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Figure 4.18: Representative ¢qMTI metric maps for control (CTL) and cuprizone fed (CPZ)
mice at weeks 2 and 3.
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Table 4.5: Weekly ex vivo qMTI metrics in the corpus callosum of control (CTL) and
cuprizone (CPZ) mice. Values are reported as mean (SEM). Measurements contain n = 3
per group at each week (except for week 1 where CTL=1 and week 4 where n=2 CTL). *
denotes significant differences between groups. *p < 0.05, % x p < 0.01, % % xp < 0.0001

qMTI
Week Mouse R (s7!) T4 (ms)  TE (us) Ry (s7Y) f

1 CTL 116 () 43()  11.2() 0.67 (-) 0.10 (-)
CPZ  10(1)  39(1) 125(0.4)  0.69 (0.01) 0.095 (0.002)

o> CTL 87(0.2) 38(2) 1L9(0.1)  0.66(0.01)  0.10 (0.01)
CPZ  11(1)  40(2) 115(02)  0.69 (0.01)  0.09 (0.01)

3 CTL  9(1)  38(5) 118(0.2) 0.68(0.01)  0.10 (0.01)
CPZ  8(1)  33(5)  12.2(04) 065 (0.01)  0.10 (0.01)

4 CTL 100(0.3) 43(2) 1143 (0.01) 0.68 (0.01) 0.099 (0.001)
CPZ  84* (0.2) 40(2)  11.9(0.1)  0.67 (0.01) 0.098 (0.001)

5  CTL  80(04) 37(1) 118(0.6) 068 (0.01)  0.11 (0.01)
CPZ 9.7 (0.1) 49%* (1) 11.64 (0.05) 0.64* (0.01) 0.07%* (0.01)

6  CTL  6(1)  34(1) 127(05)  0.70 (0.03)  0.14 (0.01)
CPZ  10(1) 51%(1) 107 (0.6) 0.632 (0.004) 0.08 (0.01)
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4.5 MRI Correlations

Vozel-based analysis of the combined corpus callosum and external capsule data

Voxel based Spearman correlation coefficients were calculated between all ex vivo MRI
metrics in the CC+EC of control (n=17), cuprizone (n=18) and combined data set (n=35).
ROI based Spearman correlation coefficients were calculated between all ex vivo and in vivo
MRI metrics in the CC4+EC. The combined mouse data set was analyzed to include measure-
ments with varying degrees of myelination throughout the 6 weeks of ex vivo measurements.

The increased number of measurements can improve the power of correlations.

Voxel based analysis in the corpus callosum showed nearly all correlations to be statis-
tically significant due to the large amount of data points available in the combined data set.
Amongst some of the strongest correlations in the combined data set were Ty and T3 (p=-
98), fand Ry (p=.97), R and Ry (p=-.77), and FA and T; (p=-.87). Similarly, nearly all
voxel based correlations in the separate control and cuprizone data sets were statistically sig-
nificant. Both individual data sets shared the same strong correlations as the combined data
set. In some cases these coefficients were slightly weaker or stronger than in the combined

data set.

Comparison of voxel-based Spearman correlation coefficients of the control and cupri-

zone fed mice CC+EC is shown in Table 4.6.
ROI-based analysis of the corpus callosum and external capsule

There were fewer significant correlations in the ROI based analysis than in the voxel
based analysis due to the decreased number of data points. P-values of the coefficients for
the control, cuprizone and combined data sets were also not as small as with the voxel based

analysis.
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Table 4.6: Comparison of voxel-based Spearman correlation coefficients (p) for MRI metrics
between the control (upper right) and cuprizone fed mice (lower left) corpus callosum +
external capsule. *p < 0.05, **p < 0.01, ***p < 0.0001, Tp < 0.0001

Metric f Ra R T4 T <D> AL FA T, Tz Tow MTR
f - 0.96 -0.75t  0.657  -0.51f 0.22f  -0.23t  0.35"  -047t 049"  -0.75T - -
Ra 0.967 - -0.831  0.467 -0.481 0257  -0.29t  0.257  -0.46T 0.44f -0.58F - -
R -0.67t  -0.79f - -0.18T  0.60f -0.29t  0.26f 0.00 0.27F -0.18% 0.30f - -
T4 0.52f  0.29t  o.10f - -0.38"  -0.01  -002 o048t -035t 047f  -0.98f - -
T8 066t -0.617 047t -0.44f - 0.09f  -0.01 -0.12F  0.06%* -0.07%*  0.42f - -
<D> 025 0.24t -0.257 o0.10f  -0.20f - -0.01  -0.02 -0.01 -0.02 -0.04%* - -
A -0.22  -0.17t  -0.09" -0.24T o010  -0.157 - 0357 0.76T  -0.437  0.05%* - -
AL 0.24t 0.9t  -0.15t 026t -0.06%* -0.10f  0.47t - -0.31% 0.67t -0.48T - -
FA -0.42t  -0.33t  0.02 -046T  0.14f -0.10t  0.69"  -0.25% - -0.901 0.38f - -
T 046t 0.37t  -0.11t 047t -0.14f 0.02 -0.32t  0.62t  -0.88f - -0.497 - -
T -0.657  -0.44"  0.03  -0.98T  0.52f -0.14t  0.26T  -0.277  0.50f -0.511 - - -

Tow - - - - - - - - - - - - 0.54%
MTR - - - - - - - - - - - 0.691 -

Amongst some of the strongest correlations in the combined data set were Ty and T
(p=-.96), f and R4 (p=.98), A and FA (p=.89), and A\ and A, (p=.85). These strong

correlations also existed in the separate control and cuprizone data sets.

Comparison of voxel-based and ROI-based Spearman correlation coefficients (p) of MRI

metrics the combined dataset CC+EC are shown in Table 4.7.
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Table 4.7: Comparison of voxel-based (upper right) and ROI-based (lower left) Spearman
correlation coefficients (p) of MRI metrics for the combined data set corpus callosum +
external capsule. Values in bold are amongst the strongest correlations and are mentioned
in the text. *p < 0.05, **p < 0.01, ***p < 0.0001, Tp < 0.0001

Metric f Ra R T4 T5 <D > oY AL FA T To Tow MTR
f - 0.977  -0.68" 0.60f  -0.61T  0.26F -0.31f 0.19T  -0.48t  0.45F -0.71f -
Ra 0.981 - -0.78"  0.40f -0.57t  0.26" -0.31f 0.12  -0.42f 0.371 -0.53" -
R -0.69*  -0.77t - -0.04** 0557 -0.271 0.11f -0.06 0.151 -0.14f 0.16f -
T4 0.38* 0.22 0.23 - -0.42"  0.06f  -0.20f  0.30f  -0.44F 047 -0.98f -
T8 -0.78t  -0.787  0.60** = -0.36* - -0.12f o012t -0.03* 013 -0.10f  0.48f -
<D>  0.35* 0.35%  -0.41%* 0.04 -0.37* - -0.13t  -0.08"  -0.08f 0.00 -0.11f -
A -0.43*  -0.36*  0.11  -0.51%*  0.36*  -0.24 - 046t 074" -0367  0.237 -
AL -0.32 -0.26 0.08 -0.34* 0.25 -0.13 0.85f - -0.21f  o0.62f  -0.30f -
FA -0.41* -0.32 0.15  -0.47**  0.31 -0.29 0.897  0.57** - -0.87" 0.7t -
Ty 0.25 0.16 0.03 0.44%*  _0.15 0.13  -0.57%*  -0.13  -0.83% - -0.497 -
To -0.55%*%  -0.41% 0.06  -0.96T  0.50%*  -0.14  0.52%* 0.33  0.50%*  -0.46%* - - -
Tow 0.09 0.19  -0.37%  -0.43*  -0.07 -0.08 0.35% 0.16 0.41*%  -0.48%*  0.31 - 0.62f
MTR -0.14 -0.07 0.01  -0.42%%  0.47%  -0.26 0.19 0.09 0.25 -0.27  0.43**  0.16

4.6 Electron Microscopy

Electron Microscopy (EM) images of control and cuprizone fed corpus callosum at weeks 2

and 3 are shown in Figure 4.19, Figure 4.20, Figure 4.21, and Figure 4.22.

EM 5000x magnification images show swollen glial cell processes at both weeks in 5 of the
6 (n=2 from week 2, n= 3 form week 3) cuprizone fed mice analyzed. Two of the 5 control
mice (n=1 form week 2, n=1 form week 3) analyzed displayed glial cell process swelling
(Figure 4.23) with fractions similar to those in the cuprizone fed mice. This apparent anomaly
may be explained by delayed or incomplete fixation after the PBS flush causing the cells to

swell before they were fixed, or as an artifact of the subsequent imaging conditions.

Images from the corpus callosa of the cuprizone fed mouse at week 2 and 3 reveal
persistence of myelinated axons, swelling of axons, microglia and the apoptosis of oligoden-
drocytes. Fraying of the myelin bilayers at week 3 can be seen in the 15 000 x magnification
images (Figure 4.24). Ultrastructural analysis showed mainly non-significant differences in

the cellular feature fractions being measured between groups at weeks 2 and 3. A signifi-
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Table 4.8: Summary of measurements and distributions taken from EM images of control
and cuprizone fed corpus callosa. Values are reported as mean (SEM). Significant differences
between groups are denoted with * where *p < 0.05.

Metric ‘Week 2 Week 3
Control Cuprizone Control Cuprizone
Distribution of Cells Myelinated Axons (%) 0.31 (0.01) 0.28* (0.02) 0.35 (0.02) 0.25 (0.02)
Myelin Sheaths (%)  0.19 (0.04)  0.18 (0.03) 0.16 (0.04) 0.16 (0.03)
Non-Myelinated Content (%)  0.46 (0.01)  0.48 (0.06) 0.45 (0.03) 0.54 (0.06)
Extracellular Space (%)  0.04 (0.02)  0.06 (0.02) 0.05 (0.02) 0.05 (0.03)
Myelinated Axons/100um? 77 (1) 70 (15) 78 (21) 88 (6)
Myelinated Axons (%)
+ Myelin Sheaths (%)  0.50 (0.02)  0.47 (0.05) 0.51 (0.05) 0.41 (0.04)
Myelinated Axon Diameters Mean (pm) 0.44 (0.02) 0.51 (0.09) 0.44 (0.04) 0.47 (0.02)
<03 pm (%) 0.25 (0.07)  0.21 (0.05) 0.27 (0.02) 0.19 (0.05)
0.3-0.45 um (%)  0.40 (0.10)  0.34 (0.08) 0.38 (0.07) 0.36 (0.04)
>0.45 pm (%) 0.34 (0.03)  0.44 (0.10) 0.34 (0.06) 0.45 (0.08)
Myelin Sheath Thickness Mean (pm)  0.061 (0.003) 0.08 (0.02) 0.0590 (0.0002)  0.068 (0.006)
<0.06 um (%) 0.55 (0.09)  0.40 (0.14) 0.57 (0.02) 0.41 (0.11)
0.06 - 0.075 um (%)  0.26 (0.04)  0.24 (0.01) 0.24 (0.03) 0.26 (0.01)
>0.075 um (%)  0.19 (0.06)  0.36 (0.15) 0.19 (0.03) 0.33 (0.11)
Ratios g-Ratio  0.76 (0.01)  0.76 (0.01) 0.77 (0.01) 0.76 (0.01)
M/A Ratio  0.16 (0.01)  0.17 (0.01)  0.161 (0.001)  0.16 (0.01)

cant difference existed in the myelinated axon fraction between groups at week 3 of feeding

(p<.05).

A non-significant decrease in the myelinated axon fraction and myelin sheath fraction
(11% and 13%, respectively) from week 2 to week 3 was apparent in the cuprizone fed
corpus callosum. The non-myelinated content fraction increased by 13% while the sum of
the myelinated axon fraction and myelin sheath fraction decreased by 12% from week 2 to
week 3. The mean myelinated axon diameter decreased from 0.51 pym at week 2 to 0.47 pum
at week 3. The mean sheath thickness decreased from 0.077 pm to 0.068 pum between weeks
2 and 3 in the cuprizone fed mice with <0.02% change in the g-ratio and M /A (all changes
statistically non-significant). A summary of EM cellular distributions and measurements can

be found in Table 4.8.
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Figure 4.19: Sample 5000x EM image of a control mouse corpus callosum at week 2. Each
point on the 2x2 pum grid was classified as either a myelinated axon (A), myelin sheath (M),
non-myelinated content (C), or extracellular space (E). The non-myelinated content included
unmyelinated cells, apoptotic cells, glial nuclei, glial processes and material in extracellular

space.
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Figure 4.20: Sample 5000x EM image of a control mouse corpus callosum at week 3. Each
point on the 2x2 pum grid was classified as either a myelinated axon (A), myelin sheath (M),
non-myelinated content (C), or extracellular space (E). The non-myelinated content included
unmyelinated cells, apoptotic cells, glial nuclei, glial processes and material in extracellular
space. Apoptotic cells are indicated with asterisks.
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Figure 4.21: Sample 5000x EM image of a cuprizone fed mouse corpus callosum at week
2. Persistence of myelinated axons is apparent as well as apoptosis of oligodendrocytes and
swelling of the glial processes. Each point on the 2x2 um grid was classified as either a
myelinated axon (A), myelin sheath (M), non-myelinated content (C), or extracellular space
(E). The non-myelinated content included unmyelinated cells, apoptotic cells, glial nuclei,

glial processes and material in extracellular space.
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Figure 4.22: Sample 5000x EM image of a cuprizone fed mouse corpus callosum at week
3. Persistence of myelinated axons is apparent as well as apoptosis of oligodendrocytes,
swelling of the glial processes and damage to the axons. Each point on the 2x2 pm grid was
classified as either a myelinated axon (A), myelin sheath (M), non-myelinated content (C), or
extracellular space (E). The non-myelinated content included unmyelinated cells, apoptotic
cells, glial nuclei, glial processes and material in extracellular space.
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Figure 4.23: Sample 5000x EM image of a control corpus mouse callosum at week 3 displaying
excess swelling of glial cell processes (asterisks).
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Figure 4.24: Sample 15 000x EM image of a cuprizone fed mouse corpus callosum showing
fraying or disorganization of the myelin bi-layers at week 3. Normal appearing myelinated
axons have uniform organized rings of myelin.
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4.7 MRI and EM Correlations

Spearman and Pearson correlation coefficients were calculated between in vivo, ex vivo, and
EM metrics for the subset of mice (n=2 control, 3 cuprizone for week 2, n=3 control, 3
cuprizone for week 3) that underwent EM analysis. Data from both weeks were combined
for the control (n=>5), cuprizone (n=6) and combined data sets (n=11). The combined data
set was analyzed to include measurements with varying degrees of myelination at each week

of the study to improve the power of these correlations.

Spearman Analysis
The strongest Spearman correlation in the combined data set was found between R and the
fraction of myelinated axons with diameters greater than 0.45 pum (p=.85, p<.01). Myeli-
nated axon fraction correlated with several MRI metrics including: < D > (p=-.84, p<.01),
normalized Ty-weighted signal intensity (p=-.80, p<.01), Ty (p=-.68, p<.05), and A (p=-
.64, p<.01). Non-myelinated content fraction held weak correlations with < D > (p=.53)
and MTR (p=-.49) while only the correlation with normalized To-weighted signal intensity
(p=.63, p<.05) was significant. The fraction of extracellular space correlated with R (p=.72,
p<.05), T4 (p=.63, p<.05), and f (p=-.62, p<.05). When the fraction of myelinated axons
was added to the fraction of myelin sheath, a weak correlation existed with < D > (p=-.54)
while a more moderate correlation existed with normalized To-weighted signal intensity (p=-
.64, p<.05). The number of myelinated axons per 100 um? correlated with f (p=.55) but
was not significant. The fraction of myelinated axons with diameters less than 0.30 pm held
correlations with Ty (p=-.82, p<.01) and A (p=-.60, p<.05). The fraction of myelinated
axons with diameters between 0.30 to 0.45 um held moderate correlations with R (p=-.65,
p<.05) and f (p=.62, p<.01) while the fraction of myelinated axons with diameters greater
than 0.45 um held correlations with f (p=-.82, p<.01) and T (p=-.65, p<.05). The fraction

of myelin sheaths less than 0.06 pm in thickness had moderate correlations with f (p=.63,
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p<.05), < D > (p=-.63, p<.05) and A (p=.62, p<.05). The fraction of myelin sheaths
greater than 0.075 um in thickness held these same correlations: f (p=-.64, p<.05), < D >

(p=.68, p<.05) and A\ (p=.65, p<.05).

Pearson Analysis
Fewer correlations were apparent in the Pearson correlations suggesting many of the above
correlations are not simply linear. Myelinated axon fraction was only found to correlate
with normalized To-weighted signal intensity (r=-.75, p<.05) and Ty (r=-.68, p<.05). Non-
myelinated content fraction held correlations with T4 (r=-.70, p<.05), Ty (r=.66, p<.05)
and normalized To-weighted signal intensity (r=.65, p<.05). The fraction of extracellular
space correlated with R (r=.78, p<.01), T4 (r=.74, p<.01), and f (r=-.77, p<.01). When
the fraction of myelinated axons was added to the fraction of myelin sheath, moderate
correlations existed with normalized To-weighted signal intensity (r=-.65, p<.05) and T,
(r=-.60, p<.05). The fraction of myelinated axons with diameters between 0.30 to 0.45
pm and the fraction of myelinated axons with diameters greater than 0.45 pm both held
moderate correlations with f (r=.65 and r=-.59, respectively) and with R (r=-.67 and

r=.67, respectively) with p<.05 for all correlations.

A summary of Spearman correlation coefficients can be found in Table 4.9. Selected
scatter plots for the MRI and EM correlations are shown in Figure 4.25 for the combined

mouse data set.
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