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Abstract 
 

We require magnetic resonance imaging methods sensitive to remyelination for 
evaluation of remyelinating therapies for multiple sclerosis (MS). The goal of this thesis 
was to characterize the sensitivity of quantitative magnetization transfer (qMT) and 
diffusion tensor imaging (DTI) to myelin and axonal loss and remyelination in the 
lysolecithin model. This model is being used to develop remyelinating therapies for MS. 
We found that the qMT parameters of bound pool fraction (f), T1 and several DTI 
parameters were able to detect demyelination in the lysolecithin model. The qMT 
parameters did not change with remyelination but several DTI parameters did recover 
slightly. f had the strongest correlation to the histological measure of myelin and T1 had 
the strongest correlation to the histological measure of axon content. Overall, the 
findings from this thesis support the inclusion of DTI and qMT as an outcome measure 
in future studies of potential MS therapeutics in the lysolecithin model.  
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 Introduction 

1.1 Multiple Sclerosis: General Overview 

In the 1800's the founder of modern neurology, Jean-Martin Charcot, 
described a condition that occurred in young adults causing tremor, paralysis, 
and gray patches in the central nervous system (CNS). He called this condition 
sclérose en plaque disseminé (Murray, 2004). This was the start of the 

approximately 150-year journey that has led to our current understanding of the 
disease we now call Multiple Sclerosis (MS) (Murray, 2004); a chronic 
inflammatory, demyelinating and degenerative disease of the CNS (Goldenberg, 
2012). 
  Canada has one of the highest prevalence of MS in the world with an 
estimated 1 in 300 Albertan’s living with the disease (Beck et al., 2005). The 
demographic at greatest risk for MS are young adults between 20-45 years of 
age with women being twice as likely to develop the disease compared to men 
(Goldenberg, 2012). MS occurs early in life and can rapidly result in disability 
(Patwardhan et al., 2005). Thus the rates of unemployment in MS are high and 
have been reported to be between 56-80% (LaRocca et al., 1982; Kornblith et 
al., 1986; Julian et al., 2008; Strober and Arnett, 2015). This loss of productivity 
along with other indirect and direct costs (for example, hospitalization) cause a 
significant economic burden on society. In 1995, the lifetime cost of MS was 
estimated to be over 1 million dollars per patient (1998). 

When Charcot first described the illness, he noted nystagmus (dancing 
eye), intention tremor and ataxic dysarthria (scanning speech) (Murray, 2004). 
These symptoms became known as Charcot's triad and were used for many 
years to diagnose MS. Today, the diagnostic criteria, known as the McDonald 

Criteria, is based on clinical examination and magnetic resonance imaging (MRI) 
scans (Joanna et al., 2015).  
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There is considerable heterogeneity in the MS disease course. We classify 
MS into four main types: relapsing-remitting MS (RRMS), secondary progressive 
MS (SPMS), primary progressive MS (PPMS) and progressive relapsing MS 
(McDonald et al., 2001; Dalton et al., 2002; Joanna et al., 2015) 

RRMS is characterized by periods of neurological deficits lasting at least 24 
hours, where a patient reports worsening of symptoms and objectively visible 
signs indicative of acute inflammatory, demyelinating events in the CNS without 
the presence of fever and infection (Joanna et al., 2015). The symptoms that 
may occur during these relapses include sensory disturbances in the limbs, 
ataxia, and optic nerve dysfunction (Goodin et al., 2002). These periods, called 
relapses, are followed by periods, called remission, where symptoms lessen. 
Over time as relapses and remission progress, deficits begin to build due to 

incomplete recovery (Joanna et al., 2015).  
Using the revised McDonald criteria (2010), the presence of one relapse 

accompanied with two or more T2-weighted lesions on an MRI scan that are 
disseminated in time and space (DIT and DIS, respectively) is sufficient to 
diagnose a patient with RRMS. DIS means the presence of lesions in two of the 
four typical MS regions of the CNS. These four areas include the periventricular 
region, juxtacortical region, infratentorial region, and the spinal cord. DIT can be 
characterized by either new lesions on a follow-up MRI or the simultaneous 
presence of T1-weighted lesions that the MRI contrast agent gadolinium 
enhances and does not enhance (Polman et al., 2011).  

Approximately 75% of patients that present with RRMS will transition into 
SPMS within 15 years of initial diagnoses (Scalfari et al., 2012). Progressive and 
irreversible neurodegeneration characterize this form of MS (Goldenberg, 2012).  

In PPMS, progression occurs from the onset of the disease without 
identifiable acute relapses, which leads to rapid neurological decline and 
disability. PPMS affects ~15% of total MS patients, does not have a clear female 
bias, and has a delayed onset compared to RRMS (Ebers, 2004; Tur and 
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Thompson, 2015). A patient can be diagnosed with PPMS if they present with 
one year of disease progression and two of the following three criteria. These 
criteria include lesions with DIS in the brain, lesions with DIS in the spinal cord, 
or CSF with elevated levels of the antibody, Immunoglobulin G (IgG) (Polman et 
al., 2011).  

Finally, the progressive relapsing form is rare, affecting less than 5% of 
patients. This type of MS is similar to PPMS, the difference being that patients 
have relapses similar to those seen in RRMS along with their progression 
(Goldenberg, 2012).  

Another important classification to be familiar with when discussing MS is 
clinically isolated syndrome (CIS). CIS is an acute or subacute episode of 
neurological disturbance due to a single white-matter lesion (Miller et al., 2005). 

Since no second episode has yet occurred, patients with CIS cannot be 
diagnosed with clinically definite MS. However, 85% of patients with CIS will 
eventually transition into having clinically definite MS (Miller et al., 2005).  

MRI plays a critical role in our ability to identify and monitor MS disease 
progression. MRI methods are continually developing and can improve our 
capacity to diagnose MS, to examine the efficacy of treatments and provide us 
with a better understanding of MS pathology. It is critical that we test these 
developing techniques in animal models to demonstrate their sensitivity and 
specificity to the different types of pathology present in MS (Nathoo et al., 
2014a, b).  

 
1.2 Magnetic Resonance Imaging 

 Since its first use in an MS patient the 1980s (Young et al., 1981) 
magnetic resonance imaging (MRI) has had a significant impact on our 
understanding of MS pathology and treatments by allowing non-invasive 
exploration of the disease. Conventional and novel MR techniques are currently 
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used to aid in the diagnosis of MS, help evaluate new MS treatments in clinical 
trials and follow patients clinically (Klawiter, 2013). Below we discuss the core 
principles of MRI and the role that several MRI techniques play in the field of MS. 
 

1.2.1  Physics of Magnetic Resonance Imaging 

1.2.1.1 Nuclear Magnetic Resonance 

In 1946 two research experiments independently demonstrated the basic 
physics of nuclear magnetic resonance (NMR), the origin of MRI (Bloch, 1946; 
Purcell et al., 1946; Plewes and Kucharczyk, 2012). The fundamental principle 
behind NMR is that nuclei which contain an odd number of neutrons and protons 
have a property known as spin (Plewes and Kucharczyk, 2012). Due to its 
abundance in the body in the form of water and fat the hydrogen nucleus with 
one proton (1H) is the most commonly used atom in MR imaging. Other nuclei 
that are sometimes studied include sodium (23NA), phosphorous (31P), oxygen 
(17O), and fluorine (19F) (Plewes and Kucharczyk, 2012). From here on, we will 
be discussing primarily 1H for the sake of simplicity.   

The spin of a nuclei is an intrinsic property of the nuclei, similar to mass 
or charge. This spin can be thought of as the nucleus rotating about some axis 

(Plewes and Kucharczyk, 2012). Due to the laws of electromagnetic indication, a 
moving unbalanced charge induces a magnetic field around itself. Therefore the 
charge and spin together give a proton properties similar to a bar magnet 
(Westbrook, 2015). Normally the magnetic moments, an arrow denoting the 
direction and size of the magnetic field, are randomly oriented. When placed in 
an applied magnetic field (B0), the magnetic moments of a nucleus will tend to 
align with the applied field (Westbrook, 2015) .  

 Due to their spin, nuclei do not perfectly align with the applied magnetic 
field (Westbrook, 2015). Rather they spin around the main axis of the net 
magnetic field in a process that is known as precession.  
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The precessional frequency of a nucleus, also known as the Larmor 
frequency (𝜔𝜔), can be calculated using the Larmor equation below (Westbrook, 

2015): 

𝜔𝜔 = 𝛾𝛾𝐵𝐵0 

B0 is the strength of the externally applied magnetic field, and 𝛾𝛾  is the 

gyromagnetic ratio of the nuclei. The gyromagnetic ratio (𝛾𝛾) is the ratio of the 

magnetic and angular moment of the nuclei at 1T. This constant is 
42.57Mhz/Tesla for hydrogen (Westbrook, 2015).  

One can think of the spins of individual protons as vectors that add to 
form the net magnetization vector (M0) (Westbrook, 2015). Typically, the 
magnetic moments of nuclei are randomly oriented. The magnetic moment is 
represented by an arrow denoting the direction and size of the magnetic field. 
This random orientation results in a net magnetization vector with a magnitude 
of 0. When placed in an static magnetic field (B0), the magnetic moments of a 
nucleus will tend to align with the applied field (Westbrook, 2015). This 
application of B0 leads to a net magnetization vector in the direction of the B0 (z 
direction). However as long as the net magnetization vector aligns with the 
magnetic field it cannot be measured (Plewes and Kucharczyk, 2012).   

By applying a radio frequency (RF) pulse, at the same frequency of proton 
precession (the Larmor frequency), we can excite proton spins through 
resonance. Resonance is the energy transition that occurs when an object is 

subjected to a frequency the same as its own (Westbrook, 2015). In the case of 
protons, resonance causes the M0 to “flip” out of alignment with B0 and begin 
precessing in the xy-plane. This precession is seen in the net magnetic vector 
because the RF pulse causes a small number of individual spins to precess in 
alignment (in-phase). Once the RF pulse is switched off the precessing 
magnetization in the xy-plane is detected by receiver coils, where it induces a 
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current. The signal received by this coil is called the free induction decay (FID) 
(Westbrook, 2015).  

Once energy is no longer entering the system, the protons will emit the 
energy received from the RF pulse and return to their original state, a process 
known as relaxation (Westbrook, 2015). Protons in different tissues have 
different rates of relaxation. Different rates of relaxation, varying proton 
concentrations and proton diffusion characteristics in tissues provide 
opportunities to obtain image contrast in MRI. 
 In addition to the above basic concepts, it is important to know that MRI signal 
localization occurs via spatial encoding. This encoding is carried out by gradient 
coils that vary the magnetic field linearly in three orthogonal directions (x, y, z). 
There are good reviews such as  (Plewes and Kucharczyk, 2012) and (Hornak, 

1996) which explain these concepts in more depth. 
 
1.2.1.2 Relaxation 

 As mentioned above, once the RF pulse is turned off relaxation of the 
protons occurs. This relaxation has two components: longitudinal and transverse. 
These two components are independent of one another although transverse 

relaxation is always the faster of the two (Plewes and Kucharczyk, 2012; 
Westbrook, 2015). 
 Longitudinal relaxation is the return of the net magnetization vector from 
the xy-plane to alignment with B0 (Westbrook, 2015). The time constant that 
describes longitudinal relaxation is called the spin-lattice relaxation time (T1). The 
T1 relaxation time is the time it takes for recovery of 63% of the net longitudinal 
magnetization (M0).The T1 is different for different tissues and therefore provides 
a type of contrast in MR imaging (Hornak, 1996). More specifically, tissue that 
can efficiently transfer energy to its surrounding will have a shorter T1 than 
tissue that cannot. For example, tissue with a high fat content, such as myelin, 
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would be expected to have shorter T1 than tissue with a lower fat content, such 
as a demyelinated lesion.  
 Transverse relaxation is the process by which individual spins dephase 
(Westbrook, 2015). This relaxation happens because packets of individual spins 
experience slightly different magnetic fields and rotate at slightly different 
frequencies. This variation in magnetic fields will cause the transverse 
component of the net magnetization vector to drop to 0. T2 is the time it takes 
for the signal to decrease to 37% of its initial value (Westbrook, 2015). Tissue 
that can undergo efficient energy exchange with itself, such as lipids, has a 
shorter T2 than tissue that cannot, such as cerebral spinal fluid (CSF).  
 We can also consider the rate of longitudinal (R1) and transverse 
relaxation (R2). These are the inverse of T1 and T2 respectively.   

 
1.2.1.3 Spin Echo vs. Gradient Echo 

Gradient and spin echo sequences are commonly used to generate MR 
images. In a spin echo pulse sequence, there is a 90° RF pulse followed by an 
180° RF pulse (Westbrook, 2015). As discussed above, spins lose coherence or 
dephase due to spin-spin relaxation after the initial RF pulse. One can think of 

this dephasing as a fan where some spins lag behind others. By using a 180° 
refocusing pulse, we can "flip" the spins or the fan such that the fast spins are 
now behind the slow spins. This flipping of spins allows the quick spins to catch 
up with the slow spins thus increasing coherence and regenerating some of the 
lost signal. This regenerated signal is called an echo (Westbrook, 2015).  
 In contrast to spin echo sequences, gradient echo pulse sequences use a 
gradient to refocus spins instead of an 180° pulse. The lack of an 180° pulse 
allows for faster image acquisition than a spin echo sequence. However gradient 
refocusing is less efficient than RF refocusing, therefore, increased speed comes 
at the cost of a decrease in signal to noise (Westbrook, 2015).  
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1.2.1.4 Quantitative Magnetization Transfer Imaging 

 The transverse relaxation of protons bound to macromolecules (bound 
pool) occurs so quickly (~10µs) that it is not detectable by conventional MRI. 
However, we can apply an RF saturation pulse at a frequency that will excite 
these protons but not protons in water (exciting the bound vs. free or liquid 
pool). Following this excitation, the bound pool will transfer its magnetization to 
the liquid pool resulting in a signal loss on MRI images (Henkelman et al., 1993). 
The magnetization transfer ratio (MTR) provides an estimate of this exchange 
process. By obtaining two images, one with a saturation pulse (MT image) and 
one without a saturation pulse we can calculate MTR. This calculation is done by 
subtracting the MT image from the control and dividing by the control image 
(Pagani et al., 2008).  
 However, the MTR is affected by several factors including the amount of 
bound protons and the rate of magnetization exchange. A quantitative 
magnetization transfer (qMT) analysis can be used to tease apart these 
variables. This method involves modeling the magnetization transfer exchange 
system.   
 One model of the magnetization transfer system is known as the two pool 

model. As the name suggests this model consists of two pools (Figure 1.1). 
Pool A is the liquid proton pool and pool B corresponds to the bound (or 
semisolid) protons. Each pool has a rate (Ra or Rb) that is the inverse of T1 and 
governs the recovery of longitudinal magnetization. The rate of longitudinal 
magnetization loss due to the off-resonance pulse is RRF. The total number of 
spins in pool B is M0b and the total number of spins in pool A is M0a (a constant 
set to 1). The exchange rate between the pools is characterized by the rate 
constant, R (Henkelman et al., 1993). By obtaining several images with a range 
of different RF saturation pulses and using the mathematical description of the 
two pool model of the magnetization exchange, we can solve for various qMT 
parameters. These parameters include R, Ra, Rb, the T2 of both the liquid and 
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bound pools, and the fraction of protons in the bound pool (f) (Henkelman et al., 
1993; Ramani et al., 2002). As there are a large number of protons bound to 
macromolecules in the lipids that form myelin, it is not surprising that both MTR 
and qMT parameters have been found to correlate with tissue myelin content 
(Thiessen et al., 2013). 
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Figure 1.1: The two-pool model of magnetization transfer.  The 
rectangles represent the liquid (A) and bound (or semi-solid; B) proton pools. 
The shaded region in each rectangle represents spins not aligned to the net 
magnetic field. Each pool has a rate of relaxation (liquid = Ra; bound = Rb) that 
is the inverse of its T1. The rates of longitudinal magnetization loss due to the 

off-resonance pulses are Rrfa and Rrfb. The total number of spins in pool B is M0b 
and the total number of spins in pool A is M0a (a constant set to 1). Finally, R is 
the exchange rate between the two pools. From Henkelman et al., 1993.  
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1.2.1.5 Diffusion Tensor Imaging 

Molecular diffusion is the random translational motion of molecules, also 
called Brownian motion, that results from the thermal energy carried by these 
molecules (Le Bihan et al., 2001; Beaulieu, 2002). Diffusion can be isotropic, 
equal in all directions, or anisotropic, not the same in all directions. Diffusion MRI 
can provide insight into tissue microstructure and will likely prove useful for in 
vivo quantification of MS pathology (Zhang et al., 2012a). 
  Diffusion is a type of contrast used in MR imaging (Neil, 2008). Mainly, we 
can encode the location of a water molecule by applying a diffusion-sensitizing 
magnetic field gradient pulse. After a delay of typically 50ms for clinical studies, 
we can use a second diffusion-sensitising field gradient is equal to the first. As a 
180 degree pulse occurs between the two gradients spins are rephrased by the 
second diffusion-sensitising gradient. The first application should dephase spins. 
The second gradient pulse should rephase the spins assuming that they are in 
the same location. If spins are stationary, the net phase change is zero. 
However, if the spins have diffused then they will cause the MRI signal to 
attenuate because the rephasing was imperfect (Neil, 2008; Pagani et al., 2008). 

 The diffusion coefficient, D, is a physical constant that characterizes the 

diffusion of a molecule.  This coefficient is related to the root mean square 
displacement (RMS) of molecules over a given time (Beaulieu, 2002).  This signal 
attenuation can be used to find the diffusion coefficient via the below equation:  
 

ln �
𝐼𝐼
𝐼𝐼0
� =  −𝑏𝑏𝑏𝑏 

 
Where, 𝐼𝐼0 is the signal intensity without diffusion, and 𝐼𝐼 is the signal intensity 

with diffusion. b is the b-value, a term that is a function of the gyromagnetic 
ratio of the nucleus of interest as well as the timing and gradient strength of the 
dephasing and rephasing pulses (Neil, 2008). Based on the equation above a plot 
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of ln � 𝐼𝐼
𝐼𝐼0
� vs. the b-value will be linear with the slope yielding D, the diffusion 

coefficient (Neil, 2008). This D would describe diffusion in a single direction, 
specifically the direction of the applied gradient magnetic fields. The diffusion 
coefficient measured in MRI is called the apparent diffusion coefficient (ADC) 
because it is not a true measure of the intrinsic diffusion but depends on the 

interaction of the diffusing molecules with cellular structure over a given time 
(Beaulieu, 2002). 
 Diffusion tensor imaging (DTI), first proposed by Basser, has been used to 
assess the structural integrity of white matter in MS patients (Basser, 1993; 
Basser et al., 1994b; Basser et al., 1994a; Pagani et al., 2008). In DTI, diffusion 
is described using a tensor. A tensor is a mathematical object similar to a vector, 
represented by an array of components that are functions of in space (i.e. 
diffusion in each direction). The effective diffusion tensor, as shown below can 
be used to fully describe the molecular mobility along each direction (Basser et 
al., 1994b; Le Bihan et al., 2001): 

 

𝑏𝑏 =
𝑏𝑏𝑥𝑥𝑥𝑥 𝑏𝑏𝑥𝑥𝑥𝑥 𝑏𝑏𝑥𝑥𝑥𝑥
𝑏𝑏𝑥𝑥𝑥𝑥 𝑏𝑏𝑥𝑥𝑥𝑥 𝑏𝑏𝑥𝑥𝑥𝑥
𝑏𝑏𝑥𝑥𝑥𝑥 𝑏𝑏𝑥𝑥𝑥𝑥 𝑏𝑏𝑥𝑥𝑥𝑥

 

 

This tensor (𝑏𝑏) is composed of the apparent diffusion coefficients in multiple 

directions. Note that the tensor is symmetric (i.e. Dxy = Dyx; Dxz = Dzx; Dyz = Dzy), 
meaning that a minimum of six measurements along six directions and a b=0 
image are required to find the diffusion tensor. However, more directions are 
often used to avoid sampling biases (Basser et al., 1994b; Le Bihan et al., 2001).  
 Once the diffusion tensor components are determined the main direction 

of diffusivity and the diffusion values associated with these directions can be 
found by ‘diagonalization’ of the diffusion tensor (Le Bihan et al., 2001). 
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Diagonalization of the diffusion tensor involves manipulating it such that the off-
diagonal terms of 𝑏𝑏 (𝑏𝑏𝑥𝑥𝑥𝑥, 𝑏𝑏𝑥𝑥𝑥𝑥, 𝑏𝑏𝑥𝑥𝑥𝑥, 𝑏𝑏𝑥𝑥𝑥𝑥, 𝑏𝑏𝑥𝑥𝑥𝑥, 𝑏𝑏𝑥𝑥𝑥𝑥) become zero.   

Once diagnolized, the diagonal terms of the diffusion tensor are equal to 
the three primary eigenvectors, λ1-3 (Song et al., 2002; Song et al., 2005; Sun et 
al., 2006; Neil, 2008). The magnitude of these eigenvectors, called the 

eigenvalue, is the ADC along with the direction of the eigenvector. 3-dimensional 
diffusion ellipsoids are used to visually represent the eigenvector and eigenvalues 
(Figure 1.2) (Neil, 2008).  
 The first eigenvector (λ1), also known as axial diffusivity (AD), is oriented 
in the primary direction of water diffusion. We can assume that the primary 
direction of diffusion is along the axon. Thus we can also assume that the 
direction of the axon is parallel to the primary eigenvector. Decreased AD has 
been correlated with axonal injury. This could be a useful measure of axon 
integrity in MS patients. The second 2 eigenvectors (λ2, λ3) are orthogonal to the 
first eigenvector. Their eigenvalues can be averaged to find radial diffusivity 
(RD). RD is thought to correspond to diffusion perpendicular to axons. Injury to 
myelin has been shown to increase radial diffusivity. Finally, all three eigenvalues 
can be averaged to find the mean diffusivity (MD), which is a more general 
measure of the amount of diffusion occurring in the tissue (Song et al., 2002; 
Song et al., 2005; Sun et al., 2006; Neil, 2008).  
 In addition to AD, RD, and MD we can also look at invariant indices of 
diffusion. These invariant indices are used because they are relatively 
independent of the choice of directions made for measurement and provide 

objective, intrinsic structural information (Le Bihan et al., 2001). These measures 
include relative anisotropy (RA), fractional anisotropy (FA) and the volume ratio 
(VR), the mathematical basis of which is explained in Chapter 3: Materials and 
Methods. 
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Figure 1.2: Representative Diffusion ellipsoids.  A: Representative 
diffusion ellipsoids of isotropic, equal in all directions, (top) and anisotropic, 
greater in one direction, (bottom) diffusion. B: Representation of the diffusion 
ellipsoid showing eigenvectors.  
From Neil, 2008.  
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For now, it suffices to say that the RA which is a normalized standard 
deviation represents the ratio of the anisotropic part of 𝑏𝑏 to its isotropic part. FA 

is the degree to which the diffusion ellipsoid deviated from being spherical (i.e. 
the extent to which diffusion is anisotropic). Both FA and RA are measured 
between 0-1 with 0 indicating isotropic diffusion and 1 is indicating anisotropic 
diffusion (Klawiter, 2013). The VR is the ratio of the ellipsoid volume to the 
volume of a sphere with the radius of MD. Like RA and FA, the VR ranges from 
0-1 but unlike the other two indices, VR closer to 1 indicates isotropic diffusion 
and VR closer to 0 indicates anisotropic diffusion. VR allows one to assess the 
degree to which diffusion is spherical. If the white matter is damaged or fiber 
integrity is impaired, we would expect an increase in diffusion. If this increase in 
diffusion is orthogonal to the primary diffusion direction we expect to observe a 
decrease in FA or RA values and an increase in VR values (Soares et al., 2013).  
 Since RA, FA and VR reduce the diffusion tensor to one scalar value they 
do not necessarily give a good indication of the directional variation of the 
diffusion ellipsoid. A cigar-shaped and pancake-shaped ellipsoid can have equal 
FA even through the shape of diffusion differ. Geometric diffusion measures have 
been developed to better gauge the shape of the diffusion ellipsoid (Vilanova et 
al., 2006). These are the linear anisotropy (CL), planar anisotropy (CP) and the 
spherical anisotropy (CS). These values, along with the other parameters above,  

can be helpful in the characterization of the shape of the diffusion tensor along 
with orientation and integrity of CNS tissue (Kumar et al., 2014).  
 
1.2.1.6 Parameters affecting MR Signal 

Several important factors should be kept in mind when acquiring MR 
images. These include the field of view (FOV), matrix size (the number of grid 

spaces in the x and y planes), and slice thickness. The FOV divided by the matrix 
of a direction gives the voxel size for that direction. For example, if the field of 
view is 1.25cm x 1.25cm and the matrix size is 128 x 128 then the voxel size, is 



 

16 

97.6µm x 97.6µm in the x and y-direction respectively. Obtaining images of 
mouse brain or spinal cord requires a small voxel. The smaller the voxel size, the 
higher the spatial resolution and thus the easier it is to resolve structures. 
However, the smaller the voxel size, the less tissue, the less signal present in 
each voxel and the lower the signal to noise ratio (SNR). More averages can be 
acquired to increase the SNR. However, each average doubles the imaging time. 
It is important to remember there are always trade-offs that will take place 
between time, SNR and spatial resolution. 

 
1.3 Multiple Sclerosis: Pathophysiology 

 MS is idiopathic and has a complex pathophysiology involving interactions 
between one’s genetic predisposition, the environment and the immune system 
(Mallucci et al., 2015). Symptoms of MS have been shown to be primarily due to 
the damage to the integrity of myelinated white matter tracts within the CNS. 
Recent research has also highlighted the importance of gray matter damage in 
MS disease pathophysiology. Understanding the mechanisms that drive disease 
pathophysiology is critical when developing strategies to prevent and treat MS 
(Mallucci et al., 2015).  

 
1.3.1  Pathogenesis of Multiple Sclerosis 

 The exact cause of MS is still unknown. There is a complex interplay 
between genetic susceptibility and environmental factors influencing disease 
penetrance (Dendrou et al., 2015). Historically, two primary mechanisms have 
been thought to be potential triggers for MS. These include molecular mimicry 
and bystander activation of autoreactive immune T-cells (Libbey et al., 2007; 
Mallucci et al., 2015). Molecular mimicry occurs when infectious agents and self-
antigens share peptide sequences or structural motifs (Fujinami and Oldstone, 
1985; Wucherpfennig and Strominger, 1995; Mallucci et al., 2015). Bystander 
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activation, on the other hand, requires the activation of tissue-resident antigen 
presenting cells (APCs) within the CNS. The APCs then allow T cells to begin an 
autoimmune response against CNS epitopes (Munz et al., 2009; Mallucci et al., 
2015).  
 It is thought that these two mechanisms likely act together (Mallucci et 
al., 2015). Activation of immune cells within the CNS may be caused by intrinsic, 
CNS-specific, or extrinsic, for example virally mediated, damage. This activation 
would lead to accumulation of CNS proteins in draining lymph nodes after 
leakage from the blood-brain barrier (BBB) (Stern et al., 2013; Mallucci et al., 
2015). This leakage would then lead to the recruitment within the CNS of 
lymphocytes (from the periphery) primed against CNS antigens. Lymphocytes 
entering the CNS would induce the secretion of pro-inflammatory cytokines by 

microglia/macrophages. This secretion would lead to the destruction of CNS-
tissue and the release of CNS antigens (i.e. epitope spreading)(McMahon et al., 
2005; Sospedra and Martin, 2005b; Owens et al., 2011; Mallucci et al., 2015).  
 A newer theory regarding MS pathogenesis is the “inside-out” model of 
MS (Hauser and Oksenberg, 2006; Trapp and Nave, 2008; Dutta and Trapp, 
2011; Stys et al., 2012). This model claims that MS is primarily a degenerative 
and not autoimmune disease. The initial degeneration is thought to promote an 
autoimmune and inflammatory response through the release of highly antigenic 
constituents. Evidence for this theory includes studies of early MS post-mortem 
tissue showing little signs of T or B cell infiltration in areas of demyelination and 
oligodendrocyte loss. These lesions do show macrophage infiltration and 
microglial activation, which is evidence of an innate immune response that is 
triggered to clear debris (Barnett and Prineas, 2004; Henderson et al., 2009; 
Stys et al., 2012). Additionally, progressive MS is characterized by reduced 
inflammatory episodes (Kuhlmann et al., 2002) yet neurological deficits continue 
to accumulate. This model might also explain why immunomodulators have been 
ineffective in the treatment of the progressive forms of MS.   
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1.3.2  Multiple Sclerosis Lesions 

1.3.2.1 White Matter Lesions 

1.3.2.1.1 Pathology  
 

Charcot first described white matter (WM) lesions in MS as multiple focal 
sclerotic plaques scattered throughout the WM of the brain and the spinal cord 

(1998; Mallucci et al., 2015). We now know that WM lesions in MS tend to be 
located in the periventricular WM, juxtacortical border, cerebellum/brainstem or 
spinal cord (Fazekas et al., 1999; Mallucci et al., 2015). These four areas are 
collectively referred to as the MS typical regions of the CNS (Polman et al., 
2011). The lesions in the brain tend to be round or ovoid, ranging in size from a 
few millimeters to more than a centimeter (Fazekas et al., 1999; Mallucci et al., 
2015). Spinal cord lesions are typically located in the cervical region, run along 
the long axis of the cord, and extend less than two vertebral segments in length 
(Lycklama et al., 2003; Mallucci et al., 2015).   
 White matter lesions are segregated into four distinct patterns (I-IV), 
arising from different pathophysiological mechanisms (Lucchinetti et al., 1996; 
Mallucci et al., 2015). Pattern I lesions have a higher incidence in patients who 
have less than one year of disease history (Lucchinetti et al., 1996; Mallucci et 
al., 2015). Approximately 10% of total MS patients present with a pattern I 
lesion. They have sharply demarcated edges with perivascular infiltrating T cells 
and active demyelination. The most common type of WM lesion is the pattern II 
lesions. Large infiltration of T cells and myelin-laden macrophages, prominent 
deposition of immunoglobulins (Ig)s characterize these lesions. Also, ~55% of 
total MS patients present with pattern II lesions. Pattern III lesions are the 

second most common. Ill-defined borders characterize pattern III lesions. These 
lesions also have dying oligodendrocytes and inflamed vessels that are 
surrounded by myelin. This myelin is intact but has lost myelin-associated 
glycoprotein (MAG). ~30% of total MS patients present with pattern III lesions. 
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Finally, pattern IV lesions are the rarest type. Pattern IV lesions, have infiltrating 
T cells and activated microglia/macrophages. Around pattern IV lesions one can 
see extensive non-apoptotic oligodendrocyte degeneration. These lesions are 
seen only in PPMS patients (Lucchinetti et al., 1996; Mallucci et al., 2015).  
 Notably, distinct mechanisms driving the initial demyelination have been 
described within the different lesion patterns of MS (Lucchinetti et al., 1996; 
Mallucci et al., 2015). In patterns I and II, it is thought that the primary damage 
occurs to the myelin sheaths that subsequently triggers demyelination. In 
patterns III and IV the death of the oligodendrocyte, the cell that produces 
myelin in the CNS, is the primary driver of demyelination (Lucchinetti et al., 
1996; Mallucci et al., 2015).  
 

1.3.2.1.2 Magnetic Resonance Imaging of White Matter Lesions 
 

 T1-weighted images along with the MRI contrast agent, gadolinium, can 
be used to monitor inflammatory and acute demyelinating MS lesions. These 
lesions cause an increase in blood-brain barrier permeability allowing gadolinium 
to enter the CNS (Klawiter, 2013). Gadolinium is highly paramagnetic, since it 

has seven unpaired electrons, and shortens the T1 relaxation time causing a 
signal enhancement on T1 weighted MR when it is present in tissue (Bellin and 
Van Der Molen, 2008). In MS lesions this contrast enhancement typically persists 
for one month on average, allowing clinicians to classify lesions as either acute 
(gadolinium-enhancing) or chronic (non-gadolinium enhancing)(Cotton et al., 
2003). Contrast-enhanced T1 weighted imaging is now routinely used in the 
study of MS and provides an in vivo measure of inflammatory activity (Ge, 2006). 
This type of imaging can detect disease activity 5-10 times more frequently than 
the clinical evaluation of relapses (Barkhof et al., 1992), suggesting that most 
enhancing lesions are clinically silent (Ge, 2006).  
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 However, there are issues with contrast enhanced T1 weighted imaging in 
MS. First, contrast enhanced T1 weighted lesions are less common in the 
progressive forms of MS (Klawiter, 2013). Second, the dosage of the contrast 
agent can influence the number of enhancing lesions. It has been demonstrated 
that larger dose can result in both an increased number and size of enhancing 
lesions (Wolansky et al., 1994; Sardanelli et al., 2003; Ge, 2006).  
 T1 weighted hypointensities (“black holes”) may also be present in the 
MRI scans of patients with MS. The majority of these will resolve and are called 
transient black holes while a minority will persist (lasting 12 months or 
longer)(Bagnato et al., 2003). A study of MS post-mortem brains demonstrated 
that chronic black holes correlated with greater tissue damage and increased 
axonal damage on histopathology (van Walderveen et al., 1998). Additionally, 

another study demonstrated that the accumulation of these black holes 
correlates with disease progression and disability in SPMS (Truyen et al., 1996).  
  T2-weighted hyperintensities (bright spots) are a standard feature in MS 
(McDonald et al., 2001; Polman et al., 2011). However, T2-weighted lesions are 
highly non-specific and can contain a variable extent of demyelination, 
remyelination, axonal loss, inflammation, and edema. This lack of specificity may 
play a role in the clinical-radiological paradox; a phenomenon in MS where lesion 
load on radiological scans does not appear to correlate with the extent of 
disability (Klawiter, 2013).   

The DTI parameter, fractional anisotropy (FA) has found to be lower in 
lesion areas compared to NAWM (Filippi and Inglese, 2001) and it appears 
always to be lower in enhancing lesions. Additionally, FA values in NAWM are 
lower than those of corresponding control white matter (Werring et al., 1999; 
Bammer et al., 2000; Filippi, 2000; Cercignani et al., 2001; Filippi et al., 2001; 
Filippi and Inglese, 2001). Studies of DTI of white matter have also revealed a 
decreased FA and an increased mean diffusion (MD) in non-lesion areas (Filippi 
et al., 2001; Filippi and Inglese, 2001), suggesting the presence of subtle 
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microstructural changes that are beyond the resolution of conventional MRI. 
These studies are consistent with the findings of other pathological studies 
demonstrating that tissue damage in MS is not restricted to T2-visible lesions 
(Jonkman et al., 2015) 

 
1.3.2.2 Gray Matter Lesions 

Until recently, MS was considered primarily a white matter disease. It is 
thus surprising to learn that gray matter (GM) involvement in MS was initially 
described by the founder of MS, Jean-Martin Charcot, in the 1800’s (Mallucci et 
al., 2015). He was the first to point out the existence of demyelinating lesions 
within the GM of the brain of MS patients. For many years his findings were 
neglected, likely due to the difficulty of visualizing GM lesions with traditional 
histological methods. In 1962 Brownell and Hughes performed the first extensive 
analysis of GM lesions. They found that GM lesions accounted for ~26% of total 
MS lesions (Brownell and Hughes, 1962; Mallucci et al., 2015). Since this time 
advanced imaging techniques have established that cortical demyelination is, in 
fact, a common feature of all forms of MS (Filippi and Rocca, 2012; Geurts et al., 
2013; Mallucci et al., 2015) 

  GM lesions, although common and widespread, tend to not be visible on 
conventional MRI. GM lesions tend to have a longer relaxation time which results 
in poor contrast resolution between normal appearing GM and GM lesions in the 
cortex.  To better visualize GM lesions in MS newer techniques are being 
developed. Hulst and Geurts, 2011 reviews such methods. 

 
1.3.3  Glial and Neuronal Damage 

1.3.3.1 White Matter 

Oligodendrocytes are a type of glial cell that provides support and 
insulation to neurons in the CNS by wrapping them in a myelin sheath, a lipid-
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rich concentric membrane (Hauser and Oksenberg, 2006; Mallucci et al., 2015). 
The myelin sheath provides trophic support to neurons and alters the electrical 
properties of the axon. It creates areas of high resistance and low capacitance 
that cause rapid saltatory conduction of nerve impulses (Waxman and Ritchie, 
1993; Irvine and Blakemore, 2008). Damage to myelin or oligodendrocytes by 
autoimmune disease or other mechanism causes deficits in neuronal function 
that may be reversible or permanent (Mallucci et al., 2015).  

In type I and II lesions, demyelination are triggered primarily by direct 
damage to the myelin sheath (Lucchinetti et al., 2000; Mallucci et al., 2015). This 
direct damage may be caused by toxic factors produced by activated 
macrophages (Hofman et al., 1989; Selmaj et al., 1991; Bitsch et al., 2000) or by 
humoral immunity (Genain et al., 1999; Lucchinetti et al., 2000). Approximately 

one-third of MS patients develop autoantibodies against myelin. Also, it appears 
that these autoantibodies are more likely to be detected in RRMS patients than in 
PPMS (Elliott et al., 2012; Mallucci et al., 2015).   
 The serum, cerebral spinal fluid (CSF) (Reindl et al., 1999), and lesions of MS 
patients have been found to contain anti – myelin oligodendrocyte glycoprotein 
(MOG) antibodies (Genain et al., 1999; Mallucci et al., 2015). Patients with other 
demyelinating disorders such as acute disseminated encephalomyelitis (ADEM) 
and optic neuritis (Willison and Linington, 2012), as well as healthy controls 
(Lampasona et al., 2004) also contain anti-MOG antibodies. Another study 
indicates that the MOG index, a measure of the level of antibodies to MOG within 
the CNS, may be a promising diagnostic tool and a marker of disease progression 
in MS patients (Klawiter et al., 2010; Mallucci et al., 2015). The role of anti-MOG 
antibodies, as well as other autoantibodies in MS, has yet to be fully understood. 
 Unlike type I and II lesions, in type III and IV lesions demyelination is 
triggered primarily by the death of the oligodendrocytes themselves (Lucchinetti 
et al., 2000; Mallucci et al., 2015). The most likely cause of the rare Type IV 
patterns lesions is the release of toxic factors from activated macrophages. On 
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the other hand, type III pattern lesions appear to be linked to failure in 
mitochondrial activity which causes the death of oligodendrocytes via the release 
of apoptotic factors, while simultaneously disrupting the differentiation of 
oligodendrocyte precursor cells (OPCs) (Ziabreva et al., 2010; Mallucci et al., 
2015). Mitochondrial injury can be caused by reactive oxygen species and nitric 
oxide released by activated microglia (Fischer et al., 2012; Mallucci et al., 2015). 
  Once demyelination has occurred, sodium channels, typically located at 
the nodes of Ranvier, become distributed along the axon. When ATP production 
is reduced, for example in white matter lesions, the sodium-potassium ATPase 
pump becomes impaired. In its place, the sodium/calcium exchanger, which 
usually exchanges calcium inside the axon for sodium in the extracellular space, 
will reverse its activity until an increase in calcium inside the axon causes a 

degenerative response (Waxman, 2006; Smith, 2007; Mallucci et al., 2015). 
Increased calcium in the axon causes a cycle of impaired mitochondrial function,  
thus further propagates damage (Mahad et al., 2008a; Mahad et al., 2008b). The 
term virtual hypoxia is used to describe this imbalance between increased energy 
demand and decreased energy supply. This process eventually leads to 
degeneration of the axon in WM (Lassmann, 2003; Trapp and Stys, 2009; 
Mallucci et al., 2015). 

Understanding the mechanism that drives demyelination and subsequent 
axonal loss in MS is essential for the development of therapies that reduce 
demyelination and promote remyelination in MS (Mallucci et al., 2015) 

 
1.3.3.2 Gray Matter 

Progressive GM damage is now well established as one of the leading 
causes of irreversible neurological disability in MS patients. This cortical damage 
can be caused indirectly by degeneration of connecting WM tracts or directly via 
demyelinating plaques localized within the cortex (Mallucci et al., 2015).  
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  Regarding indirect cortical damage, it is thought that axonal destruction 
may be induced by inflammatory WM lesions, which leads to secondary or 
Wallerian tract degeneration and global brain atrophy (Kornek and Lassmann, 
1999; Mallucci et al., 2015). It has been shown that the formation of new cortical 
lesions is more likely to occur in areas that were connected to sites of previous 
damage in the WM (Kolasinski et al., 2012; Mallucci et al., 2015). This process 
may remain clinically silent for many years. However, compensatory CNS 
resources are eventually exhausted, and the result is an irreversible neurological 
disability (Bjartmar et al., 2003; Mallucci et al., 2015).  
 It has been shown that cortical demyelination can occur in areas that are 
not directly connected to areas of WM damage (Bo et al., 2007; Mallucci et al., 
2015). A recent study demonstrated that oxidative injury may be one the major 

driving forces in cortical demyelination (Fischer et al., 2013; Mallucci et al., 
2015). This oxidative damage appears to be related to mitochondrial impairment 
in damaged axons (Mallucci et al., 2015). The mitochondrial damage is probably 
caused by free oxygen radicals produced during inflammation and dysfunctional 
mitochondria themselves (Fischer et al., 2012).  
 

1.3.4  Remyelination 

 Remyelination is the process by which oligodendrocytes and 
oligodendrocyte precursor cells (OPCs) re-ensheath demyelinated axons (Mallucci 
et al., 2015). Spontaneous remyelination does occur in humans and is a highly 
regulated process that requires multiple steps for completion. Early in the MS 
disease course remyelination occurs in lesions. A repeated cycle of de- and 
remyelination leads to a myelin sheath that is thinner and shorter than normal 
(Ludwin and Maitland, 1984; Mallucci et al., 2015). Post-mortem studies suggest 
that the extent of remyelination that occurs is related to the location of the 
lesions. Deep WM and subcortical lesions appear to be more likely to undergo 



 

25 

complete remyelination than those in periventricular areas (Patrikios et al., 2006; 
Mallucci et al., 2015).  
 In MS, remyelination can occur in variable amounts; when it occurs and 
by how much is poorly understood (Mallik et al., 2014). Evidence of failure of 
remyelination has been seen in chronic MS patients (Mallucci et al., 2015). 
Maturing OPCs are rarely seen in the WM lesions of chronic MS patients 
indicating that there may be a block in the differentiation of OPCs causing 
remyelination failure (Antel et al., 2012; Mallucci et al., 2015). It is thought that 
remyelination is inhibited in slowly expanding lesions that are characteristic of 
progressive MS due to impaired clearance of myelin debris (Bramow et al., 2010; 
Miron and Franklin, 2014; Mallucci et al., 2015).   
 Failure to remyelinate is correlated with inefficient recruitment or lack of 

differentiation of OPCs (Mallucci et al., 2015). It is thought that the continued 
presence of autoreactive T cells in MS creates a hostile environment for 
oligodendrocyte function that inhibits complete remyelination (Mallik et al., 
2014).  OPC differentiation requires three steps. First OPCs establish contact with 
an axon, then they express a series of myelin-specific genes, and finally they 
ensheath the axon. Each process is tightly regulated by the release of several 
growth factors (Murtie et al., 2005; Mallucci et al., 2015) and by activation of a 
specific membrane and nuclear signaling pathways (Mallucci et al., 2015). An 
emerging focus of MS treatments has been to develop therapies to promote 
remyelination (Keough and Yong, 2013).  
 

1.3.5  Multiple Sclerosis: Treatments 

1.3.5.1 Current Treatments 

There is no cure for MS. However, treatments, also known as disease-
modifying therapies (DMTs), are available. In 1993 the first disease modifying 
therapy for RRMS, interferon beta-1b, was introduced (Buck and Hemmer, 
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2011). Now there are several DMTs available to patients with RRMSS. The short 
term aims of these DMTs are to reduce MRI activity, and the frequency, and 
severity of relapses (Ontaneda et al., 2012). All medications approved for the 
treatment of RRMS have been shown to achieve these short term goals, although 
the magnitude and robustness of the benefits do vary. First-line therapies are 
safer and well tolerated, but they are only moderately effective for patients as a 
group. Second-line therapies have greater efficacy but also have substantial 
safety concerns (Ontaneda et al., 2012). 
 These DMTs tend to aim to suppress or alter the autoimmune process 
underlying the pathogenesis of MS (Sospedra and Martin, 2005a; Hemmer et al., 
2006). Such DMTs modulate immune cell subsets, reduce leukocyte trafficking 
across the blood-brain-barrier, or sequester cells in peripheral secondary 

lymphoid organs (Keough and Yong, 2013). These processes appear to be an 
ineffective strategy for the treatment of progressive forms of MS. The inside-out 
model of MS described above has been put forth as a potential explanation for 
this lack of efficacy. 
 
1.3.5.2 Developing Treatments 

Current research into MS therapeutics has begun focusing on 
neuroprotective agents. Since neurodegeneration occurs early during the disease 
and accumulates over time (Lukas et al., 2010), these agents will probably be 
highly effective in the treatment of MS. The focus of such neuroprotective agents 
will likely be to increase remyelination and reduce demyelination. It has been 
postulated that chronic demyelination underlies the progressive axonal injury, 
neuronal death, and disease progression seen in MS (Trapp and Nave, 2008; 
Hagemeier et al., 2012). Additionally, animals studies have shown that 
remyelination can protect axons from demyelinated axon associated 
degeneration (Irvine and Blakemore, 2008), can restore axon conduction to 
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levels seen before demyelination (Smith et al., 1981), and can lead to functional 
recovery (Duncan et al., 2009).  
 A list of potential remyelination therapies that have shown promise in 
experimental models of demyelination can be found in Mallik et al., 2014. To 
develop therapies that reduce demyelination and promote remyelination we 
require imaging methods that are non-invasive, sensitive and specific to either 
myelin or axonal content of tissue, quantitative and available for use at the 
clinical and pre-clinical level. Overall, the most likely candidate for monitoring 
remyelination in MS comes from MR imaging markers (Mallik et al., 2014).  
 
1.4 Magnetic Resonance Imaging of Demyelination and Remyelination 

Some possible MRI techniques that are candidates for this include but are 
not limited to MTR, qMT and DTI. 
 As mentioned above MTR is one way to quantify the exchange in 
magnetization that occurs between the bound and free pools. MTR has the 
advantages of having a relatively short acquisition time and it is available on 
commercial scanners (Mallik et al., 2014). Additionally, MTR is strongly affected 
by myelin (Mallik et al., 2014). Studies of MS patients have demonstrated that 

demyelinating lesions have a lower MTR than inflammatory lesions (Guo et al., 
2001; Ge, 2006). A longitudinal study of the evolution of MTR in gadolinium-
enhancing lesions found a marked reduction in MTR at the lesion site followed by 
partial or complete resolution as inflammation reduced and remyelination 
occurred (Chen et al., 2008; Klawiter, 2013). In post-mortem MS brains MTR was 
found to be significantly higher in areas of remyelination compared to areas of 
demyelination (Schmierer et al., 2004; Bodini et al., 2015). Areas of 
remyelination had a significantly lower MTR compared to NAWM, this may be 
due to incomplete remyelination, morphological differences in newly formed 
myelin or axonal loss (Schmierer et al., 2004; Mallik et al., 2014).  
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It has been shown that MTR is influenced by water content, inflammation 
and axonal damage (Schmierer et al., 2004; Vavasour et al., 2011; Mallik et al., 
2014). Other disadvantages of MTR include that it is semi-quantitative and can 
depend on MT pulse properties, the type of acquisition, excitation pulse flip angle 
and echo time, and repetition time (Mallik et al., 2014). Also, as mentioned 
above, it cannot distinguish between the different factors that affect 
magnetization transfer, including but not limited to the rate of exchange and the 
amount of the bound pool.  

 qMT can be used to separate these variables. qMT uses mathematical 
models of the magnetization transfer effect in biological tissue to measure 
fundamental quantitative parameters related to the magnetization transfer effect, 
including the fraction of protons in the bound pool (f) (Cercignani et al., 2005; 

Mallik et al., 2014). These quantitative parameters are significantly influenced by 
tissue myelin content (Mallik et al., 2014). They are also reliable and 
reproducible (Levesque et al., 2010a; Mallik et al., 2014).  

Additionally, qMT parameter bound pool fraction (f), a measure of the 
fraction of protons in the semisolid pool, has been a stronger correlate to myelin 
content of tissue than MTR (Schmierer et al., 2007a; Thiessen et al., 2013). qMT 
has not been as extensively studied in MS patients as MTR. However, one study 
reported a reduction in f in MS lesions and NAWM.  A serial study of 6 RRMS 
patients with acute gadolinium-enhancing lesions using qMT imaging, 
demonstrated a decrease of both MTR and f in acute lesions (Giacomini et al., 
2009; Mallik et al., 2014). Both parameters recovered over several months, 
which may have been due to remyelination. Interestingly the reduction in MTR 
although present was smaller than that observed in f. The authors contributed 
this to edema increasing the T1 and thereby attenuating the MTR reduction 
(Giacomini et al., 2009; Mallik et al., 2014). This data was later validated by a 
study that looked at gadolinium-enhancing regions in 5 RRMS patients (Levesque 
et al., 2010b). Additionally, it has been shown that the qMT imaging parameters 
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decrease before gadolinium-enhancing lesion formation which may indicate early 
demyelination (Fazekas et al., 2002).  

The challenges in qMT measurements include that it requires several 
images to be taken to fit the model to the data and to estimate the fundamental 
qMT parameters (Mallik et al., 2014). This imaging process is time-consuming. It 
is, however, a technique worth exploring further as the results of animal studies 
support the hypothesis that f is an imaging biomarker of demyelination (Ou et 
al., 2009a; Mallik et al., 2014). It is not unreasonable to believe that qMT would 
be just as useful in detecting remyelination. 
 Another potential imaging technique that could be used to monitor 
remyelination is DTI. Diffusion weighted images provide information about the 
diffusion behaviour of water which is altered in as a consequence of 

microstructural changes (Pierpaoli et al., 2001; Mallik et al., 2014). Using DTI, it 
is possible to derive several imaging biomarkers for characterizing tissue 
microstructural abnormalities (Mallik et al., 2014). These include fractional 
anisotropy (FA), mean diffusion (MD), axial diffusion (AD), radial diffusion (RD), 
relative anisotropy (RA), linear anisotropy (CL), planar anisotropy (CP), spherical 
anisotropy (CS) and the volume ratio (VR). 

FA has been shown to correlate both with axonal count (Schmierer et al., 
2007b; Gouw et al., 2008) and myelin content (Schmierer et al., 2007b; Mallik et 
al., 2014). Additionally, RD and AD have been shown to reflect myelin content 
and axon content respectively, particularly in areas with high fibre coherence 
(Song et al., 2002; Song et al., 2005; Mallik et al., 2014). Along with axon and 
myelin characteristics other aspects of fiber features, such as orientation 
coherence and packing of axons, axonal caliber, membrane permeability, and the 
presence of other cells such as glia and immune cells, can also contribute to 
changes in axial and radial diffusivity (Le Bihan et al., 2001; Kumar et al., 2012). 
 A study in post-mortem fixed MS spinal cords showed that RD 
distinguished between worsening severities of demyelination (Klawiter et al., 
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2011). The RD in this study was decreased in areas with moderate-severe 
demyelination compared to both mild demyelination and normal white matter 
(Klawiter et al., 2011). A similar study showed that both MD and FA correlate to 
tissue myelin content in post-mortem MS tissue  (Schmierer et al., 2007b). 
Additionally, RD in the corticospinal tracts and posterior columns are correlated 
with clinical measures of disability in MS (Naismith et al., 2013; Mallik et al., 
2014). However, the specificity of DTI metrics to myelin in the spinal cord is 
unclear. There may be confounding effects of increased cellularity or 
inflammation-induced edema (Grossman et al., 2000; Mallik et al., 2014).  
 The main limitation with DTI comes from the fact that the parameters 
used are dependent on the ability of this model to detect the correct fibre tract 
orientation per voxel (Mallik et al., 2014). This limitation becomes a problem in 

areas of complex tissue microstructure where the proper orientation of fibers 
may not be detectable (Laule et al., 2007; Wheeler-Kingshott and Cercignani, 
2009; Mallik et al., 2014). Also, in the presence of joint inflammation and 
demyelination, RD may underestimate the amount of demyelination and AD may 
overestimate the amount of axonal loss (Wang et al., 2011).  

 Each of the above techniques has its advantages and disadvantages. As 
trials of potential neuroprotective agents become more important in the overall 
spectrum of MS research, these experiments should be designed to maximize 
their sensitivity to actual treatment effects (Mallik et al., 2014). This 
maximization involves selecting patient groups with the most potential to show a 
response and obtaining large sample sizes (Mallik et al., 2014) but most 
importantly it includes selecting an imaging outcome that accurately measures 
treatment responses. This selection process requires a thorough understanding 
of how the different potential imaging techniques respond to demyelination and 
remyelination in various situations. Animal models can be used to gain this 
understanding.  
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1.5 Multiple Sclerosis: Animal Models 

No single animal model represents the entire spectrum of heterogeneity of 
human MS (Procaccini et al., 2015). However, some animal models mimic 
aspects of MS disease pathology. These animal models are used as tools to study 
disease development and novel therapeutic approaches. There are valid concerns 
about how representative these animal models can be since they do not reflect 
all aspects of the disease. While we should keep these concerns in mind, animal 
models have provided us with valuable insight into the pathophysiology of illness 
(Nathoo et al., 2014a). Each of the below animal models provides a different 
route of investigation into MS disease processes (Nathoo et al., 2014a). 

 
1.5.1  Experimental Autoimmune Encephalomyelit is 

 Experimental autoimmune encephalomyelitis (EAE) is the most commonly 
used animal model of MS (Nathoo et al., 2014a, b; Procaccini et al., 2015). In 
this model autoimmunity to CNS components is induced through immunization 
with self-antigens derived from myelin proteins (Procaccini et al., 2015). The first 
description of this model was in monkeys that had been immunized with rabbit 
brain extracts which caused paralysis associated with demyelination of the brain 

and spinal cord (Rivers et al., 1933). Later this procedure was modified to also 
use Freund's adjuvant (CFA)(Freund and McDermott, 1942) and pertussis toxin 
(PT)(Munoz and Mackay, 1984). These compounds potentiate the humoral 
immune response and induce oscillatory symptoms more typical of a relapsing-
remitting disease (Procaccini et al., 2015). Rodent EAE models, particularly mice, 
are the most commonly used because of their affordability and the availability of 
genetically modified strains (Ransohoff, 2012; Nathoo et al., 2014a).  
 The immunogens that can be used to induce EAE are derived from self-
CNS proteins and include myelin basic protein (MBP), proteolipid protein (PLP) or 
myelin oligodendrocyte glycoprotein (MOG)(Procaccini et al., 2015). The type of 
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response obtained is dependent both on the strain of mouse and the immunogen 
used for induction. Immunization of SJL/J mice with an epitope of PLP induced a 
relapsing-remitting disease course (Tompkins et al., 2002), while immunization 
of C57BL6/J mice with MOG causes more of a chronic illness (Tuohy et al., 
1989). 
 EAE in mice is characterized by an ascending paralysis starting at the tail 
and progressing toward the forelimbs (Batoulis et al., 2011; Procaccini et al., 
2015). The paralysis seen in EAE can be assessed using a 5 (McRae et al., 1992; 
Berard et al., 2010) or 15 point scale (Weaver et al., 2005).  Regarding 
pathology MS and EAE share many characteristics including the destruction of 
myelin sheaths and axonal degeneration (Steinman and Zamvil, 2005; Nathoo et 
al., 2014a). Like MS, EAE lesions show DIT/DIS (Adams and Kubik, 1952; Baxter, 

2007) and have the presence of CD4+ and CD8+ T cells that are reactive to 
myelin (Steinman and Zamvil, 2005). Finally, studies have also shown that the 
process of leukocyte migration into the CNS is similar in EAE and MS (Agrawal et 
al., 2011). 

These similarities make EAE a model that has been significant in 
contributing to our knowledge of autoimmunity and neuroinflammation in MS 
(Procaccini et al., 2015) but like any model it does have its limitations. These 
include that EAE cannot be used to study relapse rate, acute EAE mainly affects 
the spinal cord with white matter unlike MS, and acute EAE does not provide 
information about disease progression (Procaccini et al., 2015).  

 EAE white matter has a reduced MTR (Gareau et al., 2000), similar to MS 
(Nathoo et al., 2014a). Later it was shown that MTR correlates well with levels of 
demyelination in EAE (Brochet and Dousset, 1999). Another study that compared 
MTR to bound pool fraction (f) in EAE mice found that f was more sensitive to 
demyelination than MTR (Rausch et al., 2009). AD has been shown to correlate 
with axonal injury in EAE and anisotropy measures correlated with clinical 
disability in this model (Budde et al., 2008; Budde et al., 2009). AD and RD have 
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also been shown to correlate with clinical disability in EAE and can be used as 
outcome measures in pre-clinical trials of MS therapeutics (Wang et al., 2013).  

It is hard to study remyelination in EAE mice because lesions occur 
randomly in terms of timing and location. This randomness makes it difficult to 
distinguish lesions undergoing demyelination from those undergoing 
remyelination. It is also challenging to determine whether changes seen in MRI 
methods in this model are due to inflammation or demyelination (Nathoo et al., 
2014a). These limitations make EAE a less than ideal model in which to study the 
effects of potential remyelinating therapies.  

 
1.5.2  Theiler’s Murine Encephalomyelit is Virus 

Theiler's murine encephalomyelitis virus (TMEV) is a non-enveloped, 

positive-sense, single-stranded RNA virus (Tsunoda and Fujinami, 2010) and is a 
neurotropic viral infection model for MS (Libbey et al., 2007). This model is 
particularly intriguing because a virus, Epstein-Barr, has been linked to MS as an 
environmental susceptibility factor (Procaccini et al., 2015). Intracerebral 
administration of TMEV in susceptible mouse strains, like SJL/J, leads to 
demyelination (Dal Canto et al., 1996). There are two subgroups of TMEV, GDVII 
and TO. GDVIIs are highly neurovirulent for mice and induce death within 1 to 2 
weeks. TOs are the milder strains producing acute polioencephalomyelitis. In 
contrast to EAE, TMEV appears to only be able to induce a demyelinating disease 
in mice and is always chronic and progressive (Owens, 2006; Procaccini et al., 
2015).  
 TMEV contains T2 hyperintensities that are presumed to relate to 
demyelination. They have not however been linked to demyelination specifically. 
Few others studies looking at MRI in the TMEV model exist. A good review of the 
studies of TMEV and MRI can be found in Nathoo et al., 2013 a and b.   
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The main advantages of the TMEV model include that the virus-induced 
pathology is similar to the chronic progressive forms of MS. Also, the 
demyelination induced in this model is through activation of the immune system 
and not a direct result of the virus itself. Additionally, it can be useful for testing 
therapies targeting adhesion molecules, axonal degeneration, and 
immunosuppression (Procaccini et al., 2015). The disadvantages of this model 
include that it can only cause a demyelinating disease in mice and that 
demyelination requires persistent viral infection which is not the case in MS 
patients (Procaccini et al., 2015). Like EAE, TMEV is not ideal for studying 
potential remyelinating therapies.  

 
1.5.3  Cuprizone 

Toxic demyelinating models like cuprizone, ethidium bromide and 
lysolecithin are more suitable than EAE and TMEV to study de- and remyelination 
(Blakemore and Franklin, 2008). Cuprizone is a (bis-cyclohexanone-
oxaldihydrazone) is a copper chelator which is added to rodent chow, leading to 
oligodendrocyte cell death with subsequent demyelination in the corpus 
callosum, superior cerebellar peduncles, and the cortex (Matsushima and Morell, 
2001; Skripuletz et al., 2008; Procaccini et al., 2015). Ingestion of cuprizone for 
six weeks followed by a regular diet for six weeks causes demyelination followed 
by remyelination (Matsushima and Morell, 2001). Ingestion of cuprizone for 12 
consecutive weeks leads to chronic demyelination (Matsushima and Morell, 
2001).  

The precise mechanism underlying demyelination induced by cuprizone 
ingestion is not entirely understood (Procaccini et al., 2015). Administration of 
copper along with cuprizone does not reduce the toxic effects of cuprizone 
(Hemm et al., 1971). Therefore, the chelator effects of cuprizone are probably 
not the primary cause of demyelination. We do know that cuprizone causes 
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mitochondrial disturbances. This mitochondrial dysfunction is seen in both the 
liver and brain of cuprizone-treated mice (Suzuki, 1969; Komoly et al., 1987). It 
is also known that cuprizone causes oligodendrocyte apoptosis while other cells 
appear to be unaffected and it is this oligodendrocyte cell death which causes 
demyelination (Procaccini et al., 2015), like type III and type IV lesions in MS. 
This evidence suggests that the large bio-energetic demand of oligodendrocytes, 
which require large amounts of oxygen and ATP for membrane synthesis, cannot 
be met by the dysfunctional mitochondria in cuprizone mice (Procaccini et al., 
2015).  

The cuprizone model can be used to study the mechanisms of de- and 
remyelination in the absence of primarily immune-mediated phenomenon 
(Procaccini et al., 2015). Magnetization transfer imaging has been used to 

monitor changes in white matter post cuprizone intoxication (Nathoo et al., 
2014a). MTR has been shown to decrease with demyelination and increase with 
remyelination (Zaaraoui et al., 2008). A study done in 2013 looked at a variety of 
MRI measures in mice exposed to cuprizone for six weeks (Thiessen et al., 
2013). This study found significant reductions in MTR, the bound pool fraction (f) 
and the rate of exchange between the bound and free pools (k) in the corpus 
callosum and external capsule. Additionally, this study found that of the MRI 
parameters assess f had the strongest significant correlation to myelin, 
suggesting that the reduction in f was due to myelin loss (Thiessen et al., 2013). 

Additionally, this study saw significant reductions in FA and AD while RD 
and MD were significantly increased in cuprizone mice (Thiessen et al., 2013). 
This model has been used to demonstrate that radial diffusivity increases with 
demyelination (Song et al., 2005; Sun et al., 2006; Xie et al., 2010) and 
decreases during remyelination (Song et al., 2005; Nathoo et al., 2014a).  

The disadvantages of this model include that the copper chelator may 
have yet unknown effects on cells other than oligodendrocytes which may 
indirectly affect the de- and remyelination process. It is also difficult to 
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histologically quantify remyelination in the corpus callosum, one of the primary 
areas of demyelination in the cuprizone model (Keough et al., 2015). Also, the 
timeline of the cuprizone model, which takes 12 weeks to de- and remyelinate, is 
longer than the lysolecithin model described on the next page.  

 
1.5.4  Ethidium Bromide 

Ethidium bromide is a toxic agent which causes intercalation with nucleic 
acids, thus injuring any cells containing a nucleus (Waring, 1965; Merrill, 2009). 
When injected into the dorsal column of the spinal cord or the caudal cerebellar 
peduncle this toxin causes demyelination followed by spontaneous remyelination 
(Waring, 1965). Therefore, like cuprizone above can be used to study de- and 
remyelination. In this model maximum demyelination occurs two weeks after 

injection (Graca and Blakemore, 1986). Not until around 14 weeks after injection 
is extensive remyelination seen in this model (Woodruff and Franklin, 1999). A 
diffusion study of ethidium bromide in rat spinal cord found that during 
demyelination RD decreased and AD increased (Talbott et al., 2016). Like the 
cuprizone model, the ethidium bromide model has a longer timeline for de- and 
remyelination than the lysolecithin model described below. 

 
1.5.5  Lysolecithin 

 An injection of the detergent lysophosphatidylcholine (lysolecithin) into 
the CNS causes demyelination and remyelination lasting roughly two weeks 
(Nathoo et al., 2014a; Keough et al., 2015). The area of injection may be the 
dorsal or ventral columns of the spinal cord, the corpus callosum or the internal 
capsule (Nathoo et al., 2014a). Lysolecithin is an activator of phospholipase A2, 
and it is believed that demyelination occurs due to primary toxic effects of the 
detergent on the myelin sheath and not secondary effects on oligodendrocytes 
(Hall, 1972; Denic et al., 2011). This mechanism of damage makes it similar to 
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type I and type II MS lesions. Studies have demonstrated that lysolecithin-
induced demyelination is not immune dependent and is present also in immune-
deficient mice (Denic et al., 2011). However, shortly after lysolecithin injection, 
there is a short-lived infiltration of T cells, B cells, and macrophages. This 
immune response is thought to be beneficial for remyelination (Bieber et al., 
2003).  
 The purpose of this model is not to mimic MS as a disease but to provide 
a model to study the process of demyelination and remyelination (Blakemore and 
Franklin, 2008; Denic et al., 2011). The advantages of this model include 
knowledge of the lesion location, a well-described and short timeline of de- and 
remyelination, and minimal axonal damage or inflammation compared to other 
models.  One disadvantage of this model include that the cause of demyelination 

is not autoimmune as is thought to be the cause in MS.  
 The MTR has been shown to be reduced with demyelination in both 
rodent and monkey lysolecithin models (Dousset et al., 1995; Deloire-Grassin et 
al., 2000; McCreary et al., 2009; Nathoo et al., 2014a). MTR changes with 
remyelination have been more variable with one study showing an increase in 
remyelination in lysolecithin injected rats (Deloire-Grassin et al., 2000) and 
another showing no significant change with remyelination in lysolecithin injected 
mice (McCreary et al., 2009). In both these studies, MTR did not return to 
baseline values which may be attributed to incomplete remyelination (Deloire-
Grassin et al., 2000; McCreary et al., 2009; Nathoo et al., 2014a). To the best of 
our knowledge, no study exists that has assessed quantitative magnetization 
transfer in this model.  Using DTI, the FA and AD have been shown to decrease 
while RD increases in lysolecithin-injected rats (DeBoy et al., 2007). Additionally, 
the lesion was visible in DTI tractography, a method that provides a visual 
representation of white matter tracts (Nathoo et al., 2014a). 
 The MRI methods used to investigate white matter changes over the 
lysolecithin disease course are promising. However, further work needs to be 
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done to identify which method or methods can reliably provide measures of 
remyelination and repair (Nathoo et al., 2014a).  
 Recently a new procedure for lysolecithin injection which uses a glass 
capillary instead of a needle for the injection has been described (Keough et al., 
2015). This process helps to reduce axonal damage in this model. Much of the 
data above was obtained in the older lysolecithin model (pre-glass capillary).  To 
the best of our knowledge studies assessing how MRI metrics change during the 
disease course in this glass capillary model have not been explored. This model 
is currently being used to develop remyelinating therapies for MS (Keough et al., 
2016). Understanding how MRI parameters change during the disease course of 
this model will allow us to add these metrics as outcome measures in this trails. 
Adding MRI measures to these trials will help provide a better understanding of 

how these therapeutics will fair in clinical trials, where MRI is one of the primary 
tools used to evaluate the effectiveness of such treatments. 
 
1.6 Ex Vivo Magnetic Resonance Imaging 

 Ex vivo MRI can be used to obtain images with a large number of 
averages and thus a higher signal to noise. However, the effects of chemical 

fixation and temperature complicate this process. Chemical fixation allows us to 
keep tissue as "lifelike" as possible by inactivating all biochemical and proteolytic 
processes and locking structures in space (Huang and Yeung, 2015). The 
aldehyde group in formaldehyde can react with protein nitrogen, primarily in the 
basic amino acid lysine, to form a cross-link called a methylene bridge (Kiernan, 
2000; Huang and Yeung, 2015).  Formaldehyde does not chemically change 
substances such as carbohydrates, lipids, and nucleic acids. These materials 
become trapped in a matrix of insolubilized and cross-linked protein molecules. 
(Kiernan, 2000). If left alone formaldehyde will polymerize to form 
paraformaldehyde. Methanol and formic acid can be used to prevent 
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polymerization, but these can have adverse effects on the fixation of tissue. 
Hence, it is recommended that a fresh formaldehyde solution is made from 
paraformaldehyde powder and used immediately (Huang and Yeung, 2015).  
  Regarding MRI, fixation can cause a decrease in T1 that is greater in gray 
matter than in white matter resulting in minimal T1 contrast (Tovi and Ericsson, 
1992; D'Arceuil et al., 2007). On the other hand, the drop in white matter T2 was 
slightly more than the reduction in gray matter T2 although there was still a clear 
gray/white T2 difference (D'Arceuil et al., 2007). Formalin fixation has been 
shown to cause a 50% increase in the bound pool fraction (f) however this 
parameter remained well correlated with the myelin content of tissue (Schmierer 
et al., 2008).  

Concerning diffusion, the apparent diffusion coefficient (ADC) values are 

substantially decreased in ex vivo imaging compared to in vivo values, with a 
greater change in white matter than in gray matter (D'Arceuil et al., 2007). A 
large part of this reduction in ADC and other diffusion parameters is due to brain 
death and changes in temperature. However, fixation has no effect on 
anisotropic measures (D'Arceuil et al., 2007). 
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 Objectives 

2.1 Introduction to Objectives 

 As discussed in Chapter One, a major area of MS research is to develop 
methods to stimulate remyelination. Drug testing requires animal models, and 
MRI is one of the primary tools used to evaluate the effectiveness of MS 
therapeutics (Nathoo et al., 2014b). It follows that in vivo drug evaluation in 

both pre-clinical and clinical trials requires micro-imaging methods suitable for 
animal use and sensitive to remyelination. This thesis assessed the sensitivity of 
quantitative magnetization transfer (qMT) and Diffusion tensor imaging (DTI) to 
remyelination using the lysolecithin model of de- and remyelination. DTI and 
qMT are key MR methods being assessed for use in studying demyelination in MS 
patients (Mallik et al., 2014), it follows that they will also be sensitive to 
remyelination. The lysolecithin model is being used to develop therapies to 
promote remyelination for the treatment of MS. Data from this thesis will help 
determine if qMT and DTI can be incoorporated into pre-clinical trails as outcome 
measures. Also, data from this thesis will contribute to informing future clinical 
trials of MS therapeutics. We expect to see an increase in the bound pool fraction 
when there is a decrease in myelin. This is becase as myelin decreases the 
amount of protons bound to macromolecules will also decrease, as a number of 
these protons exist in the lipids that compose myelin. This hypothesis is based on 
previous work done in the cuprizone model (Thiessen et al., 2013; Turati et al., 
2015) and post mortem MS tissue (Schmierer et al., 2007a). We also expect to 
see an increase in radial diffusion and decrease in fractional anisotropy as myelin 
decreases. This is because as myelin decreases diffusion orthogonal to the 
primary direction will become easier increasing radial diffusivity and decreasing 

fractional anisotropy. Additionally, axonal damage will lead to a greater difficulty 
of diffusion in the primary direction decreasing axial diffusivity. This hypothesis is 
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based on previous work done in the cuprizone model (Thiessen et al., 2013) and 
post mortem MS tissue (Schmierer et al., 2007b). 
 
2.2 Aim 1:  

 To correlate quantitative magnetization transfer parameters to myelin and 
 axonal content of lysolecithin lesions found histologically.  
 
2.2.1  Hypothesis: 

The bound pool fraction will have a positive correlation to the myelin 
content in lysolecithin lesions.  

 
2.3 Aim 2:  

 To correlate diffusion tensor imaging parameters to myelin and axonal 
 content of lysolecithin lesions found histologically. 
 
2.3.1  Hypothesis:  

The radial diffusivity will negatively correlate with, and fractional 
anisotropy will positively correlate with tissue myelin content. Axial 
diffusivity will positively correlate to the axonal content in lysolecithin 
lesions.   
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 Materials and Methods 

3.1 Study Design Summary 

3.1.1  Aim 1 

 Female C57Bl/6 mice from Charles-River were used. Animals received a 
lysolecithin injection in the thoracic spinal cord ventral white matter. They were 
sacrificed and perfusion fixed at 7 (peak demyelination) and 14 (early 
remyelination) days post injection (dpi). Naïve animals without any injections 
were used as controls. Spinal cords were imaged ex vivo using a 9.4T Avance 
Bruker MRI. The sequences used for qMT include a Rapid Acquisition with 
Relaxation Enhancement – Variable Time to Repeat (RARE-VTR) and Fast Low 
Angle SHot (FLASH) images. The qMT parameters, including bound pool fraction, 
were found using the two pool model with continuous wave approximation 
(Henkelman et al., 1993; Ramani et al., 2002). Mean values for each parameter 
were compared at the different time points using regions of interest around the 
lesion site and in white matter contralateral to the lesion site. Cords were stained 
for MBP (myelin marker) and SMI312 (axon marker). The percent staining of the 
two markers within the lesion area was assessed and correlated to qMT 
parameters.  

 
3.1.2  Aim 2 

 Naïve and 7 and 14 dpi ex vivo lysolecithin lesions were imaged using an 
echo planner imaging sequence (EPI). These images were used to calculate the 
diffusion tensor and to find DTI imaging parameters.  We then looked for 
correlations between the DTI parameters and the percent staining of MBP and 
SMI312 within the lesion area.  

Images were analyzed using ImageJ, MATLAB, and MedINRIA software.  
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3.2 Detailed Materials and Methods 

3.2.1  Lysolecithin Induced Demyelination  

Experiments in this thesis were approved by the Animal Care Committee 
of the University of Calgary. Animals used in this thesis were cared for in 
accordance with the Canadian Council on Animal Care guidelines. 

 The lysolecithin injection procedure used has been described in detail 
previously (Keough et al., 2015). 8-10 week old female C57BL/6 mice (Charles-
Rivers) were anesthetized with an intraperitoneal injection of ketamine 
(200mg/kg) and xylazine (10mg/kg) solution. Once anesthetized the animals 
were prepared for surgery by shaving the dorsal side of the animal, close to the 
ears. The area was then wiped with 70% ethanol, and iodine was used to 
disinfect the area. The mice were given a subcutaneous injection of 40µl of 

bupomorphine, an analgesia, before surgery.  
 Mice were then placed in a stereotactic frame, dorsal side up. The arms and tail 
were fastened in place using surgical tape, and the head was held in place using 
a tooth clamp. A 3 cm midline incision was made, starting just below the ears 
and cutting towards the tail. The prominent outgrowth of the thoracic (T) 2 
vertebra, a characteristic feature of C57BL/6 mice, was located. Spring scissors 
were used to perform a blunt dissection of the overlying musculature to visualize 
T2 and forceps were used to feel for the hard surfaces of T3 and T4. Once the 
proper anatomical location was confirmed shallow lateral cuts were made to the 
connective tissue between T3 and T4 were made. A laminectomy was not 
required due to the natural spacing between the vertebrae in the upper thoracic 
portion of the mouse vertebral column.  

Once the correct location was found, and the spinal cord was visualized via 
removal of overlying connective tissue, 0.5µL of a 1% solution of lysolecithin 
dissolved in 1 x phosphate buffered saline (PBS) was injected into the ventral 
column of the spinal cord to induce demyelination. The injection was done using 
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a pre-pulled glass capillary attached to the arm of a stereotactic 
micromanipulator. Mice were then removed from the stereotactic device, and the 
incision site was closed with sutures. 

 
3.2.2  Tissue Fixation and Preparation for Imaging 

Animals were perfused with 10mL of 1x PBS followed by 10mL of 4% 
paraformaldehyde (PFA) 7 (n=7) and 14 (n=7) days post injection (dpi). Naïve 
mice (n=5) were used as controls. Spinal cords were removed and stored in a 
4% PFA solution for 24 hours and following which they were transferred to a 
30% sucrose solution for at minimum 72 hours. Spinal cords were placed in a 1 x 
PBS solution to wash out the fixative and sucrose for 72 to 84 hours before 
imaging (Dula et al., 2010).  

 

3.2.3  MRI Acquisit ion  

All MRI Sequences were done on a 9.4T Bruker Avance console. FLASH-
scouts and RARE-T2 weighted (RARE-T2w) images were acquired to locate the 
lesion. The parameters for these sequences can be found below. RARE-VTR 
images were used to calculate T1 and FLASH qMT images were used to calculate 
qMT parameters. EPI were acquired and used to calculate DTI parameters. The 
specific parameters for each image sequence can be found below. 

Two separate qMT sequences are used in the following chapters. The first 
sequence used a 35mm volume coil. The FLASH-scouts were acquired with the 

following parameters: matrix=256x256, FOV=1.5x1.5cm, 
TE/TR/α=4ms/200ms/30°, and a number of excitations (NEX) =7, and voxel 
size=59x59x1000µm. The RARE-T2w images, RARE-VTR images and the FLASH 
qMT images were all acquired with a matrix=128x128, FOV=1.25x1.25cm, and 
slice thickness of 0.56mm resulting in a resolution of 98x98x560µm. The 
particular RARE-T2w imaging parameters were: TE/TR/α=16/2000ms/180°, 
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NEX=10, RARE Factor=8. The specific RARE-VTR parameters were: 
TE/α=11ms/180°, and TR’s=100,300,700,1400,5000ms, NEX=8, RARE factor=2. 
Finally, the FLASH qMT images were acquired with the following parameters: 
TE/TR/α=6/70ms/10°, NEX=32. One FLASH qMT image was obtained without 
(M0) off-resonance saturation, and 18 were acquired with (Msat) off-resonance 
saturation. The off-resonance saturation was Msat images included RF amplitudes 
of 5, 10, 20µT each at frequencies of 1000, 2000, 4000, 6000, 10000, and 30000 
Hz (Thiessen et al., 2013). 

The second qMT sequence used was run with a Bruker cryoprobe. This 
coil is helium cooled. The low temperature of the coil decreases random thermal 
motion of electrons in the conductor thus reducing the noise in images. For these 
images the FLASH-scout images had the following parameters:  matrix=256x256, 

FOV=2.0x2.0cm, TE/TR/α=4ms/500ms/45°, and NEX=1, and 
resolution=78x78x1000µm. The RARE-T2w images, RARE-VTR images and the 
FLASH qMT images were all acquired with a matrix=128x128, 
FOV=1.25x1.25cm, and slice thickness 500µm resulting in a resolution of 
98x98x500µm. The specific RARE-T2w imaging parameters were: 
TE/TR/α=16/2500ms/180°, NEX=1, RARE Factor=8. The specific RARE-VTR 
parameters were: TRs=95.5,295.5,695.5,1395.5, 4895.5ms, NEX=2, RARE 
factor=2. Finally, the FLASH qMT images were acquired with the following 
parameters: TE/TR/α=6/70ms/10°, NEX=7. The Msat images were acquired with 
the same off-resonance pulses as were used with the volume coil.  

Diffusion weighted EPIs (matrix=128x128, FOV=1.25x1.25cm, 
TE/TR/α=36/1000ms, NEX=8, b-values/directions =1400/16 & 2000/20 and 
voxel size=98x98x500µm) was also acquired using the cryoprobe. These images 
were used for the DTI analysis.  
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3.2.4  MRI Data Analysis 

MR data was analyzed using ImageJ v. 1.47 and MATLAB 7.7.0 software. 
 

3.2.4.1 T1 

RARE-VTR T1 maps were generated by fitting RARE-VTR images to a 
saturation recovery curve using MATLAB software provided by Dr. Melanie Martin 
(Thiessen et al., 2013). Regions of interest around the lesion site and 
contralateral to the lesion site were drawn on the RARE T1 weighted image with 
the longest TR and imported onto the T1 maps. These were used to find the 
mean T1 for the two regions of interest.  

  
3.2.4.2 Quantitative Magnetization Transfer 

 FLASH-qMT images were normalized to the M0 image and fit to the two-
pool model of magnetization transfer (Henkelman et al., 1993) with continuous 
wave pulse equivalent approximations (Ramani et al., 2002) and a super-
Lorentzian absorption line shape for the bound pool (Thiessen et al., 2013). For 
the peak RF amplitudes of 5, 10, and 20 µT, the amplitudes of the continuous 
wave power equivalents (ω1CWPE) are 279.7, 559.5, and 1119 rad/s, respectively 
(Thiessen et al., 2013). Relevant metrics of the two pool model include: 
magnetization transfer rate between the free and bound pools (R), longitudinal 
relaxation rate of the free (R1A) and bound (R1B) pools, transverse relaxation rate 
of the free (T2A) and the bound (T2B) pool, and the bound pool fraction (f). 
Several groups have recommended that RB is fixed to 1/s (Henkelman et al., 
1993; Morrison and Henkelman, 1995; Quesson et al., 1997; Graham and 
Henkelman, 1999). By fitting the observed signal at various off-resonance 
frequencies and amplitudes to the equation below, we can find R, 1/RAT2A, T2B 
and f/RA(1-f) (Ramani et al., 2002):  
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In this equation MzA/M0A is the normalized signal intensity, g = a scaling factor 
including the gain of the RF amplifier, M0A= fully relaxed value of the free pool, 
RRFB = is the rate of loss of longitudinal magnetization by the bound pool, and ∆𝑓𝑓 

= the off-resonance frequency. Once R1B, R M0A and f/R1A(1-f) are known, and 
by determining R1Aobs using the T1 maps (R1Aobs = 1/T1), we can find the R1A using 
the equation below (Ramani et al., 2002):  
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Once R1A, f/R1A(1-f) and 1/R1AT2A are known, the values for f and T2A can be 
determined (Ramani et al., 2002).  

These calculations were performed using MATLAB software provided by 
Dr. Melanie Martin (Thiessen et al., 2013). 

 
3.2.4.3 Diffusion Tensor Imaging 

 Echo planar diffusion weighted images were used to calculate the 
effective diffusion tensor, D, of each voxel (Basser et al., 1994a; Basser and 
Jones, 2002). Diagonalization of the diffusion tensor provides us with the 
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eigenvectors and eigenvalues, λ (Basser et al., 1994b; Le Bihan et al., 2001). 
These eigenvectors and eigenvalues can be represented as 3-dimensional 
diffusion ellipsoids as mentioned in Chapter One. The principal axis of the 
ellipsoid gives the main direction in the voxel coinciding with the direction of the 
fibers and the first eigenvector/value (λ1). The second two eigenvectors (λ2, λ3) 
are perpendicular to the primary eigenvector.  

Using the eigenvectors and eigenvalues we found the axial diffusion (λ1), 
radial diffusion ((λ2 + λ3)/2) and mean diffusion ((λ1+ λ2 + λ3)/3) (Neil, 2008). 
The fraction of the ‘magnitude’ of D that can be ascribed to anisotropic diffusion, 
or the fractional anisotropy (FA) was calculated using the eigenvectors and 
eigenvalues as shown below (Le Bihan et al., 2001):  

 

𝐹𝐹𝐹𝐹 =
�3[(𝜆𝜆1 − 〈𝜆𝜆〉)2 + (𝜆𝜆2 − 〈𝜆𝜆〉)2 + (𝜆𝜆3 − 〈𝜆𝜆〉)2]

�2(𝜆𝜆12 + 𝜆𝜆22 + 𝜆𝜆32)
  

 
Where 〈𝜆𝜆〉 is equal to the mean diffusion (Le Bihan et al., 2001).  

Fractional anisotropy was separated into three cases depending on the 
shape of the ellipsoid (Westin et al., 1999). The first case is called the linear case 
(CL), also known as linear anisotropy. This case occurs when diffusion mainly 

corresponds to the direction of the λ1, in other words in this case diffusion is 
primarily linear (λ1>> λ2≈ λ3). For this case,  

 

𝐶𝐶𝐶𝐶 =
𝜆𝜆1 −  𝜆𝜆2

𝜆𝜆1 + 𝜆𝜆2 + 𝜆𝜆3
 

 
The second case is the planar case (CP), also known as planar anisotropy. This 
case occurs when diffusion in the directions of λ1 and λ2 are about equal, in 

other words, diffusion is primarily planar (λ1 ≈ λ2 >> λ3). For this case, 
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𝐶𝐶𝑃𝑃 =
2(𝜆𝜆2 −  𝜆𝜆3)
𝜆𝜆1 + 𝜆𝜆2 + 𝜆𝜆3

 

 
Finally, the third case is the spherical case (CS), also known as spherical 
anisotropy. This case occurs when diffusion in the directions of λ1, λ2, and λ3 is 
about equal, in other words, diffusion is primarily spherical (λ1 ≈ λ2 ≈ λ3). For this 

case, 
 

𝐶𝐶𝐶𝐶 =
3(𝜆𝜆3)

𝜆𝜆1 + 𝜆𝜆2 + 𝜆𝜆3
 

 
(Westin et al., 1999).  
 Two other parameters that were found from the diffusion tensor analysis 
include relative anisotropy (RA) and the volume ratio (VR). The RA is a 
normalized standard deviation that represents the ratio of the anisotropic part of 
the effective diffusion tensor to its isotropic part (Le Bihan et al., 2001). It was 
calculated using the equation below:  
 

𝑅𝑅𝐹𝐹 =  
�[(𝜆𝜆1 − 〈𝜆𝜆〉)2 + (𝜆𝜆2 − 〈𝜆𝜆〉)2 + (𝜆𝜆3 − 〈𝜆𝜆〉)2]

�3〈𝜆𝜆〉
 

 
Where 〈𝜆𝜆〉 is equal to the mean diffusion (Le Bihan et al., 2001).  

 Finally, VR represents the ratio of the ellipsoid volume to the volume of a 
sphere with the radius of the mean diffusion. It was calculated using the 
equation below (Le Bihan et al., 2001):  
 

𝑉𝑉𝑅𝑅 =
𝜆𝜆1𝜆𝜆2𝜆𝜆3
〈𝜆𝜆〉3
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It should be noted that while FA and RA both range from 0 (isotropic diffusion) 
to 1 (anisotropic diffusion), VR ranges from 1 (isotropic diffusion) to 0 
(anisotropic diffusion) (Le Bihan et al., 2001).  

The above calculations were done using MedINRIA 1.9.2.0.  
 

3.2.4.4 Statistics 

 All sets of data were tested for normal distribution using a Shapiro-Wilk 
normality test. An equal variance test was used to see if the different groups had 
equality of variance. One-way analysis of variance (ANOVA) with a Tukey's 
posthoc tests was used to compare the naïve, ventral white matter contralateral 
to the lesion, 7 day and 14 day post injection lesions (dpi) data unless otherwise 
stated. For all statistical tests, p≤0.05 was considered significant. These analyses 

were run using Sigma plot software. Correlations between MRI parameters were 
found using a Spearman’s correlation test.  
 
3.2.5  Histology 

3.2.5.1 Sectioning and Staining 

After MR imaging the cords were placed in a 20% sucrose solution. Next, 

they were switched to a 30% sucrose solution 24 hours before freezing. When 
ready for freezing, three cords were placed together in a rectangular container 
and covered with the optimum cutting temperature (OCT) formulation. The 
container was then placed on the cryostat freezing panel.  

Once frozen the container was removed, and the OCT block was gently 
removed from the container. Tissue was then placed on a sectioning block and 
sectioned axially at 20µm and mounted on slides. Slides were kept frozen until 
30 minutes before staining. 

The tissue sections were defrosted and dried for 30 minutes. They were 
stained for Myelin basic protein (MBP) and SMI312 which were used as myelin 
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and axons markers, respectively. MBP is a component of myelin proteins 
essential for myelin compaction and stability and is frequently used as an index 
of myelination. Decreased expression of MBP indicates a reduced number of 
myelinating oligodendrocytes (Azin et al., 2015). SMI312 is an antibody directed 
against highly phosphorylated epitopes of neurofilament (Ulfig et al., 1998).  

First, the sections underwent delipidation via placement in progressively 
increasing and then decreasing concentrations of ethanol for one minute each. 
The concentrations used were: 50%, 70%, 90%, 95%, and 100% ethanol. 
Following this tissue was blocked with 10% horse serum containing 1% bovine 
serum albumin and 0.1% cold fish skin gelatin. Tissue was then incubated 
overnight with the primary antibodies (1:1000 rabbit MBP and 1:2000 Mouse 
SMI312) diluted in antibody buffering solutions at 4°C. The next day tissue was 

washed three times with 0.05% Tween 20 in 1xPBS for 5 minutes per wash. 
Next, tissue was incubated with the secondary antibodies (AF488 donkey anti-
rabbit and AF594 donkey anti-mouse) for 1 hour at room temperature. Finally, 
slides were once more washed three times in 0.05% Tween 20 in 1xPBS for 5 
minutes per wash before mounting with Immuno-Mount (ThermoScientific, 
Canada). 

 
3.2.5.2 Co-Registration 

Once stained, sections were imaged using confocal microscopy. An 
example schematic explaining how lesions were co-registered to MRI images can 
be found on the next page (Figure 3.5).  
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Figure 3.5: Schematic illustration of MR and microscopy co-registration 
method.  To begin, we found the first MRI slice in which the lesion was present. 
We called this MRI slice 1. Next, we determined how many MRI slices away the 
analyzed slice was from MRI slice 1. We then found the first histology slice in 
which the lesion appeared and called this histology slice 1. Then knowing that 25 
histology slices = 1 MRI slice we were able to determine which range of 
histology slices correspond to the MR images. Finally, three histology slices 
within the range found were then imaged using a confocal microscope. In the 
example above the analyzed MRI slice is three slices away from MRI slice 1. Thus 
the histology slices that correspond to the MRI slice are 50-74 slices away from 
histology slice 1. 
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3.2.5.3 Analysis 

 The percent of the lesion area occupied by MBP rings was found on 
ImageJ using a ‘thresholding’ method. The lesion perimeter was manually traced, 
and the area outside the lesion was cleared (Figure 3.6A, B). We then 
measured the number of pixels in the lesion area (LA). Next, thresholding was 
used to eliminate background staining in the region of interest, leaving only the 
area taken up by stained MBP myelin rings (Figure 3.6C, D). We then measured 
the number of pixels in the thresholded area (i.e. pixels stained by MBP) (T). 
Next, we found the percent MBP staining by taking the MBP pixels (T) and 
dividing by the lesion pixels (LA) and multiplying by 100 (Figure 3.6E). The 
percent of the lesion area occupied by MBP rings was used as a measure of 
myelin content in the lesion site.  
 The percent of the lesion area occupied by SMI312 was calculated the 
same way as the percent MBP staining. The lesion area was traced in the MBP 
stained images imported onto the SMI312 images, and then thresholding was 
done in the same way described above. 
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Figure 3.5: Illustration of method used to find percent MBP staining 
and percent SMI312 staining.  A: Lesion was traced. B: Area outside the 
lesion was cleared, and the number of pixels in the lesion area was determined. 
C: Thresholding was used to highlight the MBP staining. D: When thresholding 
was applied the pixels occupied by MBP became black, and the rest of the pixels 
turned white. The pixels that were thresholded were then found. E: The 
calculation used to find the % MBP staining. 
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3.2.5.4 Statistics 

 All sets of histology data were tested for normal distribution using a 
Shapiro-Wilk normality test. An equal variance test was used to see if the 
different groups had equality of variance. One-way analysis of variance (ANOVA) 
with a Tukey's posthoc tests were used to compare the naïve, ventral white 
matter contralateral to the lesion, 7 day and 14 day post injection lesions (dpi) 
data unless otherwise stated. For all statistical tests p≤0.05 was considered 
significant. These analyses were run using Sigma plot software. Correlations 
between histology and MRI parameters were found using a Spearmen’s 
correlation test.  
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 Development of Quantitative Magnetization Transfer 
Sequence and Analysis 

4.1 Results 

4.1.1  Quantitative Magnetization Transfer Parameters can be 
Calculated using the Volume Coil or Cryoprobe 

 The qMT sequences and analysis employed in this study were based on 
that used in a 2013 paper by Dr. Jonathan Thiessen (Thiessen et al., 2013). To 
test this sequence and analysis, we obtained data on 2 and 4% agarose 
phantoms. The qMT sequence was tested using two separate coils, the volume 
coil and the cryoprobe (n=3, for both). The qMT data obtained on the two 
phantoms with each coil are presented on the following page alongside literature 
values for reference. The measured values of bound pool fraction (f), the 
calculated rate of relaxation of the liquid pool (R1A) and experimentally observed 

rate of relaxation of the liquid pool (R1obs) were all near or within the range of 
values previously reported in the literature. The T2 values of the liquid pool (T2A) 
and bound pools (T2B) were higher and lower, respectively, compared to values 
previously reported in the literature (Table 4.1).  
 
 
 
 
 
 
 
 
 
 
 



 

57 

Table 4.1: Quantitative Magnetization Transfer parameters of agar gel 
phantoms.  Literature values reported by Sled & Pike, 2001 for a pulsed 
magnetization transfer experiment and Henkelman et al., 1993 for a continuous 
wave magnetization transfer experiment are also reported. Mean±SD. 

 
 
 

Parameter f R1A 
(s-1) 

R1B 
(s-1) 

T2A 
(ms) 

T2B 

(µs) 
R1obs 

(s-1) 

2% 
Agar 

Experimental Data 
(Cryoprobe) 

n=3 
0.0069 

±0.0007 
0.43 

±0.005 
1.0 

±0.0 
120 
±8 

6.7 
±0.4 

0.44 
±0.006 

Experimental Data 
(Volume Coil) 

n=3 
0.0055 

±0.0004 
0.31 

±0.02 
1.0 

±0.0 
121 
±11 

5.2 
±0.7 

0.31 
±0.02 

Pulsed Magnetization 
Transfer Experiment 
(Sled and Pike, 2001) 

0.0066 
±0.0004 

0.42 
±0.02 

1.0 
±0.0 

56.4 
±3 

14.3 
±0.5 

0.42 
±0.009 

Continuous Wave 
Experiment 

(Henkelman et al., 
1993) 

0.0051 
±0.001 

0.51 
±0.07 

1.0 
±0.0 

63 
±8 

12.9 
±0.1 

0.49 
±0.02 

4% 
Agar 

Experimental Data 
(Cryoprobe) 

n=3 
0.016 

±0.0001 
0.44 

±0.006 
1.0 

±0.0 
48 

±0.00
09 

6.5 
±0.0

6 
0.45 

±0.006 

Experimental Data 
(Volume Coil) 

n=3 
0.011 

±0.0001 
0.34 

±0.03 
1.0 

±0.0 
60 
±2 

4.8 
±0.1

6 
0.33 

±0.03 

Pulsed Magnetization 
Transfer Experiment 
(Sled and Pike, 2001) 

0.012 
±0.002 

0.48 
±0.1 

1.0 
±0.0 

34 
±2 

14.1 
±0.3 

0.49 
±0.05 

Continuous Wave 
Experiment 

(Henkelman et al., 
1993) 

0.011 
±0.002 

0.70 
±0.10 

1.0 
±0.0 

32 
±2 

12.9 
±0.1 

0.68 
±0.03 
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4.1.2  Quantitative Magnetization Transfer of Lysolecithin Lesions using 
the Cryoprobe or Volume Coil 

Once we verified our ability to estimate some qMT parameters reliably, a 
qMT sequence was run on 7-day post injection (dpi) lysolecithin cords using both 
the volume and cryoprobe.  

The signal to noise was calculated by taking the signal of a region of 
interest and dividing by the standard deviation of the background. Regions of 
interest used for the signal to noise calculation were drawn in the agar medium 
in which the cords were embedded. The cryoprobe, unsurprisingly, had a higher 
signal to noise for all image types obtained (Table 4.2).  
 Lesions were visible on FLASH-Scout images. Visually the T1 appears to be 
higher (whiter) on the T1 map and f seems to be lower (darker) on the bound 

pool fraction map at the lesion site for both coils (Figure. 4.1).  
 Statistically, the mean T1 was found to be significantly longer at the lesion 
site compared to the contralateral region of interest regardless of coil used 
(volume coil: n=5; cryoprobe: n=3; p=0.01 for both coils). The f was not found 
to be significantly different when using the volume coil (p=0.18), but it was 
found to be significantly lower at the lesion site compared to contralateral white 
matter when using the cryoprobe (p=0.004) (Figure 4.2).  

The T2A and T2B were not found to be significantly different regardless of 
coil used (Figure 4.3).  
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Table 4.2: The signal to noise ratio of volume and cryoprobe images.  
The regions of interest used for the calculations were made in the agar gel in 
which the lysolecithin spinal cords were embedded. Volume coil means were 
obtained from 5 separate imaging sessions, and cryoprobe means come from 3 
different imaging sessions. RARE-VTR signal to noise was calculated on the 3rd 
TR image. FLASH qMT signal to noise was calculated on the image without off-
resonance radio frequency pulses. CV = coefficient of variation. Mean±SD 

 
 
 
 

Image Type 

 Signal to Noise  

Volume Coil Cryoprobe 

 (Mean±SD) CV  (Mean±SD) CV 

FLASH-Scout 43±3 0.07 273±147 0.54 

RARE-VTR 18±4 0.22 128±54 0.42 

FLASH qMT 51±2 0.04 166±16 0.10 
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Figure 4.1: Representative FLASH-Scout images with corresponding T1 
maps and bound pool fraction (f) maps for the volume coil and 
cryoprobe.  Lesions are visible on FLASH-Scout images. T1 appears higher 

(whiter) and f seems lower (darker) at the lesion for both coils. Lesion indicated 
by red arrows. 
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Figure 4.2: T1 and bound pool fraction at the lesion and contralateral 
sites.  T1 was significantly higher at the lesion site regardless of the coil.  The f 
was not significantly lower at the lesion when using the volume coil (n=5) but 
was when using the cryoprobe (n=3). t-tests were used to test for significance. 
Mean±SD. * ≤0.05 
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Figure 4.3: T2 of Liquid and bound pools at the lesion and contralateral 

sites.  T2 of both pools was not significantly different at the lesion site 
regardless of coil used (n=3 cryoprobe; n=5 volume coil). T-tests were used to 
test for significance. Mean±SD. 
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4.2 Discussion 

4.2.1  Validation of the Quantitative Magnetization Transfer Sequence 

 To begin, we were able to demonstrate that the qMT sequence and 
analysis used in this study can reproducibly calculate the bound pool fraction (f) 
and the longitudinal relaxation rate of the liquid pool (R1A), for both the 
cryoprobe and volume coil.  The f and R1A values found in the phantom 
experiments were within range of those previously reported in the literature 
(Henkelman et al., 1993; Sled and Pike, 2001). The T2 of the liquid (T2A) and 
bound pools (T2B) seen in the phantom experiments were higher and lower, 
respectively than those previously reported in the literature for both coils 
(Henkelman et al., 1993; Sled and Pike, 2001). This result may be due to the of 
the different models used to calculate these values. The phantom studies 
reported in literature used pulsed magnetization Transfer (Sled and Pike, 2001) 
and a continuous wave (Henkelman et al., 1993) models for their calculations. 
The experiments reported here used a continuous wave approximation model. 
The values for T2A and T2B of naïve white matter found in this study are within 
range of those reported for control cuprizone mice by Thiessen et al., 2013. The 
Thiessen study used the same model and analysis software that is used to 

calculate magnetization transfer here (Thiessen et al., 2013).  
  Next, we imaged 7 dpi lesions with two different coils, a quadrature 35mm 
volume coil, and a surface cryoprobe. We found that both coils were able to 
detect the higher T1 in the lesion area. Although it has been shown that f has a 
stronger correlation to the myelin content of tissue than the T1 (Thiessen et al., 
2013) using the volume coil we failed to detect any changes to f. However, when 
we used the cryoprobe, which has a higher signal to noise, and imaged the same 
cords we discovered a significantly lower f at the lesion site. Our inability to 
detect this difference in f when using the volume coil may because of its lower 
signal to noise causing a higher variability in the f compared to the cryoprobe.  
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Due to the increase in signal to noise provided by the cryoprobe we used 
it for all further experiments. Additionally, the use of the cryoprobe allowed us to 
shorten our acquisition time. 

 
4.3 Conclusions 

This chapter shows data from phantom experiments and preliminary 
experiments with 7 dpi lysolecithin lesions using two different RF coils. We show 
that the Bruker cryoprobe provides more consistent results for qMT in WM 
lesions in ex vivo spinal cord imaging. Our qMT protocol provides data similar to 
that reported in the literature. This development chapter shows that we now 
have a protocol which is reproducible for studying qMT in ex vivo cords. 
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 T1 and Quantitative Magnetization Transfer Imaging 
Parameters correlate with Histological Stains for Myelin and 

Neurofilament 

Results 

5.1.1  Quantitative Magnetization Transfer Parameters and T1 of 
Lysolecithin Lesions  

 Naïve (n=5), 7 dpi (n=7) and 14 dpi (n=7) cords were imaged and the T1 
and qMT parameters were calculated.  
 Regions of interest (ROIs) were drawn around the 7 dpi and 14 dpi lesions 
as well as in the ventral white matter contralateral to the lesion site and in naïve 
cords. The mean bound pool fraction (f) of 7 dpi lesions (0.051±0.025; 
mean±SD) was found to be significantly lower than naïve (0.14±0.017) 
(p<0.001), and 7 dpi (0.11±0.037) (p=0.002) and 14 dpi (0.11±0.026) 
(p=0.002) contralateral regions. The mean 14 dpi lesion f (0.060±0.018) was 
also significantly lower than naïve (p<0.001), and 7 dpi (p=0.002) and 14 dpi 
(p=0.008) contralateral region. The mean 7 dpi lesion f were not significantly 
different from the mean 14 dpi lesion f (p=0.98) (Figure 5.1A).  

The T1 was significantly longer at 7 dpi lesions (1.38±0.18s) compared to 
naïve (1.13±0.013s) (p=0.012), and 7 dpi (1.11±0.13s) (p=0.002) and 14 dpi 

contralateral (1.11±0.04s) (p=0.003) regions. The mean T1 of 14 dpi lesion 
(1.32±0.13s) was also significantly longer compared to 7 dpi (p=0.02) and 14 
dpi (p=0.02) contralateral regions of interest. The mean T1 was not significantly 
different between 7 dpi and 14 dpi lesions (p=0.93) or between 14 dpi and naïve 
cords (p=0.07) (Figure 5.1B).  

The T2 of the liquid pool (T2A) and the T2 of the bound pool (T2B) failed a 
Shapiro-Wilk test of normality and therefore an ANOVA on ranks with a Dunn’s 
post-hoc test was used to test for significant differences between the groups. 
The mean T2A was found to be significantly longer at 14 dpi (106±35ms) than 
the naïve T2A (51.44±9.6ms) (p<0.05). There were no other significant 
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differences between groups found (Figure 5.2A). There were no significant 
differences found between the T2B of the different groups (Figure 5.2B). 
 The qMT data of each group was normalized by dividing by the value of 
the contralateral side (Figure 5.3). The naïve group had a significantly higher 
normalized f (1.00±0.04) compared to 7 dpi (0.47±0.18) and 14 dpi (0.53±0.09) 
(p<0.001 for both comparisons). No significant difference was found between 
the normalized f of 7 dpi and 14 dpi lesions (p=0.63) (Figure 5.3A).  

The naïve group had a significantly lower normalized T1 (1.00±0.04) 
compared to 7 dpi (1.25±0.14) (p = 0.005) and 14 dpi (1.19±0.10) (p=0.03) 
(Figure 5.3B). No significant difference was found between the normalized f of 
7 dpi and 14 dpi lesions (p=0.59) (Figure 5.3B).  

The T2A and T2B failed the Shapiro-Wilk normality test and therefore an 

ANOVA on ranks was used to test for significant differences between groups. 
There is no significant difference between naïve, 7 dpi lesions and 14 dpi lesions 
normalized T2A (p=0.14) (Figure 5.3C).  The naïve group had a significantly 
higher normalized T2B (1.02±0.05) compared to 14 dpi (0.90±0.04) (p<0.05). 
Significant differences were not found between 7 dpi normalized T2B (0.82±0.24) 
and naïve or 14 dpi T2B (p>0.05) (Figure 5.3D). 
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Figure 5.1: T1 and bound pool fraction (f) of naïve (n=5), contralateral 
regions (7dpi n=7; 14 dpi n=7), 7 dpi lesion (n=7) and 14 dpi lesions 
(n=7).  A: The f was significantly lower at 7 dpi and 14 dpi compared to both 
naïve and contralateral sites. B: T1 was significantly longer at 7 dpi and 14 dpi in 
the lesion compared to the contralateral regions of interest. A one-way ANOVA 
with a Tukey’s posthoc test was used to test for significant differences between 
groups. Mean±SD.* ≤0.05, **<0.001 
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Figure 5.2: T2 of the liquid and bound pools of naïve (n=5), 
contralateral regions (7 dpi n=7; 14 dpi n=7), 7 dpi lesion (n=7) and 
14 dpi lesions (n=7).  A: The T2 of the liquid pool was significantly longer at 
14 dpi lesions compared to naïve cords. B: The T2 of the bound pool was not 
significantly different between groups. The data failed a Shapiro-Wilk test of 
normality and therefore an ANOVA on Ranks with a Dunn's posthoc test was 
used to check for significant differences between groups. Mean±SD. * ≤0.05 
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Figure 5.3: Normalized bound pool fraction, T, and T2 of the liquid and 
bound pools of 7 (n=7) and 14 (n=7) dpi lesions.  The lesion and naïve 
data were normalized by dividing by the value of the contralateral side. One-way 
ANOVAs with a Tukey's posthoc test were used to test for significant differences 
between groups f and T1s. ANOVA on Ranks with a Dunn's posthoc test was used 
to test for significant differences between groups T2 of the liquid and bound 
pools. Mean±SD. * ≤0.05, **<0.001 
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5.1.2  Quantification of Histological Stains for Myelin and Neurofilament 

Naïve (n=5), 7 dpi (n=5) and 14 dpi (n=6) lesions were stained with 
SMI312 (neurofilament stain) and myelin basic protein (MBP; Myelin stain) 
(Figure 5.4). 

The percent MBP and SMI312 staining within the lesion site, contralateral 
ventral white matter and ventral white matter of naïve cords were found (Figure 
5.5). The mean percent MBP staining of 7 dpi lesions (15±1%) is significantly 
lower than the means of naïve (83±2%), 7 dpi contralateral (82±1%), 14 dpi 
contralateral (84±2%) and 14 dpi lesions (29±2%) (p<0.001, for all 
comparisons). The mean 14 dpi lesion percent MBP staining is also significantly 
lower than naïve, 7 dpi contralateral and 14 dpi contralateral (p<0.001, for all 
comparisons) (Figure 5.5A). 

The percent MBP staining of each group was normalized by dividing by 
the values of the contralateral side. Normalized percent MBP staining of 7 dpi 
lesions (0.19±0.02) was significantly lower than that of 14 dpi lesions 
(0.52±0.05) and naïve (1.00±0.04) (p<0.001 for both comparisons). 
Additionally, 14 dpi lesions had significantly lower normalized percent MBP 
staining than naïve (p<0.001) (Figure 5.5B).  
 The mean percent SMI312 staining of 7 dpi lesions (27±2%) is 
significantly lower than the means of naïve (63±2%), 7 dpi contralateral 
(64±2%), and 14 dpi contralateral (63±3%) (p<0.001, for all comparisons). The 
mean 14 dpi lesion percent SMI312 staining (24±4%) is also significantly lower 
than naïve, 7 dpi contralateral and 14 dpi contralateral percent SMI312 staining 
(p<0.001, for all comparisons). The mean percent SMI312 staining in 7 dpi 
lesions was not significantly different than the mean of 14 dpi lesions (p=0.39) 
(Figure 5.5C).  

The percent SMI312 staining of naïve, 7 dpi and 14 dpi lesions were 
normalized by dividing by the values of the contralateral side. The normalized 
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percent SMI312 staining of 7 dpi lesions (0.42±0.02) was not significantly 
different from 14 dpi lesion (0.38±0.05) (p=0.31). Normalized percent SMI312 
staining of the naïve group (1.00±0.03) was significantly higher than both 7 dpi 
and 14 dpi lesion areas (p<0.001, for both comparisons) (Figure 5.5D). 
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Figure 5.4: Myelin basic protein (MBP) and SMI-312 staining for naïve, 
7 dpi and 14 dpi of lysolecithin.  Staining of thoracic spinal cords of the 

C57BL/6 mice. MBP staining is shown in green, SMI-312 staining (pan-
neurofilament stain) is shown in red. A decrease in MBP and SMI-312 staining 
can be seen in both the 7 dpi and 14 dpi lesion area. Scale bars (White Top Left 
Image): 100μm (main image), 50μm (inset). White boxes in MBP image indicate the 

location of the higher magnification images.  
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Figure 5.5: Quantification of myelin basic protein (MBP) and SMI312 
staining of naïve (n=5), contralateral regions (7 dpi n=5; 14 dpi n=7), 
7 dpi lesion (n=7) and 14 dpi lesions (n=7).  A: The percent of MBP 
staining was significantly lower in 7 dpi and 14 dpi lesions than naïve and 
contralateral white matter controls. 14 dpi lesions had significantly higher % MBP 
staining compared to 7 dpi lesions. B: The %MBP staining was normalized by 
dividing by the value of the contralateral side. When normalized, the %MBP 
staining was still significantly higher in naïve controls compared to 7 dpi and 14 
dpi lesions. Also, 14 dpi lesion normalized % MBP staining remained greater than 
7 dpi lesions normalized % MBP staining. C: The percent of SMI312 (pan-

neurofilament stain) was significantly lower at 7 dpi and 14 dpi lesions compared 
to naïve and contralateral white matter controls. D: The % SMI312 staining was 
normalized by dividing by the value of the contralateral side. The normalized % 
SMI312 staining was still significantly higher in naïve controls compared to 7 dpi 
and 14 dpi lesions. One-way ANOVAs with a Tukey’s posthoc tests were used to 
test for significant differences between groups. Mean±SD. * ≤0.05, **<0.001 
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5.1.3  Correlations between Histological Staining 

The percent MBP staining correlated with the percent SMI312 staining and 
the normalized percent SMI312 staining. The normalized percent MBP staining 
did not significantly correlate with the percent SMI312 staining or the normalized 
percent SMI312 staining (Table 5.1). Scatterplots with best-fit lines of histology 
correlations can be seen in Figure 5.6. 
 
Table 5.1: Correlations between histological measures of myelin and 
axons.  Spearman correlation coefficients (ρ) of mean MBP staining to SMI312 
staining in lysolecithin lesions, contralateral white matter, and naïve controls.  
 

Parameter % MBP 
Normalized % 

MBP 

% SMI312 
 

ρ=0.60** 
p<0.001 

 

ρ=0.44 
p=0.08 

Normalized % 
SMI312 

ρ=0.61** 
p=0.01 

ρ=0.47 
p=0.06 
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Figure 5.6: Scatterplots and best-fit lines of MBP and SMI312 staining.  
Each point on the graphs represents a region of interest.  A: Percent MBP 
staining and percent SMI312 staining. Contralateral side was used as a separate 
region of interest in this graph. B: Percent MBP staining and normalized percent 
SMI312 staining. C: Normalized percent MBP staining and normalized percent 
SMI312 staining. D: Normalized percent MBP staining and normalized percent 
SMI312 staining. 
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5.1.4  Quantitative Magnetization Transfer Parameters correlate w ith 
Histological Stains for Myelin and Neurofilament  

 Significant correlations were found between the percent MBP staining and 
f, normalized f, T1, normalized T1, T2A, T2B and normalized T2B. When percent 
MBP staining was normalized, these same correlations were still seen. We also 
found significant correlations between % SMI312 staining and f, normalized, f, 
T1, normalized T1, T2A, T2B and normalized T2B. These correlations remained 
when % SMI312 staining was normalized (Table 5.2).  
 Scatterplots with best-fit lines of f and normalized f compared to 
histological stains can be seen in Figure 5.7. Scatterplots with best-fit lines of T1 
and normalized T1 compared to histological stains can be seen in Figure 5.8. 
Finally, scatterplots with best-fit lines of other qMT parameters that were found 

to strongly correlate (correlation coefficient above 0.70) with the quantification 
of histological staining can be accessed in Figure 5.9.  
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Table 5.2: correlations between quantitative Magnetization Transfer 
parameters and histology. 
Spearman correlation coefficients (ρ) of qMT parameters (bound pool fraction (f), 
T1, and T2 of the liquid (T2A) and bound pools (T2B) and quantifications of 
histological staining. *p<0.05, **p<0.001. Yellow background indicates a 
significant difference. Green background indicates significant differences with 
ρ<-0.70 or ρ > 0.70. 

 
 

 Parameter % MBP 
Normalized 

% MBP 
% SMI312 

Normalized 
% SMI312 

f 
 

ρ =0.66** 
p<0.001 

 

ρ =0.66* 
p=0.005 

ρ =0.67* 
p<0.001 

ρ =0.73** 
p<0.001 

Normalized f ρ =0.83** 
p<0.001 

ρ =0.74** 
p<0.001 

ρ =0.70* 
p=0.002 

ρ =0.72* 
p=0.001 

T1 ρ =-0.60** 
p=0.001 

ρ =-0.51* 
p=0.04 

ρ =-0.77** 
p<0.001 

ρ =-0.80** 
p<0.001 

Normalized 
T1 

ρ =-0.68* 
p=0.003 

ρ =-0.54* 
p=0.03 

ρ =-0.64* 
p=0.007 

ρ =-0.69* 
p=0.003 

T2A ρ=-0.45* 
p=0.01 

ρ =-0.49 
p=0.052 

ρ =-0.51* 
p=0.006 

ρ =-0.77** 
p<0.001 

Normalized 
T2A 

ρ =-0.34 
p=0.19 

ρ =-0.55* 
p=0.03 

ρ =-0.42 
p=0.10 

ρ =-0.45 
p=0.08 

T2B ρ =0.48* 
p=0.01 

ρ =0.59* 
p=0.02 

ρ =0.49* 
p=0.009 

ρ =0.53* 
p=0.04 

Normalized 
T2B 

ρ =0.63* 
p=0.009 

ρ =0.57* 
p=0.02 

ρ =0.67* 
p=0.004 

ρ =0.72* 
p=0.002 
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Figure 5.7: Scatterplots and best fit lines of bound pool fraction and 
quantification of histological stains.  Each point on the graphs represents a 
region of interest.  A: Bound pool fraction and percent MBP staining, B: 
Normalized bound pool fraction and percent MBP staining, C: Bound pool fraction 
and normalized percent MBP staining, D: Normalized bound pool fraction and 
normalized percent MBP staining, E: Bound pool fraction and percent SMI312 
staining, G: Normalized bound pool fraction and percent SMI312 staining, H: 
Bound pool fraction and normalized percent SMI312 staining, I: Normalized 
bound pool fraction and normalized percent SMI312 staining. 
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Figure 5.8: Scatterplots and best-fit lines of T1 and quantification of 
histological stains.  Each point on the graphs represents a region of interest.  
A: T1 and percent MBP staining, B: Normalized T1 and percent MBP staining. C: 
T1 and normalized percent MBP staining. D: Normalized T1and normalized 
percent MBP staining. E: T1 and percent SMI312 staining, G: Normalized T1 and 
percent SMI312 staining. H: T1 and normalized percent SMI312 staining. I: 
Normalized T1 and normalized percent SMI312 staining. Normalization of a 
parameter was done by dividing by the value of the contralateral side.  
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Figure 5.9: Scatterplots and best-fit lines of normalized percent 
SMI312 staining and qMT parameters.  Only correlations with a correlation 
coefficient higher than 0.70 are shown. Each point on the graphs represents a 
region of interest.  A: T2 of the liquid pool and normalized percent SMI312 

staining, B: Normalized T2 of the bound pool and normalized percent 
neurofilament staining 
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5.2 Discussion 

5.2.1  T1 and Quantitative Magnetization Transfer of Lysolecithin 
Lesions 

After the qMT sequence was validated, we used it to compare lysolecithin 
cords  
at 7 and 14 dpi with naïve controls. 7 dpi is known to correspond to peak 
demyelination in this model, and by 14 dpi we expect that remyelination will 
have begun (Keough et al., 2015). We found that T1 was longer in 7 and 14 dpi 
lesions compared to controls, and the f was lower in 7 and 14 dpi lesions 
compared to controls. T1 has previously been shown to inversely correlate with 
the number of myelinated axons in tissue (Thiessen et al., 2013). Thus the 
increase in T1 may be due to inflammation and the loss of both axons and myelin 
within the lesion area.   

The f has been previously shown to decrease with demyelination in other 
animal models and post-mortem MS tissue (Schmierer et al., 2004; Schmierer et 
al., 2008; Samsonov et al., 2012; Janve et al., 2013; Thiessen et al., 2013; 
Turati et al., 2015). Unfortunately, the f of 7 and 14 dpi lesions was not 
significantly different indicating this parameter was unable to differentiate 

between de- and remyelination in the lysolecithin model. 
A previous study that looked at the ability of f to detect de- and 

remyelination in cuprizone mice found that f was able to distinguish remyelinated 
tissue from demyelinated tissue in C57BL/6 but not in SJL/J mice (Turati et al., 
2015). Histological evaluation of remyelination in these two strains demonstrated 
that remyelination did occur but was less extensive in SJL/J mice. The paper 
suggested this less extensive remyelination as the reason f was unable to detect 
remyelination in this model (Turati et al., 2015). Although the histological data of 
this study demonstrated that remyelination is detectable at 14 dpi, it is possible 
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that this remyelination was not extensive enough for detection by f, like the 
SJL/J cuprizone mice. 

It has been shown that fixation can cause an increase in qMT parameters 
(Schmierer et al., 2008). In vivo f values of control mouse brains have been 
reported to be between 0.06-0.08 (Rausch et al., 2009), where as in this study 
we found values of ~0.15. The higher f reported here is likely due to fixation. To 
control for changes to qMT parameters caused by variability in fixation, we 
divided the qMT measurements of lesion areas by the qMT measurements of 
contralateral white matter (i.e. normalized the measurements). This 
normalization would help adjust for fixation because both sections of the cord 
would have had the same quality of fixation.  

Normalizing the data by dividing by the values of the contralateral side did 

not result in any major changes to the differences found. The normalized f 
remained lower, and the normalized T1 remained higher in 7 dpi and 14 dpi 
lesions compared to naïve controls.  
 This data indicates that qMT parameters can be used to detect 
demyelination in the lysolecithin model of MS.  
 
5.2.2  Histology 

As expected the % MBP and % SMI312 staining demonstrated a 
significant decrease in both myelin and axonal content of lysolecithin lesions 
(Keough et al., 2015). Also, % MBP showed that remyelination has begun to 
occur by 14 dpi in the lysolecithin model as expected based on the literature 
(Keough et al., 2015).  

Like the qMT parameters, we also normalized the histology data by 
dividing by the amount of staining in the contralateral white matter. This 
normalization was done to control for variations in the effectiveness of staining 
between cords. Also like the qMT parameters normalization of the histological 
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values did not result in major changes to the differences between groups that 
were found. 

The % MBP staining quantification confirms that demyelination has 
occurred at 7 dpi and remyelination has begun at 14 dpi. The % SMI312 
quantification demonstrates that significant axonal loss has taken place in 7 dpi 
and 14 dpi in lesions.   

 
5.2.3  Correlations between Histological Stains 

Significant correlations were seen between the percent MBP staining and 
both the percent SMI312 staining and normalized percent SMI312 staining. This 
correlation is to be expected as when axons are lost then, myelin is likewise lost, 
and similar correlation coefficients between axon and myelin stains have been 

previously reported (Thiessen et al., 2013; Turati et al., 2015). These 
correlations were no longer significant when MBP data was normalized. 
Scatterplots of percent MBP staining and normalized percent MBP staining shown 
in Figure 5.7 demonstrate that the difference between 14 dpi and 7 dpi lesions is 
amplified when the MBP data is normalized. This amplification of the difference 
between 14 dpi and 7 dpi lesions that exist with MBP staining but not SMI312 
staining, may be what causes the significant correlation to be lost.   
 
5.2.4  Correlations between quantitative Magnetization transfer and 

Histology 

f was the qMT parameter with the strongest correlation to the amount of 
MBP staining and T1 had the strongest correlation to the amount of SMI312 
staining.  f, in terms of biology, relates to the amount of lipids present in tissue. 
T1, on the other hand, relates to the spin-lattice relaxation characteristics of 
protons. In other words, we would expect to see a higher T1 in areas where 
lattice size has decreased (i.e. the loss of lipids) and areas where water mobility 
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has increased. f, unlike T1 is more specific to just the loss of lipids and less 
affected by changes in water mobility (Thiessen et al., 2013). These results are 
similar to those reported by Thiessen et al., 2013 where they found f had the 
strongest correlation to myelin and T1 to axons in cuprizone mice. The 
correlation coefficient for f and histological quantification of myelin seen here is 
within the range of those previously reported in the literature (Odrobina et al., 
2005; Schmierer et al., 2007a; Thiessen et al., 2013). 

This data demonstrates that qMT parameters correlate with histological 
measures of both myelin and axonal content of tissue in lysolecithin mice.  
 
5.3 Conclusions 

This chapter shows data from histology and quantitative magnetization 
transfer as it relates to demyelination and remyelination in the lysolecithin model. 
We found that despite the high correlation between bound pool fraction and the 
histological measures of myelin, this parameter was unable to distinguish 
between demyelinated and partially remyelinated lesions.  
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 Diffusion Tensor Imaging Parameters Correlate with 
Histological Stains for Myelin and Neurofilament 

6.1 Results 

6.1.1  Diffusion Tensor Imaging Parameters in Lysolecithin Lesions 

  Naïve (n=4), 7 dpi (n=5) and 14 dpi (n=7) cords were imaged with an 
echo-planar sequence and diffusion tensor parameters were calculated. The 
lesions at 7 dpi and 14 dpi are visible on b=0 echo planar images (Figure 6.1). 
Lesions were not visible on DTI tractography. 
 The mean fractional anisotropy (FA) of 7 dpi lesions (0.41±0.18) is 
significantly lower than naïve (0.87±0.006) (p=0.001), 7 dpi contralateral 
(0.72±0.18) (p=0.005) and 14 dpi contralateral regions (0.73±0.07) (p=0.008). 
There were no differences found between 14 dpi lesion FA (0.57±0.09) and 
naïve (p=0.06), 7 dpi contralateral (p=0.40), 14 dpi contralateral (p=0.41) and 7 

dpi lesion groups (p=0.36) (Figure 6.2).   
 The FA of naïve, 7 dpi and 14 dpi lesions were normalized by dividing by 
the value of the contralateral side (Figure 6.3). The mean normalized FA of 
naïve regions of interest (1.0±0.1) and 7 dpi lesions (0.56±0.14) are significantly 
different (p<0.001). The mean 14 dpi lesions normalized FA (0.78±0.18) was not 
significantly different from naïve (p=0.07) or 7 dpi (p=0.053) (Figure 6.3).  
 There was no difference (p=0.61) in AD found between groups. The 7 dpi 
lesion RD (0.60±0.22mm2/s) is significantly higher than naïve (0.13±0.04mm2/s) 
(p<0.001), 7 dpi contralateral (0.30±0.11mm2/s) (p=0.006) and 14 dpi 
contralateral (0.28±0.06mm2/s) (p=0.004). There was no difference found 
between 14 dpi lesions RD (0.40±0.07mm2/s) and that of naïve (p=0.08), 7 dpi 
contralateral (p=0.69), 14 dpi contralateral (p=0.62) and 7 dpi lesions (p=0.15). 
The mean diffusivity (MD) data failed an equal variance test and therefore a 
Kruskal-Wallis one-way ANOVA on Ranks was used to test for significant 
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differences. There was no difference found between groups MD means (p=0.12) 
(Figure 6.4).   
  The AD, RD, and MD of naïve and 7 dpi and 14 dpi lesions were 
normalized by dividing by the value of the contralateral side (Figure 6.5). The 
mean normalized AD of naïve cords (1.21±0.28) was significantly higher than the 
normalized AD of 7 dpi (0.86±0.09) and 14 dpi (0.91±0.12) lesions (p=0.008 
and p=0.023, respectively). The mean 7 dpi and 14 dpi normalized ADs were not 
significantly different (p=0.85). The normalized RD and MD were not significantly 
different between groups (p=0.58 and p=0.62, respectively) (Figure 6.5). 

The CL of 7 dpi lesions (0.22±0.14) was significantly lower than naïve 
(0.62±0.12) (p=0.001), 7 dpi contralateral (0.52±0.20) (p=0.005) and 14 dpi 
contralateral regions (0.48±0.03) (p=0.03). There were no differences found 

between 14 dpi lesion CL (0.38±0.11) and naïve (p=0.08), 7 dpi contralateral 
(p=0.37), 14 dpi contralateral (p=0.74) and 7 dpi lesion groups (p=0.32) 
(Figure 6.6A). There was no difference between groups CP (p=0.35) (Figure 
6.6B).  The VR of 7 dpi lesions (0.028±0.006) was significantly higher than 
naïve (0.009±0.005) (p=0.001), 7 dpi contralateral (0.015±0.01) (p=0.01) and 
14 dpi contralateral regions (0.016±0.004) (p=0.03). The VR of 14 dpi lesion 
(0.024±0.004) was significantly (p=0.02) higher than naïve cords (Figure 
6.6E).  There was no difference between the VR of 14 dpi lesions and 7 dpi 
contralateral (p=0.18), 14 dpi contralateral (p=0.29), and 7 dpi lesions (p=82) 
(Figure 6.6E).  
 The CS and RA data failed an equal variance test and therefore a Kruskal-
Wallis one-way ANOVA on Ranks with a Dunn's posthoc test was used to test for 
significant differences between groups. The one-way ANOVA on ranks indicated 
that there is a significant difference between groups RA (p=0.02) but a Dunn's 
post hoc test did not find any significant differences between groups (Figure 
6.6D). The CS of 7 dpi lesions (0.62±0.14) was significantly higher than naïve 
(0.22±0.08) (p<0.001), 7 dpi contralateral (0.35±0.19) (p=0.006) and 14 dpi 
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contralateral regions (0.34±0.09) (p=0.006). The CS of 14 dpi lesions 
(0.52±0.08) was significantly (p=0.02) higher than naïve cords. There was no 
difference between the CS of 14 dpi lesions and 7 dpi contralateral (p=0.18), 14 
dpi contralateral (p=0.17), and 7 dpi lesions (p=0.59) (Figure 6.6C).  
 The CL, CP, CS, RA and VR of the 7 dpi and 14 dpi lesions were 
normalized by dividing by the value of the contralateral side (Figure 6.7). The 
mean normalized CL of naïve controls (1.02±0.17) was significantly higher than 
both 7 dpi (0.40±0.69) (p<0.001) and 14 dpi lesions (0.69±0.24) (p=0.04). The 
normalized CL of 7 and 14 dpi lesions were also significantly different (p=0.03) 
(Figure 6.7A). The mean normalized CS of naïve (0.90±0.40) controls was 
significantly lower than 7 dpi lesions (2.18±0.94) (p=0.40) but not significantly 
different compared to 14 dpi lesions (1.65±0.60) (p=0.76). The normalized CS of 

7 dpi lesions was not significantly different from the normalized CL of 14 dpi 
lesions (p=0.29) (Figure 6.7C). The normalized RA of naïve controls 
(1.11±0.07) was significantly higher than that of 7 dpi (0.52±0.12) (p<0.001) 
and 14 dpi (0.74±0.22) (p=0.006) lesions. A significant difference was not seen 
between the normalized RA of 7 dpi and 14 dpi lesions (p=0.06) (Figure 6.7D). 
The normalized CP was not significantly different between groups (p=0.68) 
(Figure 6.7B). The normalized VR failed an equal variance test and thus a 
Shapiro-Wilk ANOVA on Ranks was used to test for significant differences. The 
mean normalized VR was not significantly different between groups (p=0.09) 
(Figure 6.7E).  
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Figure 6.1: B=0 Echo planar images of Naïve, 7 dpi, and 14 dpi lesions.  
Lesions are indicated by red arrows.  
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Figure 6.2: Fractional Anisotropy (FA) of naïve (n=4), 7 dpi (n= 5) and 
14 dpi (n=7) contralateral regions, 7 dpi (n=5) lesions and 14 dpi 
(n=7) lesions.  The FA of 7 dpi lesions were significantly lower than naïve and 
contralateral regions. A one-way ANOVA with Tukey’s post hoc test was used to 
test for significant differences between groups. Mean±SD. * <0.05, **≤0.001 
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Figure 6.3: Normalized fractional anisotropy (FA) of naïve (n=4), 7 
(n=5) and 14 (n=7) dpi lesions.  The lesion data was normalized by dividing 
by the value of the contralateral side. The normalized FA of naïve cords was 
significantly higher than 7 dpi lesions. One-way ANOVAs with Tukey’s post hoc 
test were used to test for significant differences. Mean±SD. **≤0.001 
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Figure 6.4: Radial diffusion, axial diffusion, and mean diffusion of naïve 
(n=3), 7 dpi (n=7) and 14 dpi (n=5) contralateral regions, 7 dpi lesions 
(n=7) and 14 dpi lesions (n=5).  Axial did not significantly differ between 

groups. The radial diffusivity was significantly higher in 7 dpi lesions compared to 
naïve cords and contralateral regions. 7 dpi also have a higher mean diffusivity 
compared to naïve cords. A one-way ANOVA with a Tukey's post hoc test was 
used to test for differences between groups.  Mean±SD. * ≤0.05, **<0.001 
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Figure 6.5. Normalized axial diffusion, radial diffusion and mean 
diffusion of naïve (n=4) and 7 (n=5) and 14 (n=7) dpi lesions.  The data 
was normalized by dividing by the value of the contralateral side. The axial 
diffusion was significantly higher at naïve compared to 7 and 14 dpi lesions. One-
way ANOVAs with Tukey’s post hoc tests were used to test for significant 
differences between groups. Mean±SD. *<0.05 
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Figure 6.6: Linear Anisotropy (CL), Planar Anisotropy (CP), Spherical 
Anisotropy (CS), Relative Anisotropy and volume ratio (VR) of naïve 
(n=4), contralateral regions (7 dpi n=5; 14 dpi n=7), 7 dpi (n=5) and 
14 dpi (n=7) lesions.  A: The CL of 7 dpi lesions is significantly lower than 
naïve and contralateral regions. C, E: The CS and VR were significantly higher at 
7 dpi lesions compared to naïve and contralateral controls. 14 dpi lesions also 
have significantly higher CS and VR than naïve and contralateral regions of 
interest. B, D: The CP and RA were not found to be significantly different 
between groups. A one-way ANOVA with a Tukey posthoc test was used to test 
for significant differences between groups for CL, CP, and VR. An ANOVA on 
ranks was used to test for significant differences between groups for CP and RA. 
Mean±SD. * ≤0.05, **<0.001 
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Figure 6.7: Normalized Linear Anisotropy (CL), Planar Anisotropy (CP), 
Spherical Anisotropy (CS), Relative Anisotropy (RA) and the volume 
ratio (VR) of naïve (n=4) and 7 dpi (n=5) and 14 dpi (n=7) lesions.  
The data was normalized by dividing by the value of the contralateral side. A: 
The CL was significantly lower at 7 dpi compared to 14 dpi and naïve controls. 
The CL of 14 dpi cords was also significantly lower than naïve controls. B: No 
significant differences were found between groups CP. C: The CS was 
significantly higher at 7 dpi compared to naïve controls. D: The RA of naïve 
controls was significantly higher than 7 dpi and 14 dpi lesions. E: The VR was 
not significantly different between groups. One-way ANOVAs with Tukey’s post 
hoc tests were used to test for significant differences between groups CL, CP, 
CS, and RA. A Kruskal-Wallis ANOVA on Ranks was used to test for significant 
differences between groups mean VRs. Mean±SD. * ≤0.05, **<0.001 
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6.1.2  Diffusion Tensor Imaging Parameters correlate w ith histological 
stains for MBP and neurofilament  

 Significant correlations were found between percent MBP staining and FA, 
normalized FA, normalized AD, RD, CL, normalized CL, CS, normalized CS, RA, 
normalized RA, and VR. These correlations remained when percent MBP was 
normalized. We also saw a correlation between normalized percent MBP and 
normalized VR. There were significant correlations between percent SMI312 
staining and FA, RD, CL, CS, RA, and VR. There was also a significant correlation 
between the normalized percent SMI312 staining and FA and RD but no other 
DTI parameter (Table 6.1). 
 Scatterplots and best-fit lines of strong significant correlations (ρ >0.70 or ρ 
<0.70) are shown (Fig. 6.8).  
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Table 6.1: Correlations between DTI parameters and histological 
stains. 
Spearman correlation coefficients (ρ) of DTI parameters and quantifications of 
histological staining. *p<0.05, **p<0.001. Yellow background indicates a 
significant difference. Green background indicates significant differences with 
ρ<-0.70 or ρ>0.70. 

 

Parameter % MBP Normalized 
% MBP % SMI312 Normalized % 

SMI312 
FA ρ =0.58* 

p=0.002 
ρ =0.70* 
p=0.003 

ρ =0.59* 
p=0.002 

ρ =0.53* 
p=0.04 

Normalized FA ρ =0.69* 
p=0.004 

ρ =0.73* 
p=0.002 

ρ =0.33 
p=0.22 

ρ =0.33 
p=0.23 

AD ρ=0.27 
p=0.19 

ρ =0.36 
p=0.18 

ρ =0.06 
p=0.75 

ρ =-0.03 
p=0.90 

Normalized AD ρ =0.69* 
p=0.006 

ρ =0.66* 
p=0.007 

ρ =0.43 
p=0.10 

ρ =0.45 
p=0.08 

RD ρ =-0.62** 
p<0.001 

ρ =-0.63* 
p=0.01 

ρ =-0.57* 
p=0.003 

ρ =-0.63* 
p=0.01 

Normalized RD ρ =0.10 
p=0.72 

ρ =-0.005 
p=0.97 

ρ =-0.15 
p=0.58 

ρ =0.03 
p=0.91 

MD ρ =-0.22 
p=0.27 

ρ =-0.28 
p=0.31 

ρ =-0.25 
p=0.22 

ρ =-0.40 
p=0.14 

Normalized 
MD 

ρ =0.13 
p=0.64 

ρ =0.08 
p=0.78 

ρ =0.06 
p=0.82 

ρ =0.16 
p=0.57 

CL ρ =0.46* 
p=0.02 

ρ =0.61* 
p=0.02 

ρ =0.52* 
p=0.007 

ρ = 0.44 
p= 0.10 

Normalized CL ρ =0.69* 
p=0.004 

ρ =0.78** 
p<0.001 

ρ =0.31 
p=0.25 

ρ = 0.26 
p= 0.35 

CP ρ=0.20 
p=0.34 

ρ =0.33 
p=0.22 

ρ =-0.04 
p=0.83 

ρ = 0.13 
p= 0.65 

Normalized CP ρ =0.15 
p=0.58 

ρ =0.26 
p=0.35 

ρ =0.39 
p=0.15 

ρ = 0.35 
p= 0.19 

CS ρ =-0.60** 
p=0.001 

ρ =-0.73** 
p=0.002 

ρ =-0.59* 
p=0.001 

ρ = -0.38 
p= 0.15 

Normalized CS ρ =-0.59* 
p=0.02 

ρ =-0.73** 
p=0.002 

ρ =-0.32 
p=0.24 

ρ = -0.28 
p= 0.30 

RA ρ =0.46* 
p=0.02 

ρ =0.59* 
p=0.04 

ρ =0.47* 
p=0.02 

ρ = 0.26 
p= 0.35 

Normalized RA ρ =-0.73* 
p=0.001 

ρ =0.81** 
p<0.001 

ρ =0.32 
p=0.24 

ρ = 0.26 
p= 0.34 

VR ρ =-0.59* 
p=0.001 

ρ =-0.71* 
p=0.002 

ρ =-0.61** 
p=0.001 

ρ = -0.42 
p= 0.12 

Normalized VR ρ =-0.49 
p=0.06 

ρ =-0.64* 
p=0.01 

ρ =-0.24 
p=0.37 

ρ = -0.20 
p= 0.47 
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Figure 6.8: Scatterplots and best-fit lines of DTI parameters and 
quantification of histological stains.  Only strong significant (ρ >0.70) 
correlations are shown. Each point on the graphs represents a cord. A: 
Normalized RA and percent MBP staining, B: FA and normalized percent MBP 
staining, C: Normalized FA and normalized percent MBP staining, D: Normalized 
CL and normalized percent MBP staining, E: CS and normalized percent MBP 
staining, F: Normalized CS and normalized percent MBP staining, G: Normalized 
RA and normalized percent MBP staining, H: VR and normalized percent MBP 
staining.  
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6.2 Discussion 

6.2.1  Diffusion Tensor Imaging parameters of Lysolecithin Lesions 

We used diffusion tensor imaging to compare lysolecithin cords at 7 and 
14 dpi. We found that the fractional anisotropy (FA) was significantly lower and 
the radial diffusivity (RD) was significantly higher at 7 dpi compared to controls. 
The 14 dpi RD is only significantly different from naïve controls.  Interestingly we 
found that 14 dpi lesions FA was not significantly different from controls or 7 dpi 
lesions. This partial recovery in this parameter is likely due to remyelination.   

The DTI parameters, like the qMTI parameters, were normalized by 
dividing by the contralateral side. Normalizing the FA did not result in major 
changes to the differences found between groups. However, normalizing the 
groups axial diffusivity (AD) and RD did cause changes to the significant 
differences observed. In the normalized set of data, the AD was significantly 
lower at both 7 dpi and 14 dpi lesions. Additionally, the normalized RD was not 
significantly different between groups. 

A previous study of lysolecithin injection in rat spinal cord found a lower 
FA and AD and a higher RD in lysolecithin lesions compared to controls (DeBoy 
et al., 2007). This study also found that the injection site was visible on DTI 

tractography, which was not the case in our study. This difference may be due to 
the laminectomy performed during the injection procedure in the rat study 
(DeBoy et al., 2007). The lysolecithin model used during this study does not 
involve a laminectomy which would explain the differences in tractography 
observed.  

Additionally, even though the DeBoy paper did look at lysolecithin lesions 
14 and 21 dpi the data was grouped together with 7 dpi lesion data (DeBoy et 
al., 2007). To the best of our knowledge, no other published studies have looked 
at diffusion tensor imaging of the lysolecithin model. Also unpublished data from 
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our lab indicates that FA recovers during remyelination in the lysolecithin model 
(Nathoo et al., Unpublished).  

Publications looking at DTI in the other animal models have shown that 
both FA and AD decreases and RD increase with demyelination (Song et al., 
2005; Xie et al., 2010; Janve et al., 2013; Thiessen et al., 2013). Additionally, 
another cuprizone study found that RD recovered during remyelination. In this 
study, RD increased by 25% compared to control values during demyelination 
and then recovered to be only 10% higher than controls during remyelination( 
(Jelescu et al., 2016).  

FA can be separated into linear, planar and spherical measures depending 
on the shape of the diffusion ellipsoid. The linear anisotropy (CL) was lower at 7 
dpi, and the spherical anisotropy (CS) was higher at 7 dpi compared to controls. 

The CL at 14 dpi was not significantly different from 7 dpi or controls and the SA 
at 14 dpi was only significantly higher than naive controls. This data indicates 
that the changes seen in FA are likely due to a decrease in the linear case and an 
increase in the spherical case with no significant change observed in the planar 
case. 

Interestingly, when normalized the CL was significantly different between 
all groups (naïve, 7 dpi lesions and 14 dpi lesions). This significant difference at 
14 dpi to both controls and 7 dpi was not seen in any other DTI or qMT 
parameter. This partial recovery in CL is likely due to remyelination, and axonal 
regeneration would not have had enough time to occur by 14 dpi. It also 
demonstrates the value of looking at the factors that compose FA rather than 
just FA itself as most DTI studies do. 

Additionally, the volume ratio (VR), which is the ratio of the diameter of 
the diffusion ellipsoid to the diameter of a sphere with a radius of MD, was 
significantly higher in 7 dpi lesions compared to all controls. The VR was also 
significantly higher in 14 dpi lesions compared to naïve controls. Finally, the RA 
was significantly lower at 7 dpi and 14 dpi lesions compared to naïve controls 
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when normalized. This data is consistent with data that has demonstrated that 
the VR has also been shown to be higher and the RA has been demonstrated to 
be lower in shiverer mutant mice which lack myelin  (Nair et al., 2005). 

 This data indicates that diffusion tensor imaging parameters, including 
FA, RD, CL, CS and VR, can be used to detect demyelination and remyelination in 
the lysolecithin model of MS. 
 
6.2.2  Diffusion Tensor Imaging and Histology Correlations 

The DTI parameters with the strongest correlations to myelin staining 
were normalized RA, the CS (both normalized and not normalized), the 
normalized CL, and the FA (both normalized and not).  

Previous studies have shown correlations between myelin and FA 

(Schmierer et al., 2007b; Janve et al., 2013; Thiessen et al., 2013). One study 
also saw a correlation between myelin and AD (Thiessen et al., 2013) and one 
saw a correlation between myelin and MD (Schmierer et al., 2007b).  

The studies that have previously assessed the correlation between DTI 
and myelin did not report correlations for CL, CP, CS, RA and VR parameters. To 
the best of my knowledge, there are no previously reported correlation 
coefficients for these parameters. As mentioned above CL, CP and CS are 
separations of FA; it is possible that looking at these parameters individually can 
provide greater insight into tissue pathology than looking just at FA, AD, RD, and 
MD, as is usually done. 

There were also mild correlations between the percent SMI312 staining 
and FA and RD.  Surprisingly, these correlations are lower than previously 
reported and the correlation between percent SMI312 staining and AD was not 
significant as has previously been reported (Schmierer et al., 2007b; Janve et al., 
2013; Thiessen et al., 2013). Other studies have also seen a correlation between 
AD and axonal content (Thiessen et al., 2013) and between MD and axonal 
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content (Schmierer et al., 2007b). The lower correlation coefficients seen here 
are also likely in part due to the increased noise is perceived in MRI parameters 
when imaging at the higher resolutions required for mouse spinal cord work.  As 
well as the partial volume effects that can occur when looking at small lesions 
with relatively large voxels. 

This data demonstrates that diffusion parameters correlate with 
histological measures of both myelin content of lysolecithin lesions.  

 
6.3 Conclusions 

This chapter shows data from diffusion tensor imaging (DTI) as it relates 
to demyelination and remyelination in the lysolecithin model. We found that DTI 
parameters did partial recover with remyelination. This data indicates that these 
parameters could be used as outcome measures in pre-clinical trials of 
therapeutics in this model. 
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 Correlations between MR Imaging Parameters 

7.1 Results 

7.1.1  Correlations between Quantitative Magnetization Transfer and 
Diffusion Tensor Imaging parameters 

We looked for correlations between MRI parameters. We found a strong 
(ρ < -0.70 or ρ > 0.70) significant correlations between f and FA. Normalized f 
had strong significant correlations with both FA and normalized FA. Finally, 
normalized T2B had a strong correlation with FA (Table 7.1).  

 
7.2 Discussion 

Assessing how well MRI parameters correlate with each other helps 
determine which MRI parameters may be affected by the same underlying tissue 
properties.  

We found a strong correlation between FA and f. Previously reported 
correlations between f and diffusion anisotropy had been weak or mild (Ou et al., 
2009b; Stikov et al., 2011; Janve et al., 2013; Thiessen et al., 2013; Li et al., 
2014). However, a study by Stikov, which looked at the correlation between f 
and diffusion anisotropy in different regions of the brain, found that there was a 
higher correlation between FA and f could in areas with high directional 
coherence (Stikov et al., 2011).  
 
Table 7.1: Correlations between DTI parameters and qMT parameters.  
Spearman correlation coefficients (ρ) of qMT and DTI parameters in lysolecithin 
lesions and controls. Top row = ρ; Bottom row = p-value; *p<0.05. Yellow 
background indicates significant correlations with -0.70 < ρ < 0.70. Green 

background indicates significant correlations with ρ < -0.70 or ρ > 0.70. 
(Following Page)
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 f Normalized f T1 Normalized T1 T2A Normalized T2A T2B Normalized 
T2B 

FA 0.81* 
<0.001 

0.74* 
0.001 

-0.38* 
0.05 

-0.48 
0.06 

-0.58* 
<0.001 

-0.09 
0.75 

0.57* 
<0.001 

0.72* 
0.002 

Normalized FA 0.68* 
0.005 

0.70* 
0.003 

-0.36 
0.19 

-0.41 
0.13 

-0.57* 
0.03 

-0.10 
0.71 

0.62* 
0.01 

0.59* 
0.02 

AD 0.29 
0.15 

0.15 
0.58 

-0.06 
0.76 

-0.06 
0.81 

-0.22 
0.29 

0.02 
0.94 

0.36 
0.07 

0.25 
0.35 

Normalized AD 0.56* 
0.03 

0.54* 
0.04 

-0.36 
0.18 

-0.39 
0.15 

-0.58* 
0.02 

-0.44 
0.09 

0.57* 
0.02 

0.36 
0.17 

RD -0.81* 
<0.001 

-0.84* 
<0.001 

0.38* 
0.05 

0.63* 
0.01 

0.55* 
0.004 

0.17 
0.54 

-0.52* 
0.02 

-0.66* 
0.007 

Normalized RD 0.06 
0.82 

0.05 
0.85 

0.05 
0.84 

-0.15 
0.58 

0.13 
0.64 

0.12 
0.64 

0.16 
0.55 

0.06 
0.81 

MD -0.36 
0.07 

-0.55* 
0.03 

0.18 
0.38 

0.43 
0.11 

0.15 
0.45 

0.07 
0.78 

-0.12 
0.54 

-0.36 
0.17 

Normalized MD 0.02 
0.94 

0.02 
0.94 

0.05 
0.85 

-0.09 
0.75 

-0.04 
0.89 

-0.20 
0.45 

0.14 
0.61 

-0.01 
0.96 

CL 0.38 
0.06 

0.46 
0.08 

-0.42* 
0.03 

-0.27 
0.33 

-0.19 
0.34 

0.24 
0.39 

0.38* 
0.05 

0.24 
0.36 

Normalized CL 0.35 
0.19 

0.44 
0.10 

-0.20 
0.47 

-0.16 
0.55 

-0.30 
0.28 

-0.19 
0.48 

0.32 
0.23 

0.25 
0.35 

CP 0.17 
0.41 

0.18 
0.51 

-0.19 
0.36 

-0.35 
0.19 

0.02 
0.91 

-0.25 
0.34 

0.08 
0.68 

0.05 
0.85 

Normalized CP 0.33 
0.22 

0.20 
0.47 

-0.43 
0.11 

-0.36 
0.18 

-0.37 
0.17 

-0.46 
0.08 

0.35 
0.19 

0.29 
0.27 

CS -0.44* 
0.02 

-0.43 
0.11 

0.44* 
0.02 

0.21 
0.44 

0.27 
0.19 

0.31 
0.24 

-0.44* 
0.02 

-0.20 
0.45 

Normalized CS -0.57* 
0.03 

-0.53* 
0.04 

0.43 
0.11 

0.36 
0.18 

0.57* 
0.03 

0.18 
0.48 

-0.62* 
0.01 

-0.65* 
0.008 

RA 0.30 
0.13 

0.23 
0.40 

-0.34 
0.08 

-0.05 
0.85 

-0.15 
0.48 

-0.25 
0.35 

0.35 
0.07 

0.04 
0.88 

Normalized RA 0.34 
0.21 

0.42 
0.11 

-0.24 
0.38 

-0.18 
0.51 

-0.23 
0.40 

-0.16 
0.54 

0.30 
0.25 

0.19 
0.48 

VR -0.45* 
0.02 

-0.45 
0.09 

0.47* 
0.02 

0.23 
0.40 

0.27 
0.18 

0.30 
0.26 

-0.44* 
0.02 

-0.23 
0.39 

Normalized VR -0.53* 
0.04 

-0.48 
0.07 

0.42 
0.12 

0.32 
0.24 

0.51* 
0.05 

0.10 
0.71 

-0.57* 
0.03 

-0.62* 
0.01 
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In this paper, they suggest that this difference is caused by a greater overlap in 
the sensitivity of f and diffusion anisotropy to underlying tissue properties in 
areas of high directional coherence (Stikov et al., 2011). Therefore, it is not 
surprising that we found a higher correlation between qMT and diffusion 
anisotropy parameters than have previously been reported in the literature. 
Especially since this work was done in the spinal cord (an area of high fiber 
coherence) and the majority of the work published has been done in the brain 
(Ou et al., 2009b; Janve et al., 2013; Thiessen et al., 2013; Li et al., 2014).  
 This data demonstrates that qMT and diffusion parameters, particularly FA 
and f, overlap in their sensitivity to underlying tissue properties in the lysolecithin 
spinal cord model of demyelination and remyelination. 
 
7.3 Conclusions 

This chapter focused on correlations between DTI and qMT. We found 
that in the lysolecithin model f and FA are strongly correlated. This data indicates 
that these parameters are likely responding to the same underlying pathology.  
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 General Discussion 

8.1 Introduction 

  This thesis sought to characterize the ability of quantitative magnetization 
transfer (qMT) and diffusion tensor imaging (DTI) to detect demyelination and 
remyelination in the lysolecithin model of multiple sclerosis (MS). When this work 
was initiated (September 2014), there were no literature studies carried out 
using MRI on the modified lysolecithin model developed in the Yong lab (Keough 
et al., 2015) and no studies of qMT on any lysolecithin model. This chapter will 
review the novel findings and discuss limitations of this work. Here we will also 
consider the significance of our finding for MS treatment development and 
clinical assessment.  
 
8.2 Summary of Finding and Discussion 

The first aim of this project was to correlate quantitative magnetization 
transfer parameters to the myelin and axonal content of lysolecithin lesions 
found histologically. When this was done, we found that the normalized bound 
pool fraction had the strongest correlation with the histological myelin staining 
and that T1 had the strongest correlation with the histological axon marker. 

These findings were consistent with the results seen in a similar experiment in 
the cuprizone model (Thiessen et al., 2013). We believe that by normalizing the 
qMT data, we were able to compensate for variations in the quality of perfusion 
and fixation. Fixation has been shown to drop the bound pool fraction by ~50% 
(Schmierer et al., 2008). Therefore, variations in the quality of fixation would be 
expected to create noise in this parameter that can be compensated for by 
normalization to the contralateral side. We did not find an increase in bound pool 
fraction in our remyelination group compared to our demyelination group. As 
suggested in Chapter 5 remyelination may not have been extensive enough at 14 
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dpi for injection. It has been shown that the bound pool fraction can detect 
extensive but not modest amounts of remyelination (Turati et al., 2015).    

qMT is a relatively newer technique and is just beginning to be studied in 
MS patients. One study demonstrated that qMT parameters were reduced before 
lesion formation in MS patients (Fazekas et al., 2002). Based off how the 
different qMT parameters changed pre-lesion formation the paper suggested that 
the changes seen were not due to blood-brain barrier leakage but were a result 
of damage to myelin. Additionally, another study which looked at the bound pool 
fraction (f) in progressive acute, gadolinium-enhancing regions of MS patients 
found that f was most abnormal at the time of enhancement and followed a 
pattern of recovery over subsequent months (Levesque et al., 2010b). This study 
suggested that recovery was due to slow and progressive remyelination which is 

known to occur in some MS patients. It is known that remyelination does occur 
in some MS patients and is variable depending on the location of the lesion site 
(Lassmann, 2013). Taken together this data suggests that if cooperated into 
routine clinical scans qMT parameters can be used to predict lesion locations and 
monitor lesions for recovery. However, data from this thesis and other animal 
model studies (Turati et al., 2015) suggest that a lack of recovery in qMT 
parameters should be interpreted carefully. In such a situation it does not mean 
there is a complete lack of remyelination but rather the lack of extensive 
remyelination.  

The second aim of this project was to correlate diffusion tensor imaging 
parameters to the myelin and axonal content of lysolecithin lesions found 
histologically. When this was done, we found that the strongest correlation was 
seen between normalized RA and histological staining for myelin. RA is not 
assessed as often as FA in studies of demyelination and remyelination. One study 
of age-related changes in different anatomical regions of the brain found that FA 
could underestimate changes in myelination that were detected with RA (Lobel et 
al., 2009). This paper suggested that this was because RA can complement FA in 
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future studies of myelination (Lobel et al., 2009), a suggestion that is supported 
by the results of this thesis. 

We also found correlations between histological axon staining and both FA 
and RD. These correlations were in the range of those previously seen and thus 
are not surprising. It was, however, surprising that a correlation was not 
observed between AD and axon content. Previous work has shown that AD is 
reduced throughout all of the white matter in EAE mice and correlates with a 
decrease in SMI312 staining (Budde et al., 2008; Budde et al., 2009; Nathoo et 
al., 2014a). It is possible that we did not see similar correlations because of this 
work was done ex vivo; in vivo work has been shown to be a better indicator of 
axial diffusivity compared to ex vivo work (Zhang et al., 2012b). In studies of MS 
patients, changes in AD have been variable with some studies reporting a 

decrease (Tillema et al., 2012), others an increase (Liu et al., 2012), and others 
showing no alterations (Naismith et al., 2010; Nathoo et al., 2014a) The reason 
for this inconsistency remains to be explored but could be due to disease 
duration or the different forms of MS.  

A major finding of this thesis was that normalized linear anisotropy (CL) 
was the only parameter able to detect a statistically significant difference 
between 7 dpi and 14 dpi lesions. This parameter along with spherical anisotropy 
(CS) and planar anisotropy (CP) are not as often assessed as FA, RD, AD and MD 
in DTI studies. Based on this thesis DTI parameter such as CL, CP, and CS 
should be further explored in animal models of de- and remyelination as well as 
MS patient studies.   
 Finally, we found high correlations between FA and the bound pool fraction. As 
mentioned in Chapter 7 this is contrary to previously published results. This 
finding is likely due to the higher directional coherence of fibers in the spinal cord 
compared to the brain, where the previous studies were done. As previously 
mentioned, a study by Stikov, which looked at the correlation between f and 
diffusion anisotropy in different regions of the brain, found that there was a 
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higher correlation between FA and f could in areas with high directional 
coherence (Stikov et al., 2011). In this paper, they suggest that this difference is 
caused by a greater overlap in the sensitivity of f and diffusion anisotropy to 
underlying tissue properties in areas of high directional coherence (Stikov et al., 
2011). The results of this thesis are in line with this theory. 

Finally, although the bound pool fraction has a higher correlation to 
myelin we did not see any recovery with remyelination at 14 dpi, whereas the 
DTI imaging parameters seem to recover at 14 dpi partially. Many of the DTI 
parameters are at 14 dpi are not significantly different from the naïve group, 
although the 7 dpi groups are. Additionally, the normalized CL is significantly 
different between 7 and 14 dpi lesions and between 14 and 7 dpi lesions. Thus 
this parameter appears to be able to differentiate between remyelination and 

demyelination. These results indicate that even though the bound pool fraction 
might have a higher specificity to myelin, DTI parameters may be more sensitive 
to changes in myelin content in the lysolecithin model. 

Based on the results of this thesis, in future pre-clinical trials of 
remyelination promoting therapeutics in the lysolecithin model DTI could provide 
a useful outcome measure. 
 Taken together, the findings from this thesis provide a foundation for 
pursuing future studies with DTI and qMT in the lysolecithin model of MS. 
Particularly for studying the effects of treatments that inhibit demyelination and 
promote remyelination in this model.  
 
8.3 Limitations of the Study 

The lysolecithin has many advantages, including that it has a well-defined 
and short timeline for de- and remyelination. Also, it is a model in which many 
potential therapies that promote remyelination for the treatment of MS are 
currently being tested (Keough et al., 2015; Keough et al., 2016). These reasons 
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are why this model was used to investigate the ability of DTI and qMT 
parameters to distinguish between naïve, demyelination and remyelination. 
However, it is important to remember that lysolecithin is a relatively simple 
model that does not mimic MS. MS has a much more complicated underlying 
pathophysiology and thus more potential confounding factors can influence MRI 
parameters in MS than in the lysolecithin model. A fact that should be kept in 
mind when considering the transferability of our results to clinical research. 

Additionally, we did not investigate the ability of qMT and DTI to detect 
changes to tissue pathology in different areas of the CNS. MS lesions are not 
restricted to the spinal cord but occur throughout the CNS (Compston and Coles, 
2002).  It is well known that diffusion parameters, in particular, are affected by 
the degree of fiber coherence (Stikov et al., 2011). Therefore, the diffusion 

results obtained are unlikely to be generalizable to different areas of the CNS.  
Another obvious limitation of this work is that the MRI data was acquired 

ex vivo. The process of chemical fixation does change tissue MRI properties. 
Fixation can cause a decrease in T1 that is greater in gray matter than in white 
matter (Tovi and Ericsson, 1992; D'Arceuil et al., 2007). These changes to T1 
result in a minimal white matter contrast and would likely affect the correlations 
found between T1 and myelin in this study. Additionally, formalin fixation has 
been shown to cause a 50% increase in the f (Schmierer et al., 2008). Regarding 
diffusion, the apparent diffusion coefficient (ADC) values are substantially 
decreased in ex vivo imaging compared to in vivo values, with a greater change 
in white matter than in gray matter (D'Arceuil et al., 2007). A large part of this 
reduction in ADC and other diffusion parameters is due to brain death and 
changes in temperature. However, fixation has no effect on anisotropic measures 
(D'Arceuil et al., 2007). The length of time between fixation and imaging could 
have contributed to some of the variability seen in the MRI data. 

Despite the attempts to increase SNR by using the cryoprobe and doing 
this research ex vivo we still saw high variability in our MRI parameters. The 
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standard deviation of T1 for all groups was between 0.013-0.13s. The standard 
deviation of the T1 calculated by controls by Thiessen et al., 2013 is much lower 
(0.007s) than that seen here. This difference in standard deviation is likely, in 
part, because the Thiessen paper used a resolution of 98 x 98 x 750µm3 whereas 
the data acquired here used a resolution of 98 x 98 x 500 µm3. This increase in 
resolution decreases the amount of tissue signal contributing to each voxel, and 
this would reduce the amount of signal per voxel and the overall signal to noise 
causing greater variability in data. Additionally, the Thiessen paper was able to 
average all voxels covering the corpus callosum whereas the data presented here 
averages approximately ten voxels per region of interest due to the small 
lysolecithin lesions. The lower number of voxels used to average would help 
explain the greater variability between the two sets of data.  A paper looking at 

the feasibility of in vivo MRI on mouse spinal cord at 9.4T had a higher standard 
deviation within control white matter (0.19s) than is seen here (Bilgen et al., 
2005), indicating that the variability in T1 seen here is not abnormal for mouse 
spinal cord MRI.  
 The standard deviation of the bound pool fraction for all groups was 
between 0.017-0.037. The standard deviation of f for controls in the Thiessen 
paper was much lower (0.003). The higher variability seen in this study could be 
for the same reasons as the greater variability in T1 mentioned above. To the 
best of my knowledge qMT has not previously been performed on mouse spinal 
cord and therefore there is no literature data for comparison. However, data on f 
reported for rat spinal cord does have a higher standard deviation (0.01-0.02) 
(Dula et al., 2010) than that seen in the Thiessen et al., 2013 supporting the 
idea that the increased variability is due to the decreased size of the tissue being 
imaged.  

Although the variability in this study is high, it does not appear to be 
abnormally high for mouse spinal cord imaging. 
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8.4 Significance of Findings  

The main significance of this study is that it demonstrates that DTI 
parameters can be used as an outcome measure in pre-clinical and clinical trials 
of therapies that inhibit demyelination and promote remyelination. 

Significant advances are taking place in the development of therapeutics 
for MS. In particularly therapies are moving past the traditional 
immunomodulators and towards medications aimed at promoting remyelination 
or neuroprotection (Nathoo et al., 2014b). MRI is frequently used as a primary 
outcome measure in clinical trials (Filippi and Rocca, 2011; Nathoo et al., 2014a) 
and new therapeutics are tested in animal models first. Thus it is logical that 
MRI, such as qMT and DTI be incorporated into preclinical studies assessing 
these therapies. Doing so will help determine what types of changes can be 
expected of MRI parameters in clinical trials as these treatments begin to be 
tested at a clinical level.   

Additionally, diffusion tensor imaging and magnetization transfer are 
currently being used as outcomes measures in clinical trials of MS therapies and 
to study the development of MS pathology (Levesque et al., 2010b; Temel et al., 
2013; Mallik et al., 2014). To fully and correctly interpret the results from these 

experiments we require analyses that assess the correlation between qMT and 
DTI and pathology. This thesis is one such experiment that adds to our 
knowledge and understanding of the correlation between DTI and qMT 
parameters and pathology. It does so by using a model that has not previously 
been used to study these parameters. Also, it adds to our understanding of how 
these parameters, particularly DTI parameters, may have differential sensitivity 
to pathology depending on the location of CNS being assessed.  

Thus, knowledge created from this thesis may help guide future studies of 
MS therapeutics at both a pre-clinical and clinical level.  
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 Conclusions and Future Directions 

9.1 Future Directions 

This work demonstrates that MRI can be used to detect differences in the 
myelin content of lysolecithin lesions. To build on the work done in this thesis 
multiple future studies can and should be conducted. First, this data 
demonstrated that qMT and DTI parameters could detect lysolecithin lesions in 

perfusion fixed tissue. The next step would be to compare these sequences 
between unfixed tissue and fixed tissue imaged post-mortem. Such an 
experiment would provide a better understanding of how fixation affected the 
data presented in this thesis. Although some work along this line has been done 
previously (D'Arceuil et al., 2007; Kim et al., 2007; Schmierer et al., 2008), such 
a study has not been done in the lysolecithin model.  

Following this, another area for investigation could be to determine if these 
sequences can be run in the lysolecithin model in vivo. Doing so would involve 
overcoming numerous technical challenges. One such problem comes from the 
location of the lysolecithin lesion. The thoracic spinal cord is close to the lungs 
and heart which produce lots of motion making in vivo MRI imaging of this area 
difficult. Lysolecithin lesions can, however, be produced in different CNS regions 
including, but not limited to, the lumbar spinal cord and the corpus callosum 
(Keough et al., 2015). Although these locations involve a more invasive 
procedure, they would make in vivo MRI imaging more feasible. 

 Additionally, the sequences would have to be shortened for in vivo 
imaging. It is highly unlikely both DTI and qMT could be done using the current 
protocol within a reasonable imaging time. In vivo imaging is best kept under 2 
hours in order to minimize stress to the animal. The current combined time of 

DTI and qMT imaging for this thesis was 3 hours and 35 minutes with the 
cryoprobe. It is possible that the DTI and qMT data acquisition times could be 
shortened by decreasing the number of directions acquired and the number of 
off-resonance images required, respectively. It would also be necessary to 
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ensure that such changes did not result in sampling bias or poor fitting which 
would in turn result in errors in the quantitative MRI. We would need to modify 
the cryoprobe such that it could be installed “upside down”. The current 
geometry would have the mouse dorsal side up, which results in significant 
motion in the cord—degrading the images. Without such a modification, we 
would need to use a volume coil which has much lower SNR compared with the 
cryoprobe. Thus there would be a need for an increase in averages, again 
making it difficult to achieve this imaging in vivo. Therefore, two studies would 
have to be done, one for each sequence, or rapid acquisition protocols would 
need to be developed.  

To the best of my knowledge, only two studies have been performed where 
qMT was done in vivo in animal models (Rausch et al., 2009; Turati et al., 2015). 

The lack of studies is likely due to the large number of images required to 
calculate magnetization transfer accurately. A large number of images results in 
a long sequence acquisition time which makes in vivo imaging difficult to 
perform. However, these studies demonstrate that it is possible to image mouse 
CNS in vivo using qMT imaging.  

Although in vivo diffusion tensor imaging of mouse spinal cord is difficult, 
due to the size of the cord and sensitivity of DTI to motion noise, it is not 
impossible (Tu et al., 2014). Like qMT, for an in vivo study of DTI correlations to 
myelin and axon content of lysolecithin lesions the lesions themselves would 
have to be produced in a different location. In the case of DTI, it would be 
possible to run a correlation study where lysolecithin lesions are produced in the 
lumbar spinal cord of mice.  

Finally, studies could be done, where DTI and/or qMT imaging parameters 
are used as outcome measures for remyelinating treatment tested in the 
lysolecithin model. Such therapies include but are not limited to exercise (Jensen 
and Yong, 2016), oxygen therapy (Desai et al., 2016) and inhibitors of 
chondroitin sulfate proteoglycan synthesis (Keough et al., 2016). These are 
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therapeutic avenues currently being explored in the Yong and Dunn labs. Since 
MRI is the main outcome measure in clinical trials, the inclusion of the MRI 
parameters evaluated in this thesis as outcome measures in pre-clinical studies 
of MS therapies, will ease the transition of these therapies from the pre-clinical to 
the clinical setting. 
 
9.2 Conclusions 

In summary, we characterized the DTI and qMT phenotypes in a mouse 
demyelination and remyelination model. Our results indicate that out of the 
measured parameters, the MRI parameter with the strongest correlation to 
myelin is the bound pool fraction and the MRI parameter with the strongest 
correlation to axons is T1. This data matches previously reported results seen in 
the cuprizone model of MS (Thiessen et al., 2013). Additionally, it appears that 
DTI parameters are sensitive to remyelination in the lysolecithin model while 
qMT did not seem to detect remyelination. This thesis emphasizes the need to 
fully understand the specificity of different quantitative MRI measures to myelin 
and highlights the need for further work on diffusion MRI for spinal cord imaging. 
There is a high potential for quantitative MRI parameters to be used as outcome 

measures in pre-clinical and clinical trials of therapeutics promoting remyelination 
in the CNS. 
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POSSIBILITY OF SUCH 
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY 
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY 
PROVIDED HEREIN.  

 Should any provision of this Agreement be held by a court of competent jurisdiction 
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to 
achieve as nearly as possible the same economic effect as the original provision, 
and the legality, validity and enforceability of the remaining provisions of this 
Agreement shall not be affected or impaired thereby.  

 The failure of either party to enforce any term or condition of this Agreement shall 
not constitute a waiver of either party's right to enforce each and every term and 
condition of this Agreement. No breach under this agreement shall be deemed 
waived or excused by either party unless such waiver or consent is in writing 
signed by the party granting such waiver or consent. The waiver by or consent of a 
party to a breach of any provision of this Agreement shall not operate or be 



 

141 

construed as a waiver of or consent to any other or subsequent breach by such other 
party.  

 This Agreement may not be assigned (including by operation of law or otherwise) 
by you without WILEY's prior written consent. 

 Any fee required for this permission shall be non-refundable after thirty (30) days 
from receipt by the CCC. 

 These terms and conditions together with CCC's Billing and Payment terms and 
conditions (which are incorporated herein) form the entire agreement between you 
and WILEY concerning this licensing transaction and (in the absence of fraud) 
supersedes all prior agreements and representations of the parties, oral or written. 
This Agreement may not be amended except in writing signed by both parties. This 
Agreement shall be binding upon and inure to the benefit of the parties' successors, 
legal representatives, and authorized assigns.  

 In the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC's Billing and Payment terms and 
conditions, these terms and conditions shall prevail. 

 WILEY expressly reserves all rights not specifically granted in the combination of 
(i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 
terms and conditions. 

 This Agreement will be void if the Type of Use, Format, Circulation, or Requestor 
Type was misrepresented during the licensing process. 

 This Agreement shall be governed by and construed in accordance with the laws of 
the State of New York, USA, without regards to such state's conflict of law rules. 
Any legal action, suit or proceeding arising out of or relating to these Terms and 
Conditions or the breach thereof shall be instituted in a court of competent 
jurisdiction in New York County in the State of New York in the United States of 
America and each party hereby consents and submits to the personal jurisdiction of 
such court, waives any objection to venue in such court and consents to service of 
process by registered or certified mail, return receipt requested, at the last known 
address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription 
journals offering Online Open. Although most of the fully Open Access journals publish 
open access articles under the terms of the Creative Commons Attribution (CC BY) 
License only, the subscription journals and a few of the Open Access Journals offer a 
choice of Creative Commons Licenses. The license type is clearly identified on the 
article. 
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The Creative Commons Attribution License 
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute 
and transmit an article, adapt the article and make commercial use of the article. The 
CC-BY license permits commercial and non- 
Creative Commons Attribution Non-Commercial License 
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, 
distribution and reproduction in any medium, provided the original work is properly cited 
and is not used for commercial purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 
The Creative Commons Attribution Non-Commercial-NoDerivs License 
(CC-BY-NC-ND) permits use, distribution and reproduction in any medium, provided 
the original work is properly cited, is not used for commercial purposes and no 
modifications or adaptations are made. (see below) 
Use by commercial "for-profit" organizations 
Use of Wiley Open Access articles for commercial, promotional, or marketing 

purposes requires further explicit permission from Wiley and will be subject to a 

fee. Further details can be found on Wiley Online Library 

http://olabout.wiley.com/WileyCDA/Section/id-410895.html Other Terms and 

Conditions: v1.10 Last updated September 2015 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or 
+1-978-646-2777. 

 


