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CHAPTER 1

INTRODUCTION

1.1 Motivation and Aims
Since its initial application in humans more than 30 years ago, magnetic resonance imaging
(MRI) has revolutionized the field of medical imaging due to its excellent soft-tissue contrast and
high resolution, making it particularly useful in non-invasive assessment of the nervous system.
MRI exploits fundamental properties of atomic nuclei (in most cases, hydrogen protons) in the
presence of an external magnetic field to essentially visualize water content, and therefore tissue,
in the body. More specifically, MRI leverages a wide array of pulse sequence configurations to
produce unique tissue contrasts related to intrinsic characteristics of the underlying tissue
structure, such as proton density and relaxation. Currently, the majority of clinical MRI studies
are based on qualitative evaluation of tissue contrast, yet in recent years, there has been a push in
MR research for the development of quantitative MR biomarkers that offer improved assessment
of neural tissue microstructure. The field of diffusion MRI or diffusion-weighted imaging
(DWI), which involves the sensitization of the MR signal to the displacement of water molecules
at the micron scale, has shown promise in the characterization of both healthy and pathological
neural tissue. Since the displacement of water molecules is greatly influenced by barriers (e.g.
cell membranes, myelin) present in neural tissue, measurement of this displacement can be
highly sensitive to underlying microstructural changes.

One relatively common DWI method is diffusion tensor imaging (DTI), which describes

the anisotropic behavior of diffusion, making it especially applicable for white matter imaging.



However, while basic DWI metrics, such as those from DTI, have shown to be sensitive to
neural tissue, in many cases their specificity is inadequate for clinical diagnostic capability.
Recently-developed advanced DWI models could offer both improved sensitivity and specificity,
thereby providing further insight into neural tissue microstructure, but demands on hardware and
scan duration make many of these not feasible for clinical applications. However, two of these
models that are clinically practical, diffusion kurtosis imaging (DKI) and the DKI-based white
matter tract integrity (WMTI) model, have shown promise in assessment of neural pathology,
development, and injury, yet further experimental validation and application in various tissue
models is necessary.

Due to the importance and complexity of the nervous system in the body, improved
characterization of normal and pathological neural tissue would be extremely beneficial.
Abnormal brain myelination is manifest in a variety of neurological diseases, including multiple
sclerosis. Therefore, non-invasive assessment of myelin microstructure would be helpful in the
diagnosis and treatment of such pathologies. Additionally, brain development involves complex
changes in both axon and myelin structure. Various disorders, such as autism, exhibit alterations
to the normal progression of white matter development, so an improved understanding of the
underlying microstructure may aid in the advancement of therapies. Lastly, peripheral nerve
injury and regeneration includes pronounced changes in axon and myelin microstructure, yet
non-invasive diagnostic tests, particularly soon after injury, are limited. Non-invasive evaluation
of peripheral nerve injury and regeneration would be valuable in determining the necessity of
surgical intervention and improve the chances of fully-restored nerve function. Animal models
that replicate the microstructural changes present in these conditions would be useful in

evaluating the efficacy of quantitative MRI methods, such as DKI and WMTIL, in



characterization of neural tissue, in addition to determining the potential of these methods to
improve clinical diagnosis and treatment assessment.

Therefore, this work aims to elucidate the relationship between these advanced DWI
models and neural microstructure in the following animal models:

1. Hypomyelinated and hypermyelinated mouse brain

2. Normally-developing and abnormally-developing mouse brain

3. Peripheral nerve injury and repair in rat sciatic nerve

1.2 Neural Tissue
Neurons are the primary functional cells in both the central nervous system (CNS) and peripheral
nervous system (PNS) and are made up of three primary components: a cell body, an axon, and
dendrites. Conventionally, dendrites receive neural signals and axons transmit them to other
neurons, muscles, or glands through synapses. Myelin is an insulating lipid membrane wrapped
in layers around axons of both the CNS and PNS that speeds up neuronal signal propagation
along the axon as the signal jumps between non-myelinated sections called the nodes of Ranvier.
Increases in axon diameter and the thickness of the myelin sheath each result in faster signal
propagation along the axon (Hursh, 1939; Waxman, 1980). In the CNS, myelin is produced by
oligodendrocytes, which branch and wrap myelin around multiple axons, whereas in the PNS,
myelin is produced by Schwann cells, which support only a single axon.

In the CNS, neural tissue is separated into two major components: gray matter and white
matter. Gray matter (so named because of its grayish appearance) is primarily composed of
neuronal cell bodies, as well as glial cells, dendrites, and non-myelinated axons. On the other

hand, white matter is mostly made up of myelinated axons, receiving its white coloring from the



lipid-based myelin sheaths wrapped around the axons. Generally speaking, neuronal signals are
generated and processed in gray matter and rapidly transported between different sections of the
CNS through white matter axons.

There are many neurological diseases and disorders, including multiple sclerosis
(Kutzelnigg, 2005), schizophrenia (Davis et al., 2003), and tuberous sclerosis complex (Peters et
al., 2012), that are characterized by abnormalities in CNS white matter. Changes in white matter
that may impede proper function include axonal injury, reduction in the number of axons,
decrease in axon diameter, decrease in myelin thickness, decrease in overall myelin content, and
disorganization of fiber tracts. Although histological evaluation of these abnormalities can
provide accurate quantitative measures, this is mostly limited to a small, pre-selected region of
tissue and is not practical for widespread research in humans. The ability to non-invasively
detect and specify microstructural changes in white matter would have a tremendous clinical
impact. Non-invasive imaging sensitive to changes in white matter is essential for the early

diagnosis of white matter diseases and the development of treatments and therapies.

1.3 Transgenic Mouse Models of Abnormal Myelination

The PI3K/AKT/mTOR (PI3K = phosphatidylinositide 3-kinase, AKT = protein kinase B, mTOR
= mammalian target of rapamycin) pathway, shown in Fig. 1.1 (LaSarge and Danzer, 2014), is a
prominent cell signaling pathway related to the regulation of different stages of the cell cycle,
including cell division. In the nervous system, alterations in this signaling pathway can have a
significant effect on various aspects of neural development, such as myelination. In this work,
three conditional knockout (CKO) transgenic mouse models involving inactivation of genes in

the PI3K/AKT/mTOR pathway, are investigated. Specifically, the targeted genes were Tsc2,
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FIG. 1.1. PI3K/AKT/mTOR signaling pathway. The genes targeted in this work are
indicated by back stars.
Rictor, and Pten (indicated with stars in Fig 1.1). For each of these models, Cre recombinase and
the Olig2 promoter were utilized to selectively delete the genes in oligodendrocyte precursor
cells, ideally limiting its effects to myelin development.

Inactivation of these genes produces a wide range of phenotypes regarding myelin
development. Tsc2, which codes for the protein tuberin, works with Tsc/ to inhibit mTORC1
signaling and activate mTORC?2 signaling. Deletion of either Tsc/ or Tsc2 causes an increase in
mTORCI1 signaling and a decrease in mMTORC?2 signaling, and is the cause of the human genetic
disorder tuberous sclerosis complex. Selective inactivation of 7sc2 using the Olig2 promoter

results in a decrease in the number of both mature and immature oligodendrocytes, causing a



severe reduction in myelination (Carson et al., 2015). Rictor, or rapamycin insensitive
companion of mTOR, is a key requirement for mTORC2 signaling. Inactivation of the Rictor
gene impairs mTORC2 signaling without affecting mTORCI signaling. When Rictor is deleted
in oligodendrocyte precursor cells, the result is a moderate hypomyelination phenotype, as
opposed to the severe hypomyelination exhibited by the Tsc2 CKO (Carson et al., 2013). Pten,
which codes for the phosphatase and tensin homolog protein, regulates PI3K activity and has
been identified as a tumor suppressor. Therefore, inactivation of Pten causes an increase in PI3K
activity. When Pten is conditionally knocked out using the Olig2 promoter, the increase in PI3K
activity results in hypermyelination characterized by increased myelin thickness (Harrington et
al., 2010). Since these models result in varied levels of myelination, they are valuable tools in the

evaluation of the relationship between brain myelination and MR imaging methods.

1.4 Wallerian Degeneration

When axons are severed from the neuron cell body (i.e., axotomy), such as in a transection or
crush injury in peripheral nerve, the axon segments distal to the injury degenerate in a process
called Wallerian degeneration. Named after Augustus Waller, who first observed this
degenerative process in frog nerves in the 19th century (Waller, 1850), Wallerian degeneration
entails the breakdown of axonal membranes, fragmentation of myelin, and removal of axon and
myelin debris by macrophages and Schwann cells distal to a nerve injury (Faweett and Keynes,
1990). Also, traumatic injury will induce edema around the injury site. Furthermore, the clean-up
and recycling of axon and myelin fragments is crucial for proper nerve regeneration to take

place.



Unlike the majority of the central nervous system, peripheral nerves are capable of
regeneration after an injury. Within a day after axotomy, axons begin to regenerate from the
proximal stump. As long as they are not inhibited by debris and the gap between the proximal
and distal segments is not too large, axons will grow into the remaining endoneurial sheaths in
the distal stump. In many cases of nerve transection, surgical repair is necessary to align the
proximal and distal nerve segments and improve the chances of axons reaching their target.
Axons will typically grow at a rate of approximately 1 mm per day, meaning that full
regeneration in human peripheral nerve can take on the order of months.

A common model for studying peripheral nerve injury and repair is a crush or transection
injury of rat sciatic nerve. In this model, soon after injury, edema appears near the injury site, yet
distal axon degeneration may take up to 24 hours to begin. First axons, then myelin, degenerate
distally away from the injury site and a proliferation of macrophages and Schwann cells occurs
in order to remove axon and myelin fragments. After 1 week, degeneration is mostly complete,
and regeneration has already begun. Additionally, after degeneration completes, edema will
decrease and be mostly gone by 6 weeks. Nerve regeneration in the rat leg is mostly complete by
6 weeks, although it may take up to 12 weeks for full function to be restored (Bendszus et al.,

2004).

1.5 Basics of Diffusion-weighted MRI

1.5.1 Molecular Diffusion of Water

The diffusion of water is characterized by random or Brownian motion of water molecules. First

proposed by Albert Einstein, there exists a relationship between the diffusion coefficient of a



liquid and the root-mean-squared displacement of molecules in the liquid during a given amount

of time. This relationship, known as the Einstein equation for diffusion, is defined as:

X;ms = \2Dt, [1.1]

where X, 1s the 1D root-mean-squared displacement, D is the diffusion coefficient in units of
distance squared per time, and t is the diffusion time (Einstein, 1905). In an unrestricted
medium, the diffusion of water molecules can also be described by a Gaussian probability
density function P(x, t):

3 x2
P(x,t) = (4nDt) 2 exp (— m) [1.2]

However, when considering water diffusion in biological tissue, this does not hold true. Barriers
such as organelles, cell membranes, macromolecules, and other cellular structures hinder water
diffusion, causing a reduction in the apparent diffusion coefficient of water and a deviation from
a pure Gaussian diffusion displacement probability density function (PDF) (Le Bihan et al.,
1986). Because of this phenomenon, changes in the apparent water diffusion coefficient in

biological tissues can provide insight into the underlying tissue microstructure.

1.5.2 Diffusion MRI Signal and PGSE

The idea of measuring water diffusion using nuclear magnetic resonance (NMR) existed long
before the development of the modern MRI scanner. Through NMR experiments during the
1950s, it was discovered that the diffusion of water molecules in the presence of a magnetic field

gradient (or spatially-varying magnetic field) causes a phase dispersion of the transverse



magnetization and a resulting attenuation of NMR signal (Carr and Purcell, 1954). Therefore, the
same magnetic field gradients that are used for spatial encoding in conventional MRI
experiments can also be used to indirectly measure the diffusion of water through signal
attenuation or “diffusion weighting.”

Although magnetic field gradients can be applied in a variety of different schemes to
cause diffusion weighting of the signal, the most common method is the pulsed gradient spin-
echo (PGSE) introduced by Stejskal and Tanner in 1965 (Stejskal and Tanner, 1965) shown in

Fig. 1.2. This method utilizes two diffusion-weighting gradient pulses equal in area: the first

RF a a ACQ—

Gq

FIG. 1.2. PGSE pulse sequence. Similar to a conventional spin-echo pulse sequence,
spins are excited by the 90-degree RF pulse, refocused by the 180-degree pulse, and the
echo signal is acquired at the echo time, TE. Diffusion-weighting gradient pulses with
amplitude G and duration ¢ are added on both sides of the 180-degree pulse, separated by
a diffusion time A.

induces a spatially-dependent phase shift on the magnetic spins along the direction of the applied
gradient and the second rewinds this shift. The diffusion of water molecules during the time
between the two pulses along the same direction of the applied gradient pulses will cause a phase

accumulation ¢ that is proportional to the displacement of the molecules:



t
o=y f G()R(Ed, 1.3]
0

where y is the gyromagnetic ratio, G (t) is the magnetic field gradient and 7(t) is the location of
the magnetic spins. As noted earlier, in the case of unrestricted diffusion, the diffusion
displacement of spins can be described by a Gaussian PDF. Due to the diffusing spins having
different displacements, and therefore different phases, within a given voxel, the MRI signal will
be attenuated and the attenuation will be related to the variance of the Gaussian phase PDF,

< ¢p?>:
§ = Soexp (=< ¢* >), [1.4]

where S is the acquired signal and S, is the signal without diffusion weighting. The relationship

between the signal and the diffusion coefficient D follows:

2

TE[ t
S = Syexp (—Dyzf If G(t)dt'| ) = Syexp (—bD), [1.5]
o Lo
where
TE[ t 2
b =y? I G(tHdt'| . [1.6]
[

b or the b-value is essentially the amount of diffusion weighting imparted by magnetic field
gradients throughout the entire pulse sequence, although typically only gradients located between

the diffusion gradient pulses are included in b-value calculations. Assuming rectangular diffusion
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gradient lobes and negligible imaging and background gradients, the b-value for a PGSE pulse

sequence is:

)
b=yG26% (A~ ), [1.7]

where G is the diffusion gradient amplitude, § is the gradient duration, and A is the gradient
separation or diffusion time.

From Eq. 1.5, it is apparent that the diffusion-weighted signal is a function of the b-value,
which is pre-determined by the pulse sequence parameters G, §, and A. Since b can be computed
using the acquisition parameters, Eq. 1.5 contains two unknown variables: S, and D. Therefore,
estimating S, and D requires at least two acquisitions with different b-values (conventionally one
image without diffusion weighting or “b=0" and one with diffusion weighting). Although useful
qualitative information may be gained through a single diffusion-weighted image (such as in
ischemic stroke), most diffusion MRI applications include the quantitative measurement of D

using the above method.
1.6 DWI Models

1.6.1 Diffusion Tensor Imaging

In biological tissue, not only do restrictions cause the diffusion displacement PDF to become
non-Gaussian, but they also cause the apparent water diffusion to be anisotropic. This anisotropy
is especially prominent in white matter and peripheral nerve where axons are aligned parallel to

each other in bundles. Over diffusion times used in conventional DWI experiments, water inside
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the axons moves further along the length of the axon than it does perpendicular to the axon.
Axonal membranes and myelin act as barriers to the diffusion of water perpendicular to the axon,
so if these axons are aligned with one another within a given imaging voxel, then the measured
water diffusion will be highly anisotropic.

As previously noted, diffusion gradients sensitize the MRI signal to water diffusion along
a single direction. Therefore, if water diffusion is anisotropic, then the measured diffusivity will
change depending upon the direction. Generally, in white matter and peripheral nerve, this means
that the measured diffusion coefficient will be greatest in the direction parallel to the axons
within a given voxel. Determining the directional dependence of the diffusion of water could
provide useful information regarding neural tissue microstructure and forms the basis of what is
known as diffusion tensor imaging (DTI).

In order to appropriately quantify orientation-dependent water diffusion, a 3D Gaussian
model of displacements is needed. As opposed to using a single scalar diffusion coefficient, a
symmetric, rank-2 diffusion tensor D or DT is used to characterize the diffusion along each axis

(x, y, and z) as well as correlations between the diffusion on each axis (xy, xz, and yz) (Basser et

al., 1994):
Dy ny Dy,

D = ny Dyy Dyz . [18]
Dy, Dyz D,,

Since the tensor is symmetric, there are a total of 6 unique elements. In order to estimate D,
diffusion coefficients along at least 6 non-collinear, non-coplanar directions must be estimated.
Taking into account that at least 2 b-values are needed to estimate each diffusion coefficient, the

minimum number of acquisitions required for DTI is 7 (1 b=0 and non-zero b-value along 6
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different directions). The number of images acquired may be much greater than this if more b-
values are needed for a better estimate of each diffusion coefficient or if more directions are
desired to provide a better estimate of D. One way to calculate D from the diffusion coefficients

is through the equation:

3

D(n) = Z nn; Dy, [1.9]

ij=1

where D (n) is the diffusion coefficient along a single direction and n; is a normalized diffusion
gradient component for each direction. D can also be estimated directly from the diffusion-
weighted signal, rather than estimating the directional diffusivities first.

Once the diffusion tensor is estimated, it can be diagonalized so that rotationally invariant

parameters can be calculated:

D= Ao, [1.10]

where 44, 4,, and 45 are the eigenvalues with corresponding eigenvectors &, &,, and £3. In a 3D
sense, the rms diffusion displacement can be described by a diffusion ellipsoid. If the diffusion is
isotropic, then the ellipsoid is spherical; if diffusion is anisotropic, then the ellipsoid will be
prolate or oblate. The axes of the ellipsoid are aligned with the eigenvectors &, &,, and &5 and
the size of the ellipsoid corresponds with the eigenvalues 1, 1,, and A3. By convention, the
eigenvalues are sorted from highest to lowest so that 4, and accordingly &;, correspond to the
principal direction of diffusion. In the case of white matter DTI, it is generally assumed that the

direction described by &, is parallel to the axons within each voxel, since it corresponds to the
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direction of highest diffusion. This convention forms the basis of DTI tractography, in which
nerve fibers are mapped out according to the direction of the principal eigenvector (Basser et al.,
2000; Mori et al., 1999).

From the diffusion tensor eigenvalues, useful rotationally invariant DTI indices,
including fractional anisotropy (FA) and mean, axial, and radial diffusivity (MD, AD, and RD,
respectively) can be calculated. Mean diffusivity describes the average diffusion coefficient over

all directions and can be calculated by taking the mean of the eigenvalues:

MD = (4 + 4, + 13)/3. [1.11]

Axial diffusivity is defined as diffusivity along the principal diffusion direction and radial

diffusivity represents the average diffusivity along the other two axes:

AD = A, [1.12]

and

RD = (A, + 13)/2. [1.13]

Fractional anisotropy is a dimensionless metric ranging in value from 0 to 1 that characterizes
the level of diffusion anisotropy present in a voxel, with 0 being completely isotropic and 1

being completely anisotropic (Basser, 1995):

£ = ﬁ\/(/l1 — MD)2 4+ (A, — MD)2 + (A5 — MD)ZI 1,141

VA2 + 22 + 22
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Typically, FA is used as a measure of overall fiber integrity, AD is related to axon structure, and
RD is linked to myelination, although other confounding factors can influence these measures
(Jones et al., 2013; Song et al., 2003). Despite an inherent lack of specificity, combinations of
FA, MD, AD, and RD are commonly used to evaluate white matter microstructure and have been

shown to be sensitive to various pathologies.

1.6.2 Diffusion Kurtosis Imaging

1.6.2.1 Kurtosis and the DWI Signal

Kurtosis is a dimensionless statistical metric that characterizes the sharpness of a distribution
compared to a Gaussian distribution (DeCarlo, 1997). The excess kurtosis K of a distribution is

defined by the equation:

K=—2_3 [1.15]

where M), is the nth moment of the distribution about its mean. For a purely Gaussian
distribution, K = 0. A positive kurtosis (leptokurtic) means that the distribution is more peaked
and has heavier tails compared with a Gaussian, whereas a negative kurtosis (platykurtic) means
that the distribution is less peaked with less weight on its tails. Basically, the kurtosis can be used
to characterize the non-Gaussianity of a distribution. Fig. 1.3 demonstrates how variations in
kurtosis can affect the shape of a distribution. As described previously, in the case of
unrestricted diffusion, the water diffusion displacement PDF is strictly Gaussian. However, in
biological tissue, water diffusion is no longer unrestricted and the displacement PDF becomes

non-Gaussian, with a water diffusion kurtosis greater than 0, or a more peaked distribution than
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FIG 1.3. Distributions with different levels of kurtosis. Sample distributions are shown
with K = 0 (blue), K <0 (red), and K > 0 (green). The K = 0 distribution is a Gaussian
distribution. The K < 0 distribution is platykurtic and less peaked than a Gaussian and the
K > 0 distribution is leptokurtic and more peaked than a Gaussian. In biological tissue, K
is almost always > 0 or more peaked than a Gaussian.

Gaussian. Measurement of the kurtosis of the water diffusion PDF could potentially provide
useful information regarding the underlying tissue microstructure.

As stated before, Eq. 1.5 holds true in the case of unrestricted Gaussian diffusion. In
biological tissue with its various compartments, membranes, etc., diffusion is restricted and Eq.

1.5 becomes an approximation:

S(b) = Sy exp(—bD), [1.16]

where S(b) is now used to explicitly indicate that the acquired signal is a function of b. This

equation can be re-written by taking the natural logarithm:

In[S(b)] = In (S,) — bD. [1.17]
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Defined by the cumulant expansion of the diffusion MRI signal (Frehlich et al., 2006; Liu et al.,

2004; Mitra and Sen, 1992; Tanner, 1978), an expanded form of Eq. 1.17 follows:

In [S(D)] = In (S,) — bD + %szzK +0(b3), [1.18]

where K is the diffusion kurtosis coefficient. If the chosen b-values are small enough so that the

0(b3) term is negligible, then Eq. 1.18 can be truncated:

In [S(B)] ~ In (S,) — bD + %bZDZK. [1.19]

Using this signal equation, the kurtosis of the water diffusion displacement PDF can be estimated
from DWI acquisitions, known as diffusion kurtosis imaging (DKI). DKI is a clinically-
applicable natural extension of DTI shown to provide additional sensitivity to tissue
microstructure (Jensen et al., 2005). Since b is pre-determined by the gradient parameters and
S(b) is the acquired signal, there are three unknowns in Eq. 1.19: Sy, D, and K. Therefore, at
least three total b-values are required in order to estimate D and K in a single direction.

1.6.2.2 Calculating the Kurtosis Tensor and Related Metrics

Similar to the anisotropic behavior of diffusivity in tissue, diffusion kurtosis has also been
observed to be directionally dependent. However, instead of being described by a rank-2 tensor,
the diffusion kurtosis tensor is a symmetric rank-4 tensor with 81 total components (3x3x3x3),
15 of which are unique. Therefore, without any assumptions, calculation of the kurtosis tensor

requires measurements in at least 15 non-collinear, non-coplanar directions. The kurtosis tensor
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(KT or W) can be estimated from directional diffusion and kurtosis coefficients using the

equation (Jensen et al., 2005):

D
K(n) = D(n)Z Z Tlinjnknl Wijkl! [120]

where D (n) and K (n) are the diffusion and kurtosis coefficients along a single direction, D (or
MD) is the mean diffusivity, and n; is a normalized diffusion gradient component for each

direction. Only considering the 15 unique elements of the kurtosis tensor, Eq. 1.20 can be

reduced to (Lu et al., 2006):

D2

D(n)?

K(n) = [n%W1111 + nngzzz + n§W3333 + 4("%"2W1112 + nfn3W1113

+ n1n§W1222 + n§n3W2223 + n1n§W1333 + n2n§W2333) [1.21]
+ 6("%”%“’1122 + n%n§W1133 + n%n§W2233)

2 2 2
+ 12(ninynzWia3 + ninanzWos,s + nynansWisss).

Compared with the diffusion tensor, extracting useful measures from the kurtosis tensor
is not necessarily as straightforward. However, one approach involves rotating the kurtosis tensor

to the same reference frame as the diagonalized diffusion tensor:

3
Wijkl = Z Rii’Rjj'Rkk'Rll' Wl-/jlkll/, [122]
ijRi=1

where R;; is the jth component of the DT eigenvector corresponding to the eigenvalue 4;. From

this, rotationally invariant metrics mean kurtosis (MK), axial kurtosis (AK), and radial kurtosis
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(RK) can be extracted. Analogous to MD, MK is the diffusion kurtosis averaged over all gradient

directions and can be calculated as (Tabesh et al., 2010):

MK = Fl(AI'AZ'AS)Wllll + FI(AZIAI'AS)WZZZZ + Fl(A3JAZ'AI)W3333

[1.23]
+F, (A1, A2, A3)W 233 + Fo (A3, A4, A3)W 1133 + Fo (A3, A2, A1) W 1123,
where W; jki are components of the rotated kurtosis tensor and
F.(Ay, A, A,) = (A1 + 25 + 23)? \//12/13 /11 11 1)
PIRTRTEITA8( — ) (A — A3) /12 Ay’
[1.24]
+ 3/1% - 2.1/12 - /11/13 - /12},3 (/11 Al ) 1]
34,25 P\ 2 ’
and
A+ +23)% 2, +2 A A
Fy(ly 2, 4g) = 22 = ) e+ s (—1,—1,1)
3(1; — 23)? Ay A3 Ay A3
[1.25]

2 — Ao — A (A A
+#RD(_1'_1'1>_ZI'
3,23 Ay A3

where R and R, represent Carlson’s elliptic integrals (Carlson, 1979). Equation 1.23 is derived
from the surface integral of the directional kurtoses across all directions. AK corresponds to the

kurtosis along the principal diffusion direction (&;) and is given by:

A+, +23)%
ax = 9;2 3) Wiiiy. [1.26]
1
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RK is the mean diffusion kurtosis across all directions orthogonal to the principal diffusion

direction and can be calculated as:

RK = Gl(/llr /12,/13)W2222 + GI(AI'AS'AZ)W3333 + GZ(AIIAZJA3)W2233! [127]

where
e T

and
Gy (A, Ay, Ag) = (’1;) (;ji :3’;:;)2 (’%7’133 - 2). [1.29]

Derivations of these equations are described in Tabesh et al. (Tabesh et al., 2010). Similar to
DTI, AK is typically associated with axon structure and RK with myelination, although these
metrics are not inherently specific. As shown above, the diffusion tensor is necessary for the
calculation of the kurtosis tensor, therefore diffusion tensor metrics FA, MD, AD, and RD can
also be determined.

1.6.2.3 Considerations for Diffusion Kurtosis Imaging Protocols

As previously described, DTI requires a minimum of 7 acquisitions: 1 b=0 image and 1 non-zero
b-value for at least unique 6 directions. In most cases, more than 6 directions are used in order to
obtain a more precise estimate of the diffusion tensor, and therefore, improve the precision of
extracted indices such as FA. Additionally, choosing b-values suitable for the tissue being

imaged and the applied DWI model is also important. If the non-zero b-value is too low, then the
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variation in signal between the b=0 image and non-zero b-value image will be small and
estimates of D will be more susceptible to noise. However, if the non-zero b-value is too high,
then there will be greater contributions from the b* term (not accounted for in the DTI model)
and the measured value of D will be biased. For in vivo brain DTI with D ~ 1 ym*/ms, the
optimal b-value in order to maximize the precision and accuracy of the diffusion tensor is = 1000
s/mm”. A common in vivo brain DTI protocol includes at least 1 b=0 image and b = 1000 for 30
directions. With data collected along more than 6 directions, the diffusion tensor can be
estimated using a least-squares approach.

Since DKI utilizes a higher order model than conventional DTI and is therefore more
susceptible to noise, care must be taken in establishing an appropriate imaging protocol. As
stated above, at higher b-values, the DTI approximation breaks down. In the DKI model
however, higher b-values are necessary for a precise measurement of kurtosis, as its contribution
to the DWI signal is dependent on b°. Similar to the DTI model, if the maximum b-value is too
high, then contributions from the b’ term will become more significant and errors in the
estimates of D and K will result. Fig. 1.4 shows the difference between fits based on the DTI and
DKI signal equations for simulated data. If it is assumed that S(b) is a monotonically decreasing
function (which is the case for biological tissue), then an upper bound for b can be obtained to

ensure the validity of the DKI model (Lazar et al., 2008):

h<—. [1.30]

For typical in vivo values in the brain of D =~ 1 um*/ms and K ~ 1, the upper bound for b is 3000

s/mm’. Empirical evidence suggests that the maximum b-value used for in vivo brain studies
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should be between 2000 and 3000 s/mm* (Jensen and Helpern, 2010). If either D or K is
different, such as in other regions of the body or in ex vivo tissue, then the b-values must be
adjusted accordingly.

As previously indicated, estimation of the kurtosis tensor requires the sampling of a
minimum of 15 directions and a minimum of two non-zero b-values per direction. In most cases,

more than 15 directions are utilized to improve the precision of the kurtosis tensor. More than 2

[---DTI Fit
—DKI Fit

0o | | 5000

2
b-value (s/mm®)
FIG 1.4. Comparison of signal fits for DTI and DKI models. Typical simulated in vivo
data demonstrate the performance of the 1st and 2nd order signal models (or DTI and
DKI models, respectively) as b-value increases. Notice that the DTI model performs well

up to b-values of =~ 1000 s/mm?, but significantly worse as b-value increases. The DKI
model performs better for b-values up to 2000-3000 s/mm”.

non-zero b-values per direction may also be used to allow for assessment of goodness-of-fit as

well as increased precision of D and K at the expense of much longer scan times. If more than 15
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directions are sampled, the kurtosis tensor can be estimated using a least-squares method. A
typical in vivo brain DKI protocol includes at least 1 b=0 image and b = 1000 and 2000 for 30
directions, for a total of 61 or more acquired images or volumes. As with most DWI methods,
there are trade-offs between the number of directions, number of b-values, image resolution, and

acquisition time that must be considered when forming a DKI protocol.

1.6.3 White Matter Tract Integrity Model

In recent years, in an attempt to improve specificity of DWI measurements to tissue components,
a number of biophysical models of white matter have been proposed, including CHARMED
(Assaf et al., 2004), AxCaliber (Assaf et al., 2008), ActiveAx (Alexander et al., 2010), and
NODDI (Zhang et al., 2012). One of the more clinically-applicable models, termed the white
matter tract integrity (WMTI) model, is based on the DKI framework and uses directional
measurements of diffusivity and kurtosis to separate white matter into two compartments: the
intra-axonal space and extra-axonal space (Fieremans et al., 2011). From this model, parameters
including axonal water fraction (F),), intra-axonal diffusivity (D,), and axial and radial extra-
axonal diffusivities (D, and D, ) can be derived. Generally, previous studies have associated F,
with axon density, D, and D, with axon structure, and D, . with myelination (Fieremans et al.,
2013; Hui et al., 2012; Jelescu et al., 2016; Kelm et al., 2016). One primary assumption of the
model is that axons within a given voxel are mostly oriented parallel to each other, limiting the
application of WMTI to major white matter tracts with minimal presence of crossing fibers.
Another assumption is that the intra- and extra-axonal compartments are non-exchanging and the
signal from myelin is negligible, a reasonable assumption for the echo times used in most DWI

experiments. Additionally, since WMTI uses the DKI framework, the DWI data requirements are

23



the same and can be acquired in clinically-relevant scan times. One advantage that WMTI has
over other practical multi-compartment models of white matter (e.g. NODDI) is that it does not
require any of the compartmental diffusivities to be fixed a priori.

Once the diffusion and kurtosis tensors are estimated, WMTI parameters can be

computed. First, the axonal water fraction, F,, is defined as:

Kmax

F, = "%
“ Kmax+3

[1.31]

where Knax 18 the maximum kurtosis over all directions derived from the kurtosis tensor. Then,
compartmental diffusion coefficients for the intra- and extra-axonal spaces, D, ;and D.;

respectively, can be calculated as:

Da,i = Di 1-— ) [132]

and

De,i = Di 1 + [133]

where D; and K; are the diffusion and kurtosis coefficients along the ith diffusion direction.
Analogous to DTI, intra-axonal and extra-axonal diffusion tensors D, and D, respectively, can
be computed from the corresponding diffusion coefficients. Using these compartmental diffusion

tensors, WMTI metrics D,, D., and D, . can be computed. D, is defined as:
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D, =tr(Dy), [1.34]

where tr(D,) is the trace of D,, and D, and D, are calculated as:

Dejy = A, [1.35]
Aoy + 2
e =, [1.36]

where A1, Ae2, and A 3 are the eigenvalues of De in descending order of size.

1.7 Diffusion-weighted Fast Spin-Echo

1.7.1 Conventional Fast Spin-Echo and the CPMG Conditions

Fast spin-echo (FSE) is an accelerated MRI sequence that utilizes an RF excitation pulse
followed by multiple RF refocusing pulses to form multiple spin echoes (Hennig, 1988; Hennig
et al., 1986). Using this method, multiple lines of k-space can be sampled after a single
excitation, making it much faster than a conventional spin-echo acquisition with the acceleration
determined by the length of the echo train. The potential length of the echo train is limited by 7
relaxation of the transverse magnetization and the time between echoes or echo spacing (ESP).
Although generally slower than other accelerated MRI sequences, such as echo-planar imaging
(EPI) or gradient and spin-echo (GRASE), FSE is less sensitive to off-resonance effects and is
therefore preferred for high-resolution imaging. However, as with most accelerated imaging

sequences, FSE also comes with various artifacts, such as blurring and ghosting.
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FIG 1.5. Signal coherence pathways of a typical fast spin-echo sequence. Primary spin-
echo, stimulated echo, and secondary spin-echo pathways are represented by blue solid
lines, red dashed lines, and green dotted lines, respectively. Temporal positions of
primary spin echoes, stimulated echoes, and secondary spin echoes are denoted by blue
circles, red x’s, and green dots, respectively. In a CPMG fast spin-echo sequence,
primary spin echoes and stimulated echoes will align temporally and have the same
phase.

Imperfect excitation and refocusing pulses will produce echoes that are out of phase with
each other, that when acquired, cause signal loss and ghosting artifacts. In pulse sequences with
multiple refocusing pulses, there are three types of echoes generated: primary spin echoes,
stimulated echoes, and secondary spin echoes. Primary spin echoes (or simply, spin echoes)
consist of spins that are excited and then experience a phase reversal every refocusing pulse.
Stimulated echo spins are excited to the transverse plane, stored on the longitudinal plane by an
imperfect refocusing pulse, and re-excited by an additional imperfect refocusing pulse.
Secondary spin echoes are formed from spins that are excited by imperfect refocusing pulses and
then phase-reversed by subsequent refocusing pulses. Crusher gradients are conventionally

utilized to cancel out secondary spin echoes, since they are typically out of phase with the
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primary spin echoes. Figure 1.5 shows signal coherence pathways generated by a fast spin-echo
pulse sequence.

To prevent signal loss and ghosting artifacts, echoes should occur at the desired time in
the sequence and echoes that occur at the same time should have the same phase. A set of rules
called the CPMG (Carr-Purcell-Meiboom-Gill) conditions (Carr and Purcell, 1954; Meiboom
and Gill, 1958) ensures that this happens. The first condition is that the refocusing pulses should
be 90° out of phase with the excitation pulse and be evenly spaced, meaning equal ESP
throughout the echo train. The second condition is that the phase accumulated by a spin between
consecutive refocusing pulses must be equal. This means that gradient pulses, such as crusher
gradients and phase encoding gradients, must be equal in area on either side of the refocusing
pulses, requiring phase encoding gradients to be rewound after each echo acquisition. If these
two conditions are maintained, then the primary spin echoes and stimulated echoes coincide at

the same time and have the same phase, minimizing signal loss and phase-induced artifacts.

1.7.2 DWI with non-CPMG Fast Spin-Echo

Due to the large amount of data acquired in typical diffusion-weighted scans, an
accelerated sequence like FSE seems to be an optimal choice, yet combining DWI and FSE is
not exactly trivial. There are two main problems with incorporating diffusion-weighting
gradients into an FSE sequence. First, the pair of diffusion-weighting gradients surrounding the
first refocusing pulse violates the CPMG conditions and will cause phase errors between the
primary spin echoes and stimulated echoes. Second, inserting PGSE diffusion weighting greatly
extends the minimum echo time of the first echo, so maintaining an equal ESP throughout the

sequence would not be practical in most cases due to 75 relaxation. Since diffusion-weighting

27



gradients inherently violate the CPMG conditions, other methods must be utilized for FSE to be
suitable for diffusion-weighted imaging.

One solution to the problems that arise from diffusion-weighted FSE imaging is to
mitigate contributions from the stimulated echoes and therefore minimize phase errors. This
method still employs diffusion-weighting gradients straddling the first refocusing pulse, but also
includes modulated crusher gradients to cancel out the signal from stimulated echoes (Beaulieu
et al., 1993). Crusher gradient amplitudes must change with each refocusing pulse, otherwise
stimulated echoes will be rephased by crusher gradients later in the echo train rather than being
continually dephased. Using this technique, the CPMG conditions can be violated without
introducing substantial artifacts or causing a major loss in signal. In this case, the pulse sequence
is referred to as “non-CPMG fast spin-echo.” Even though removal of the stimulated echoes
results in a slight reduction in signal-to-noise ratio (SNR), the non-CPMG FSE sequence still
maintains higher SNR efficiency than a conventional spin-echo sequence, as well as, allows for
the collection of more data in a reduced scan time. Additionally, with cancellation of the
stimulated echoes, the echo spacing can be shorter in duration than the first echo time as spin
echoes and stimulated echoes no longer need to align in the temporal domain. Typically, in a
diffusion-weighted FSE sequence, TE; (or TE in a centric phase-encoding scheme) will be much
longer than ESP due to the inclusion of the diffusion-weighting gradients and diffusion time.
With these modifications, diffusion-weighted FSE is a sequence especially useful for accelerated
high-resolution diffusion-weighted imaging. Despite this, diffusion-weighted FSE has not seen
widespread use, primarily due to increased sensitivity to motion artifacts compared with EPI.

However, in studies conducted with ex vivo tissue at high field strength, as is the case for the
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entirety of this work, motion is minimal and EPI distortions are aggravated, making diffusion-

weighted FSE an optimal imaging solution.

1.8 Study Objectives

The purpose of this work is to evaluate and validate the DKI and WMTI models in a variety of
animal models of neural tissue microstructure, since experimental assessment of these methods
and histological validation have previously been limited. First, these models will be evaluated in
adult hypomyelinated mouse brain. In order to accomplish this, protocols for 3D mouse brain
DKI and EM histology measurement of axon and myelin morphology need to be established.
After determining the relationship between DWI metrics and white matter microstructure in the
hypomyelinated mouse brain, these methods will be applied to hypermyelinated mouse brain,
with the expectation that DWI metrics will show changes opposing those observed in the
hypomyelinated case. Next, these DWI methods will be evaluated in more complex models of
normal and abnormal brain development in order to see whether the associations established in
adult mice with abnormal myelination translate to other models of white matter microstructure.
Finally, DKI and WMTI will be utilized to assess peripheral nerve injury and repair in rat sciatic
nerve, neither of which have previously been applied to peripheral nerve imaging, in order to
determine whether multi-compartment information from DWI can provide improved

characterization of peripheral nerve injury.
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CHAPTER 2

METHODS

This chapter provides a detailed description of the methods used for this entire work. Any
alterations to these methods or any other procedures specific to each study are stated in the

Materials and Methods section of each chapter (Chapters 3-6).

2.1 Mouse Brain

2.1.1 Animal Preparation

All animal studies were completed with the approval of the Vanderbilt University Institutional
Animal Care and Use Committee. Rictor Olig2-Cre CKO (Rictor), Tsc2 Olig2-Cre CKO (TSC),
and Pten Olig2-Cre CKO (PTEN) mice were the product of crosses between Rictor, Tsc2, or
Pten homozygous floxed animals with Rictor, Tsc2, or Pten floxed heterozygous; Olig2-Cre
hemizygous mice. The resultant CKO genotypes were then: Rictor"” F.0lig2-Cre, T 52" .0lig2-
Cre, or PtenF/F;Olig2-Cre. Control, Rictor, TSC, and PTEN mice were euthanized and
transcardially perfusion-fixed with 2.5% glutaraldehyde and 2% paraformaldehyde + ImM Gd-
DTPA (Magnevist, Bayer HealthCare, Wayne, NJ, USA) in phosphate-buffered saline (PBS)
(Johnson et al., 2002; Karnovsky, 1965). Mouse brains were immediately excised and post-fixed
in the fixative solution at 4°C for a period of 1 week to allow for complete penetration of the
fixative. Then, mouse brains were placed in PBS + 1mM Gd-DTPA + 0.01% sodium azide at

4°C for at least 1 week before imaging, with the solution changed out a minimum of 3 times, in
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order to wash out residual fixative that reduces the tissue 7> and image SNR and ensure a
uniform distribution of Gd-DTPA throughout the brain (Shepherd et al., 2009). The addition of 1
mM Gd-DTPA lowered the 77 of mouse brain to = 400 ms at 15.2T, increasing the SNR
efficiency of the MRI acquisition. Although Gd-DTPA remains extracellular for in vivo
experiments, previous studies have indicated that Gd-DTPA affects both the intra- and
extracellular compartments in fixed ex vivo tissue, and that it has a similar effect on the 75 of
both the myelin water and intra/extra-axonal water pools (Dortch et al., 2010; Purea and Webb,
2006). For MR imaging, mouse brains were placed in MR-compatible plastic tubes filled with a
perfluoropolyether liquid (Fomblin, Solvay Solexis, Thorofare, NJ, USA) for susceptibility

matching, tissue hydration, and minimal background signal.

2.1.2 MRI

Ex vivo mouse brain imaging was performed at bore temperature (17+£0.5 °C) on a 15.2T 11-cm
horizontal bore Bruker Biospec scanner (Bruker BioSpin, Billerica, MA, USA) using a Bruker
35-mm quadrature volume coil for RF transmission and reception. All three MRI protocols,
DWI, MET,, and gMT, were acquired in a single session with field of view (FOV) =19.2 x 14.4
x 10.8 mm’ and matrix size = 128 x 96 x 72 for a nominal isotropic resolution of 150 x 150 x
150 pm” in a total overall scan time of ~ 24 hr.

2.1.2.1 Diffusion-weighted Imaging

Diffusion-weighted imaging data were acquired using a 3D diffusion-weighted fast spin-echo
sequence with repetition time (TR) = 260 ms, echo time (TE) = 19.0 ms, echo spacing (ESP) =
7.1 ms, echo train length (ETL) = 4, number of excitations (NEX) = 1, and centric phase

encoding (Beaulieu et al., 1993). The excitation and refocusing pulses were non-selective hard
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pulses with durations of 125 and 250 ps, respectively, and the receiver bandwidth (BW) for
signal acquisition = 75 kHz. Diffusion weighting was implemented using a pulsed gradient spin
echo preparation with gradient pulse duration (8) = 5 ms, diffusion time (A) = 12 ms, prescribed
b-values = 3000, 6000, and 9000 s/mm”, and 90 unique directions (30 per b-shell) optimized for
a multi-shell acquisition (Caruyer et al., 2013). Six b=0 images were collected (evenly spaced
throughout the scan duration) and averaged. For each brain, 96 3D volumes were collected in a
total scan time of = 12 hr.

2.1.2.2 Multi-exponential T,

MET, data were acquired using a 3D multiple spin-echo sequence with TR = 520 ms, TE = 5.8
ms, 18 evenly spaced echoes with ESP = 5.8 ms, BW = 75 kHz, and NEX = 8 in a total scan time
of = 8 hr. For excitation and refocusing, non-selective hard pulses were utilized with durations of
160 and 100 us, respectively. Crusher gradient pairs with amplitudes = 6 G/cm and durations =
428 us surrounded each refocusing pulse. With the assumption that secondary echoes not excited
by the excitation pulse were removed, the observed echo magnitudes were related to proton
density and 7> using the extended phase graph (EPG) algorithm (Hennig, 1991; Lebel and
Wilman, 2010; Prasloski et al., 2012).

2.1.2.3 Quantitative Magnetization Transfer

qMT data were acquired using a 3D selective inversion-recovery prepared fast spin-echo
sequence (Gochberg and Gore, 2007) with ETL = 8, ESP = 5 ms, and centric phase encoding. A
1-ms hard inversion preparation pulse was used to selectively invert the free water pool, while
macromolecular spins remained mostly unaffected. The acquisition was repeated for 15 inversion
times (TI) log-spaced from 3.5 to 2000 ms with a constant pre-delay (T4) of 590 ms, resulting in

a total scan time of = 3.5 hr.
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2.1.3 MRI Data Analysis
Image data were analyzed using in-house written code in MATLAB (Mathworks, Natick, MA,
USA). For all analyses, 3D k-space data were zero-padded 2x in each direction before
reconstruction, resulting in a working isotropic image resolution of 75 um. DTT analysis was
performed by first estimating diffusion tensors voxel-wise using a linear least squares approach
and then calculating the DTI indices FA, MD, AD, and RD from these tensors. Since data
acquired with too high of b-value can bias DTI metrics, only the b = 3000 s/mm” shell was used
for DTI analysis. For DKI analysis, diffusion and kurtosis tensors were estimated voxel-wise
using a constrained linear least-squares method (Tabesh et al., 2010) and DKI indices MK, AK,
and RK were calculated. Using the kurtosis tensor, WMTI analysis was performed on a voxel-
wise basis and WMTI metrics Fy, Dy, D. ), and D, . were computed (Fieremans et al., 2011). DWI
data collected for the hypomyelination study, which included all adult control, Rictor, and TSC
mice (see Chapter 3), only used b-values of 3000 and 6000 s/mm”. Therefore, in order to make
direct comparisons to these groups in other studies, DWI data with b = 9000 s/mm” were
excluded from all analyses, since use of the higher b-value was observed to systematically alter
both DKI and WMTI parameter values.

The MET; analysis was performed using the freely available multi-exponential relaxation
analysis (MERA) toolbox for MATLAB

(vuiis.vanderbilt.edu/~doesmd/MERA/MERA_Toolbox.html). Echo magnitudes from each

image voxel were fitted via a conventional linear inverse approach (Whittall and MacKay, 1989)
by non-negative least-squares (NNLS) (Lawson and Hanson, 1974) to the sum of signals from
100 logarithmically spaced 7> components, as defined by the EPG algorithm and spanning TE/2

to 500 ms in the 7, domain, similar to previous work (Prasloski et al., 2012). The spectra were
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regularized using a minimum curvature constraint with a constant conservative regularization (u
=0.002) across all voxels. For each voxel, the MWF was defined as the fraction of signal with 7,
< 17 ms, with the threshold empirically determined for this work. For qMT analysis, the 15
signal magnitudes acquired with varying TI were fitted voxel-wise to a five-parameter
biexponential model as described previously (Gochberg and Gore, 2007), from which the ratio of

macromolecular to free pool magnetization, or PSR, was calculated.

2.1.4 Histology

2.1.4.1 Tissue Preparation

After MRI was completed, a subset of mouse brains was sectioned for histology. Following a
mid-sagittal cut, four sections of tissue each containing a desired white matter region of interest
(ROI), the midbody of the corpus callosum (MidCC), genu (GCC), splenium (SCC), and anterior
commissure (AC), were sectioned in the sagittal plane, as shown in Fig. 2.1a, and processed for
EM at the Vanderbilt Cell Imaging Shared Resource - Research Electron Microscopy facility.
Tissue sections were placed in osmium tetroxide in cacodylate buffer (1% for 1 hr, then 0.5% for
12 hr) and dehydrated in graded ethanol. Then, tissue sections were embedded in epoxy resin and
1 pum thick sections were cut and stained with 1% toluidine blue. From light microscopy images
of the thick sections, a 500 x 500 um* ROI was manually selected for each tissue block, as
indicated in Fig. 2.1b, with the aid of a standard mouse brain atlas (Paxinos and Franklin, 2004)
and 70 nm ultra-thin sections were cut from the ROI for EM. The MidCC ROI was chosen as the
portion of the corpus callosum just superior to the section of the fornix where its fibers bend to
travel inferiorly from the corpus callosum (Bregma -0.7 mm). The GCC and SCC ROIs were

selected as the most anterior (Bregma 1 mm) and posterior (Bregma -2.5 mm) sections of the
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FIG. 2.1. EM sampling of white matter ROIs. (a) T>-weighted sagittal cross-section
showing the locations of the histology sections. (b) 1 um thick section of the midbody of
the corpus callosum stained with toluidine blue. The black box shows the location of the
MidCC EM thin section. (¢) 2700x EM image of the MidCC in a normal mouse brain. ~4
of these images were acquired for each histology section. (d) 6500x EM image used for
axon density measurements. Colored boxes show locations of four 15000x images
acquired for each 6500x image. (e) 15000x EM images used for measuring myelin
fraction, axon fraction, axon diameter, myelin thickness, and g-ratio.

corpus callosum, respectively. The AC ROI encompassed the entirety of the anterior
commissural tract crossing through the mid-sagittal plane and was located just anterior to the
fornix at Bregma 0.2 mm.

2.1.4.2 Transmission Electron Microscopy

EM images of ultra-thin sections were collected with an FEI Tecnai T12 electron microscope

(FEL Hillsboro, OR, USA) at various magnifications. From these images, measurements of axon
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diameter (inside the myelin) (d,), myelin thickness (zn), g-ratio (g), axon density (p,), histologic
myelin fraction (f), and histologic axon fraction (f;) were performed in MATLAB (Mathworks,
Natick, MA, USA). For improved clarity, histology measures are identified by lowercase
variables and MR-derived metrics are reported as upper-case variables or acronyms.

Using images collected at 6500x (= 4 per white matter tract, Fig. 2.1d), axon density was
measured by manual counting the number of myelinated axons within the given FOV. The other
histology metrics were computed from 15000x images acquired from the same area as each
6500x image (4 per 6500x image or = 16 total per brain, Fig. 2.1e). First, a local Otsu threshold
was applied to distinguish between myelin (white) and non-myelin (black) pixels (Fig. 2.2b).
Using this binary image, myelinated axons (= 300 per histology section, fewer for TSC mice due
to much lower axon density) were manually selected and image pixels erroneously identified as

myelin (e.g. intra-axonal mitochondria) were corrected. Next, using the manually defined seed

FIG. 2.2. EM histology processing. (a) Typical 15000x EM image of an adult mouse
midbody of the corpus callosum. (b) EM image after segmentation with myelin pixels
shown in white. (c) EM image showing axons after processing is performed to derive
axon area, axon diameter, and myelin thickness. Axon color is randomized to indicate
that each axon is measured independently. (d) Typical axon area and myelin thickness
measurements.

point for each individual axon, an active contour algorithm (Kass et al., 1988) was implemented
to determine the intra-axonal area for each (Fig. 2.2¢). From these measures of axon area, axon

diameter was computed for each axon assuming circular geometry and axon fraction was
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determined by summing the cross-sectional areas of all myelinated axons. In order to maintain
consistency with the axonal water fraction derived from WMTI (which excludes myelin),
histologic axon fraction was adjusted to exclude contributions from myelin to the overall area
(division by 1-fy,).

Since the local Otsu threshold failed to produce a uniform myelin thickness surrounding
the axon, the myelin of each axon was independently segmented on the original EM image.
Using the previously-derived axon boundary as the initial contour, each contour was expanded
along its normal lines until they reached a pixel intensity greater than the average pixel intensity
along the initial contour (i.e. the axon/myelin boundary). Lines that grew into the myelin of
adjacent axons were rejected if: 1) the line terminated within another axon boundary, or ii) the
length was greater than 3 times the median absolute deviation (Leys et al., 2013). Myelin
thickness was calculated as the median length of the remaining lines and the per-axon myelin
area was computed by growing the initial contour a uniform distance equal to the myelin
thickness. Myelin fraction was then determined by summing the per-axon myelin areas. Finally,

the g-ratio was calculated as the ratio between the inner and outer diameter of each myelinated

da
dag+2zm

axonor g = . It is important to note that per-axon metrics were restricted to axons lying

fully within the FOV, but axon and myelin fraction also included axons that were only partially
visible.

For group analysis of histological measures, the mean and standard error of each measure
was taken across all analyzed EM images for each group (15000x for d,, zm, g, fm, and f,, 6500x
for pa). For a conservative estimate of error, the standard error was based on the number of
different brains in the group as opposed to the number of images used. Histological measures

were then compared between the control and CKO groups using a Wilcoxon rank-sum test.
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2.2 Rat Sciatic Nerve

2.2.1 Nerve Preparation

All animal studies were completed with the approval of the Vanderbilt University Institutional
Animal Care and Use Committee. With adult female Sprague-Dawley rats anesthetized by 2%
isoflurane inhalation, the left sciatic nerve was exposed, completely transected with
microsurgical scissors, and then immediately repaired by suturing the epineurium of the
proximal and distal nerve segments. Then, at various time points after surgery, animals were
euthanized and sciatic nerves were immediately excised, straightened on a wooden dowel, and
fixed in 4% glutaraldehyde and 0.5% paraformaldehyde in phosphate-buffered saline (PBS) at
4°C for a minimum of 24 hr. After fixation, nerves were placed in PBS + ImM Gd-DTPA +
0.01% sodium azide at 4°C for at least 48 hr before imaging, with the solution changed out at
least once, in order to wash out residual fixative (Shepherd et al., 2009). For imaging, nerves
were trimmed to = 14 mm in length, with the injury site centered, and placed in glass capillary
tubes (2-mm outer diameter) filled with a perfluoropolyether liquid (Fomblin, Solvay Solexis,

Thorofare, NJ, USA) for susceptibility matching, tissue hydration, and minimal background

signal. For higher throughput, 6 nerves in a hexagonal arrangement were imaged simultaneously.

Figure 2.3 shows a representative injured nerve and a T2-weighted image of 6 excised sciatic

nerves in the transverse plane.
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FIG. 2.3. Excised sciatic nerve imaging. (Left) Representative injured sciatic nerve with
injury site indicated by a black arrow. (Right) T,-weighted image of 6 sciatic nerves in
the transverse plane, demonstrating the MR imaging setup.

2.2.2 MRI

Ex vivo sciatic nerve imaging was performed at bore temperature (17+0.5 °C) on a 15.2T 11-cm
horizontal bore Bruker Biospec scanner (Bruker BioSpin, Billerica, MA, USA) using a Bruker
35-mm quadrature volume coil for RF transmission and reception. DWI data were acquired using
a 3D diffusion-weighted fast spin-echo sequence (Beaulieu et al., 1993) with TR = 595 ms, TE =
14.2 ms, ESP = 4.2 ms, ETL = 4, centric phase encoding, FOV =16 x 6.4 x 6.4 mm® and matrix
size = 48 x 48 x 48 for a resolution of 333 x 133 x 133 um’ (333 um along the length of the
nerve, 133 um transverse to the nerve). The excitation and refocusing pulses were non-selective
hard pulses with durations of 160 and 100 ps, respectively, and the receiver bandwidth for signal
acquisition = 50 kHz. Diffusion weighting was performed using a pulsed gradient spin echo
preparation with § = 4.5 ms, A = 7.5 ms, prescribed b-values = 2000 and 5000 s/mm?, 30 unique
directions (15 per b-shell) optimized for a multi-shell acquisition (Caruyer et al., 2013), and
NEX = 4 with gradient polarity reversal to mitigate background gradient cross-terms (Neeman et
al., 1991). Three b=0 images, spaced evenly throughout the scan duration, were collected and

averaged. For each nerve scan, 33 3D volumes were collected in a total scan time of = 12 hr.
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2.2.3 DWI Processing

Image data were analyzed using in-house written code in MATLAB (Mathworks, Natick, MA,
USA). For all analyses, 3D k-space data were zero-padded 2x in each direction before
reconstruction, resulting in a working image resolution of 167 x 67 x 67 um’. Additionally, a
Gaussian smoothing filter with ¢ = 1 was applied to each volume. DTI analysis was performed
by estimating diffusion tensors voxel-wise using a linear least squares approach and then
calculating the DTT indices FA, MD, AD, and RD from these tensors. Since data acquired with
too high of b-value can cause systematic errors in DTI metrics, only the b = 2000 s/mm? shell
was used for DTT analysis. For DKI analysis, diffusion and kurtosis tensors were estimated
voxel-wise using an iterative constrained weighted linear least-squares method (Tabesh et al.,
2010; Veraart et al., 2013) and DKI indices MK, AK, and RK were calculated. Using the
kurtosis tensor, WMTI analysis was performed on a voxel-wise basis and WMTI metrics Fa, D,,
D. ), and D., were computed (Fieremans et al., 2011). In voxels where estimation of the kurtosis
tensor was poor, defined as a minimum of 3 directions that violated the minimum directional
kurtosis constraint, a median filter with a 3x3x3 voxel window was applied to all parameter maps

for the purpose of outlier removal.

2.2.4 Group ROI Analysis

For group analysis, ROIs were manually delineated for each nerve on transverse cross-sections at
the injury site, and 3 mm proximal and distal to the injury site. Additionally, a control group was
formed across all injured nerves using ROIs located 5 mm proximal to the injury site, since nerve

that is far proximal to the injury site is minimally affected and simulates normal nerve. Then,
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ROI means of DWI parameters were computed for each nerve and each ROI. Lastly, group
comparisons were made between the injured nerve groups and control group at each ROI
location using a Wilcoxon rank-sum test (note that control group measures were made to be

identical across ROI locations since they originate from a single 5-mm proximal ROI).
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CHAPTER 3

DIFFUSION KURTOSIS IMAGING IN HYPOMYELINATED MOUSE BRAIN

3.1 Introduction

Abnormal brain myelination is present in many neurological diseases and disorders, such as
multiple sclerosis (Allen and McKeown, 1979) and schizophrenia (Davis et al., 2003); therefore,
non-invasive assessment of myelin may improve clinical diagnosis and/or insight into treatment
of these conditions. At least two MRI methods are established as specific to myelin content—
multi-exponential 7, (MET,) (MacKay et al., 1994; Menon et al., 1992) and quantitative
magnetization transfer (QMT) (Gochberg and Gore, 2007; Koenig et al., 1990; Kucharcyzk et al.,
1994; Sled and Pike, 2000)—but clinical application of these methods remains challenging, due
to scan time requirements and precision limitations. In contrast, diffusion-weighted imaging is
widely available and known to be sensitive to tissue microstructure, yet its ability to report on
myelination remains an open question.

DWI is based on the sensitization of the acquired MR signal to the random displacement
of water molecules, which is greatly influenced by tissue microstructure (e.g., cell membranes,
myelin). In three dimensions, DWI can estimate a diffusion tensor, from which rotationally
invariant parameters FA, MD, AD, and RD can be computed, making it especially applicable in
the imaging of tissue with anisotropic microstructure such as white matter (Basser and Jones,
2002; Basser et al., 1994a; 1994b; Beaulieu, 2002; Le Bihan et al., 2001). Although DTT is
sensitive to microstructural changes present in many neurological diseases and disorders, it

utilizes a mathematical model of diffusion that lacks inherent specificity to any particular
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component of neuronal microstructure. Additionally, DTI is based upon a Gaussian
approximation of the water diffusion displacement probability distribution that assumes free,
unrestricted diffusion. This limits the ability of the DTI model to characterize the heterogeneous
microstructural environment that comprises brain white matter.

Diffusion kurtosis imaging (Hui et al., 2008; Jensen and Helpern, 2010; Jensen et al.,
2005; Lu et al., 2006; Wu and Cheung, 2010) is a clinically-applicable extension of DTI with the
potential of providing additional information regarding white matter microstructure, including its
state of myelination (Cheung et al., 2009). Since its development, DKI has shown promising
results in characterizing white matter changes in multiple diseases and disorders, including
schizophrenia (Ramani et al., 2007), attention-deficit hyperactivity disorder (Helpern et al.,
2011), and medial temporal lobe epilepsy (Lee et al., 2013). DKI is based upon the measurement
of the kurtosis (i.e., a deviation from Gaussian) of the water diffusion displacement probability
density function. Restrictions to water diffusion present in biological tissue cause the diffusion to
become non-Gaussian, making DKI sensitive to heterogeneity in tissue microstructure. Similar to
DTI, rotationally invariant metrics MK, AK, and RK can be derived from the kurtosis tensor.
Also analogous to DTI, DKI is based upon a mathematical signal model of diffusion that does
not explicitly model tissue microstructure and lacks inherent microstructural specificity.
Additionally, both DTI and DKI utilize generic signal models that do not uniquely characterize
multiple tissue compartments, such as intra- and extracellular spaces or crossing fibers. As an
alternative to tensor models, biophysical models based on anatomy could provide improved
characterization of white matter microstructure.

Fieremans and coworkers recently proposed a biophysical model of white matter based

on the DKI framework with the goal of extracting metrics with a direct relationship to specific
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components of white matter microstructure (Fieremans et al., 2011). This white matter tract
integrity (WMTI) model utilizes measurements of apparent diffusion and kurtosis to separate
white matter into two compartments: the intra-axonal space and extra-axonal space. From this
model, potentially useful measures such as the axonal water fraction (F,), intra-axonal diffusivity
(Da, assumed to be entirely parallel to the axon), and axial and radial extra-axonal diffusivities
(D and D) can be computed. It has been hypothesized that D, and D, are associated with
axonal integrity and F, is a potential biomarker of axonal loss (Benitez et al., 2014; Falangola et
al., 2014; Fieremans et al., 2013; Fieremans et al., 2012a; 2012b; Hui et al., 2012). Although
myelin is not explicitly incorporated into the WMTI model, Fieremans et al. have postulated that
D, (and the related extra-axonal tortuosity) is an indirect measure of myelination (Fieremans et
al., 2012a).

The objective of this study was to evaluate the relationship of both DKI and the
associated WMTI model with histological measure of white matter microstructure in two
hypomyelinated mouse models related to the human genetic disease tuberous sclerosis complex.
These conditional knockout models, Tsc2 Olig2-Cre CKO (TSC) and Rictor Olig2-Cre CKO
(Rictor), were chosen because they exhibit varied degrees of hypomyelination. Previously
reported models related to tuberous sclerosis complex (7sc/ Emx1-Cre and Rictor Emx1-Cre)
showed similar hypomyelination (Carson et al., 2013; Carson et al., 2012). The CKO mice in this
study are viable into adulthood and capable of reproduction. High magnification transmission
electron microscopy (EM) images of white matter tracts have shown that axon and myelin
microstructure appear normal. Additionally, in contrast to the cuprizone mouse model of
demyelination utilized in previous diffusion-weighted MRI studies (Song et al., 2005; Sun et al.,

2006; Thiessen et al., 2013; J. Zhang et al., 2012), these genetic models are expected to exhibit
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less or no inflammation or cellular damage and the hypomyelination is mostly uniform in white
matter, making them better suited for a study focused on assessing the effects of
hypomyelination on MRI contrast. In order to evaluate their relationship with myelin content, we
compared DTI, DKI, and WMTI metrics with two established MR measures of myelin, myelin
water fraction (MWF) from MET, and macromolecular pool-size ratio (PSR) from gMT, as well

as quantitative measures of histology.

3.2 Materials and Methods

3.2.1 MRI and Histology Acquisition and Processing
For this study, normal (N = 8), TSC (N = 5), and Rictor (N=5) adult P60 mouse brains were
excised and prepared for imaging as in Section 2.1.1. MRI acquisition methods were similar to
those stated in Section 2.1.2 with minor adjustments. DWI was performed with TR =200 ms, b =
3000 and 6000 s/mm’, 30 directions (same directions for each shell), and NEX = 2 with gradient
polarity reversal to mitigate background gradient cross-terms (Neeman et al., 1991).
Additionally, 5 b=0 images were collected instead of 6. For the MET; scan, BW = 38.5 kHz,
NEX = 6, and scan time = 6 hr (instead of 75 kHz, NEX = §, and 8 hr, respectively). The qgMT
acquisition was the same as defined in Section 2.1.2.3. All MRI parameters were estimated using
the methods stated in Section 2.1.3.

After MRI was performed, normal (N = 6), TSC (N = 4), and Rictor (N = 3) mouse brains
were sectioned for histology using the approach described in Section 2.1.4.1. A larger sample
size was used for the control group due to greater intragroup variation in myelin content

compared with the CKO groups. Additionally, data from 1 TSC MidCC section and 1 TSC GCC
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section were removed from analysis due to corruption of these sections during histology
processing, so a fourth TSC brain was added to ensure that there were at minimum 3 samples of
each ROI. EM data were collected and analyzed as in Section 2.1.4.2, except myelin thickness
for each axon was determined by taking the average of manual measurements along 2 different
axes, and histologic axon fraction was not adjusted to exclude myelin contributions to the overall

area (the true axon fraction is reported in this study).

3.2.2 Group ROI Analysis

For group analysis, b=0 images were registered to a representative normal mouse brain using an
affine registration followed by a deformable demons registration (Thirion, 1998). DTI, DKI,
WMTI, MWF, and PSR parameter maps were then registered using the same transformations
derived from the b=0 registration. Referencing a standard mouse brain atlas (Paxinos and
Franklin, 2004), ROIs were manually delineated on 2D cross-sections for 6 white matter regions:
MidCC, GCC, SCC, AC, external capsule (EC), and internal capsule (IC). For direct comparison
to the histology ROIs, the MidCC, GCC, SCC, and AC ROIs were drawn on a mid-sagittal cross-
section at Bregma -0.7 mm, 1 mm, -2.5 mm, and 0.2 mm, respectively. The EC and IC ROIs
were drawn on a coronal cross-section at Bregma -1.7 mm and were only included in analyses
involving MR metrics alone. For the WMTI analysis, a small number of voxels (< 1% of all WM
voxels used in this analysis) exhibited abnormally high D.. (> 1 pm*/ms; mean + SD of
remaining WM voxels D, = 0.27 + 0.07 um*/ms) and were not included in subsequent analysis.
Comparisons of DTI, DKI, and WMTTI indices between the control group and knockout groups
were then made for each ROI using a Wilcoxon rank-sum test. Using the ROI means for each

individual mouse brain, linear correlations were determined between DTI, DKI, and WMTI
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parameters and both MR measures of myelin and histologic measures with multiple comparisons

correction performed using a simple Bonferroni correction.

3.3 Results

3.3.1 Histology

Figure 3.1 displays electron micrographs, along with their corresponding segmentations, of the
splenium from normal, Rictor, and TSC brains. In comparison to the normal brain, the Rictor
brain visually showed minor decreases in myelin thickness and myelinated axon density, while

the TSC brain showed a much greater decrease in myelinated axon density. Table 3.1 displays

FIG. 3.1. Representative EM images of white matter. (Top row) EM images of the
splenium from control, Rictor and TSC mouse brains. (Bottom row) Processed and
segmented EM images corresponding to the images shown on the top row. Compared to
the control brain, Rictor brain WM shows a slight decrease in myelin thickness and
myelinated axon density. TSC brain WM shows a significant decrease in myelinated
axon density.
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group means and standard errors of all histology measures for each ROI. Significant differences

compared to the control group are identified by * (p < 0.05), ** (p <0.01), and *** (p <0.001).

Table 3.1. Group mean + SEM of quantitative histology measures for control, Rictor, and

TSC groups.
Jon fa d, Zm g Pa
(pm) (nm) (axons/pm?)

Control  0.167 £0.022 0.394 + 0.029 0.558 +0.026 55.0+3.1 0.815 +0.007 1.124 + 0.079

MidCC  Rictor 0.124 +0.025*%**  0.374 +0.047 0.578 +0.033 452 +£3.5%*%%  0.844+£0.011*** 0.945 £ 0.084*
TSC  0.046 £ 0.011*** 0.183 £ 0.049*** 0.712 £ 0.134***  36.5£5.1*** (0.894+0.014*** 0310+ 0.113%**

Control  0.196+£0.018 0.439 +0.023 0.588 +0.024 58.7+2.7 0.811 +0.010 1.097 £ 0.076
GCC Rictor 0.103 £0.019%** 0.380 + 0.050** 0.671 £ 0.033*** 44,5+ 3.2%*%*  (0.863 £ 0.012*** (0.738 + 0.084***
TSC  0.023 £0.007*** 0.071 £ 0.029*%** 0.714 £0.160**  46.8 £5.8***  (0.850 = 0.039*** 0.100 £ 0.027%**

Control ~ 0.187+£0.019 0.416 +0.025 0.560 + 0.020 51.1+2.4 0.830 + 0.009 1.205 +0.074
SCC Rictor  0.138 £0.026**  0.398 £0.045 0.647 £0.031***  46.1 £3.2%**  0.866 £ 0.009*** (0.989 + 0.098**
TSC  0.049 £ 0.017*** 0.145 + 0.049*** (0.894 + 0.132*** 56.9+8.2 0.879 £ 0.012*** (0.197 + 0.054***

Control  0.206 £+ 0.023 0.384 + 0.024 0.600 + 0.032 60.0+3.3 0.821 £0.011 1.094 + 0.106
AC Rictor 0.117 £0.020%**  0.376 +£0.041 0.748 £ 0.069*** 522 +4.9%**  (.868 £ 0.010%** 0.695+0.114**
TSC  0.040 £ 0.013*** 0.097 + 0.033*** (0.792 + 0.044*** 61.7+7.9 0.862 + 0.017*** 0.152 + 0.040***

Significant differences compared with the control group are indicated by * (p < 0.05), **
(p<0.01), and *** (p <0.001).

The g-ratios for the control group were similar to those reported in previous studies of normal

mouse brain (g ~ 0.8) (Mason et al., 2001). Compared to the control group, the TSC group

exhibited major decreases in fi, fo and p, in all ROIs. There were also significant decreases in zy,

in the MidCC and GCC. The TSC group showed significant increases in d, and g for all ROIs.

Compared to the control group, the Rictor group had significant decreases in fm, zm, and p, and

significant increases in g for all ROIs. Also, the Rictor group showed significant increases in d,

in the GCC, SCC, and AC and a significant decrease in f, for the GCC. Overall, as anticipated,
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the microstructural differences between the Rictor and control groups were fewer and less

extreme than those observed between the TSC and control groups.

3.3.2 MRI

Typical white matter SNR of the DWI b=0 images was =~ 150, calculated as the ratio of the signal
amplitude to the standard deviation of the background noise. Approximate mean signal
attenuations for the b = 3000 and 6000 s/mm” acquisitions were 44% and 57%, respectively
(assuming a diffusivity of 0.25 pm*/ms and a kurtosis of 1.75, taken from approximate MD and
MK of white matter in this study). The high SNR of the DWI scan resulted in high-precision
estimates of DTI parameters in white matter, with estimated standard deviations of < 0.01 and <
0.01 pm*/ms for FA and MD, respectively (Landman et al., 2007). For the MET, acquisition,

white matter SNR of the first echo image was = 600, and for the gqMT acquisition, SNR of the

FIG. 3.2. Representative coronal DTI parameter maps. The rows represent the three
groups: control (top), Rictor (middle), and TSC (bottom). The columns represent the DTI
parameters FA, MD, AD, and RD. FA is unitless and diffusivities are in units of umz/ms.
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longest inversion time image was = 250. These high SNR acquisitions provided high-precision
estimates of both MWF and PSR in white matter. Representative 75 spectra from a single MidCC
voxel for each group are shown in Fig. 3.14 (see Section 3.7). Intra/extra-axonal water 75s in the
MidCC for the control, Rictor, and TSC groups were 36.2 + 0.4 ms, 39.4 + 0.9 ms, and 40.6 =
1.1 ms (mean + SEM), respectively. Myelin water 75s in the same region were 5.4 + 0.3 ms, 5.0

+ 0.2 ms, and 5.8 + 0.5 ms for the control, Rictor, and TSC groups, respectively.

3.3.3 D11

Representative coronal parameter maps for the DTI indices FA, MD, AD, and RD from each of
the three groups are shown in Fig. 3.2. Compared with the control group, the knockout groups
had a decrease in FA and increase in MD and RD of white matter. As anticipated, these
differences were more apparent for the TSC group compared with the Rictor group, due to more
severe hypomyelination present in the TSC brains. Changes in white matter AD between the
three groups were not visually apparent. DTI parameter maps for the sagittal and axial
orientations can be seen in Figs. 3.15 and 3.16, respectively (see Section 3.7).

Figure 3.3 shows group comparisons of FA, MD, AD, and RD for 6 white matter ROIs.
Compared to the control group, the Rictor group showed no significant differences in FA and
AD and significant increases in MD for the anterior commissure and RD for 2 of the 6 ROIs (i.e.,
the splenium and anterior commissure). The TSC group exhibited significant decreases in FA for
5 of the 6 ROIs, significant increases in AD for 4 of the 6 ROIs, and significant increases in MD
and RD for all 6 ROIs examined. There were more WM regions with significant differences in
MD and RD than FA and AD, indicating that MD and RD were overall more sensitive than FA

and AD to the hypomyelination present within the knockout models. Additionally, DTI
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FIG. 3.3. ROI group comparison of DTI parameters FA, MD, AD, and RD. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The three groups are represented with different colors: control = blue, Rictor =
green, and TSC =red. 6 WM ROIs are indicated on the x-axis: MidCC = midbody of the
corpus callosum, GCC = genu, SCC = splenium, AC = anterior commissure, EC =
external capsule, and IC = internal capsule. FA is unitless and diffusivities are in units of
um?/ms. * denotes p < 0.05 for comparison between the control group and each CKO

group.

parameters were unable to distinguish the Rictor group from the control group (significant

differences in MD and RD for only 1 and 2 ROlIs, respectively).
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3.3.4 DKI

Representative coronal parameter maps for the DKI indices MK, AK, and RK from each of the
three groups are shown in Fig. 3.4. Compared with the control group, the knockout groups
showed a decrease in MK and RK of white matter. Similar to the DTI results, these differences
were more apparent for the TSC group compared with the Rictor group. There were minimal
changes in white matter AK between the three groups. Sagittal and axial DKI parameter maps

are shown in Figs. 3.17 and 3.18, respectively (see Section 3.7).

FIG. 3.4. Representative coronal DKI parameter maps. The rows represent the three
groups: control (top), Rictor (middle), and TSC (bottom). The columns represent the DKI
parameters MK, AK, and RK. Kurtosis is unitless.

Group comparisons of MK, AK, and RK for 6 white matter ROIs are described in Fig.

3.5. When compared to the control group, the Rictor group had significant decreases in MK for 4
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FIG. 3.5. ROI group comparison of DKI parameters MK, AK, and RK. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The three groups are represented with different colors: control = blue, Rictor =
green, and TSC =red. 6 WM ROIs are indicated on the x-axis: MidCC = midbody of the
corpus callosum, GCC = genu, SCC = splenium, AC = anterior commissure, EC =
external capsule, and IC = internal capsule. Kurtosis is unitless. * denotes p < 0.05 for
comparison between the control group and each CKO group.

of 6 ROIs and RK for 4 of 6 ROIs with no significant differences in AK. Significant decreases in
MK and RK for all 6 ROIs were seen in the TSC group. For AK of the TSC group, there were
significant increases in the GCC and AC and significant decreases in the EC and IC. Since most
ROIs showed significant differences in MK and RK, this indicates that MK and RK were highly

sensitive to changes in myelination present in the two knockout models. Additionally, significant
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decreases in MK and RK for the Rictor group present in most white matter ROIs indicate an

increased sensitivity of these metrics to myelination compared with DTI metrics.

3.3.5 WMTI
Figure 3.6 shows representative parameter maps for the WMTI metrics F,, Da, D, and D . from

each of the three groups. Since the WMTI model is only valid for white matter, WMTI parameter

De,.

FIG. 3.6. Representative coronal WMTI parameter maps. WMTI parameter values for
white matter voxels are overlaid on the b=0 image. The rows represent the three groups:
control (top), Rictor (middle), and TSC (bottom). The columns represent the WMTI
parameters F,, D,, D, and D.,. F, 1s unitless and diffusivities are in units of umz/ms.

values for white matter voxels (voxels with FA > 0.35 in a control brain) were overlaid on the
b=0 image. Compared with the control group, the knockout groups exhibited a major decrease in
F, and a minor increase in D, of white matter. As expected, these differences were more

apparent for the TSC group compared with the Rictor group. Changes in D, and D, between the
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control and knockout groups were not visually apparent. Figs. 3.19 and 3.20 contain WMTI

parameter maps in the sagittal and axial planes, respectively (see Section 3.7).

Group comparisons of Fy, Dy, D¢, and D, . for 6 different white matter ROIs are
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FIG. 3.7. ROI group comparison of WMTI parameters F,, D,, De |, and D, .. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The three groups are represented with different colors: control = blue, Rictor =
green, and TSC =red. 6 WM ROlIs are indicated on the x-axis: MidCC = midbody of the
corpus callosum, GCC = genu, SCC = splenium, AC = anterior commissure, EC =
external capsule, and IC = internal capsule. F), is unitless and diffusivities are in units of
um?/ms. * denotes p < 0.05 for comparison between the control group and each CKO

group.
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represented by bar plots in Fig. 3.7. The Rictor group showed significant decreases in F, for 5 of
6 ROIs when compared to the control group. No significant differences in D,, D, and D,
existed between the control and Rictor groups. For the TSC group, there were significant
decreases in F, and significant increases in D for all 6 ROIs. Also, the TSC group had
significant increases in D, for 1 ROI (i.e., the internal capsule) and in D for 2 ROIs (i.e., the
external and internal capsules). With significant differences in F, present in most ROIs, these
results indicate that F, was highly sensitive to microstructural changes present within the CKO
models. In comparison, D., was less sensitive and unable to distinguish between the control and

Rictor groups.

3.3.6 Linear Correlation Analysis

Linear correlation analysis was performed across all individual animals and all ROIs. Figure 3.8
contains scatter plots displaying linear correlations between DTI metrics and 3 different
measures of myelin, with each point representing an ROI mean from a single animal. None of the
DTI parameters correlated with MWF. FA and RD showed significant correlations with PSR, but
these were weak with the strongest being between RD and PSR (r* = 0.14). There were moderate
correlations between DTI parameters and histologic myelin fraction, with r* = 0.35 and 0.37 for
correlations MD-f;, and RD-fp, respectively.

Similar to Fig. 3.8, Fig. 3.9 shows linear correlations between DTI metrics and histologic
measures of axon diameter, myelinated axon density, histologic axon fraction, and g-ratio. FA
did not have any significant correlations, while MD and RD showed moderate to strong
correlations with all four histology measures, the strongest being between MD and f; (1* = 0.44).

For Figs. 3.8 and 3.9, AD is not shown due to it not showing any significant correlations.
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FIG. 3.8. Linear correlation plots between DTI metrics FA, MD, and RD (y-axis) and
myelin measures MWF, PSR, and f;, (x-axis). Each point is an ROI mean from an
individual mouse brain. The shape represents the group: control = circle, Rictor = square,
and TSC = x and the color represents the WM region: MidCC = blue, GCC = green, SCC
= red, AC = cyan, EC = magenta, IC = yellow. For significant correlations, r* is shown in
the lower right-hand corner of each plot. FA, MWF, PSR, and f;, are unitless, MD and
RD are in units of pm®/ms.

Linear correlations between DKI metrics and 3 unique measures of myelin are shown in
Fig. 3.10. Both MK and RK correlated significantly with MWF and PSR, with the strongest
correlations being MK and RK with PSR (r* = 0.27 and 0.25, respectively). Also, MK and RK
correlated strongly with f;, (r* = 0.48 and 0.49, respectively). All correlations between DKI

metrics MK and RK and the myelin measures were stronger than the corresponding correlations

between DTI metrics MD and RD and the same myelin measures.
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FIG. 3.9. Linear correlation plots between DTI metrics FA, MD, and RD (y-axis) and the
histologic measures d,, pa, fa, and g (x-axis). Each point is an ROI mean from an
individual mouse brain. The shape represents the group: control = circle, Rictor = square,
and TSC = x and the color represents the WM region: MidCC = blue, GCC = green, SCC
= red, AC = cyan. For significant correlations, r* is shown in the lower right-hand corner
of each plot. FA, f;, and g are unitless, MD and RD are in units of pm*/ms, d, is in units
of um, and p, is in units of axons/um>.

Scatter plots displaying linear correlations between DKI metrics and the histologic
measures of axon diameter, myelinated axon density, axon fraction, and g-ratio are shown in Fig.
3.11. MK and RK had strong correlations with all four histologic measures, the strongest being
between MK and g-ratio (r* = 0.46). Correlation strengths between DKI metrics and d,, p, and f;
were similar to those observed with DTI metrics. However, correlations with g-ratio for MK and

RK were much stronger than those observed for MD and RD. For Figs. 3.10 and 3.11, AK is not

shown because there were no significant correlations observed with this metric.
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Linear correlations between WMTI metrics and 3 different measures of myelin are shown
in Fig. 3.12. F, correlated significantly with MWF and PSR (r* = 0.14 and 0.23, respectively). A
strong correlation existed between F, and histologic myelin fraction (r* = 0.58). D, did not

correlate with any of the 3 myelin measures. Figure 3.13 shows scatter plots with linear
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FIG. 3.10. Linear correlation plots between DKI metrics MK and RK (y-axis) and myelin
measures MWF, PSR, and f, (x-axis). Each point is an ROI mean from an individual
mouse brain. The shape represents the group: control = circle, Rictor = square, and TSC
= x and the color represents the WM region: MidCC = blue, GCC = green, SCC = red,
AC = cyan, EC = magenta, IC = yellow. For significant correlations, r* is shown in the
lower right-hand corner of each plot. MK, RK, MWF, PSR, and f;, are unitless.
correlations between WMTT indices and histologic measures of axon diameter, myelinated axon
density, axon fraction, and g-ratio. F, exhibited strong correlations with all four histology

measures, the strongest being between F, and p, (r* = 0.55). D, did not exhibit any significant

correlations with these histology metrics. For Figs. 3.12 and 3.13, D, and D, are not shown
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because there were no significant correlations observed with these metrics. Table 3.2 summarizes
the results of the correlation analysis, showing the r* values for all significant correlations of

DTI, DKI, and WMTI metrics with myelin and histology measures.
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FIG. 3.11. Linear correlation plots between DKI metrics MK and RK (y-axis) and the
histologic measures d,, pa, fa, and g (x-axis). Each point is an ROI mean from an
individual mouse brain. The shape represents the group: control = circle, Rictor = square,
and TSC = x and the color represents the WM region: MidCC = blue, GCC = green, SCC
= red, AC = cyan. For significant correlations, r* is shown in the lower right-hand corner
of each plot. MK, RK, f;, and g are unitless, d, is in units of pm, and p, is in units of
axons/um’.

o

3.4 Discussion

The quantitative histology data shown in Table 3.1 indicate that both the Rictor and TSC
knockout models show hypomyelination, with the TSC model exhibiting an almost complete
lack of myelinated axons. The more subtle change in myelination present in the Rictor model (in
contrast to the TSC and cuprizone models) is beneficial in evaluating MRI methods and their

ability to report on varied levels of myelination that may occur during development or
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myelin thickness, histologic myelin fraction) for these specific mouse models.

FIG. 3.12. Linear correlation plots between WMTI metrics F, and D, (y-axis) and
myelin measures MWF, PSR, and f;, (x-axis). Each point is an ROI mean from an
individual mouse brain. The shape represents the group: control = circle, Rictor = square,
and TSC = x and the color represents the WM region: MidCC = blue, GCC = green, SCC
=red, AC = cyan, EC = magenta, IC = yellow. For significant correlations, % is shown in
the lower right-hand corner of each plot. F,, MWF, PSR, and f;, are unitless, D, is in
units of pm*/ms.
de/remyelinating pathologies. These results agree with previous studies showing that TSC and
Rictor knockouts exhibit abnormal myelination, with the TSC mice portraying a more severe

abnormal phenotype (Carson et al., 2013; Carson et al., 2012). However, this study is the first to

report quantitative histological measures of axons and myelin content (e.g., axon diameter,

The DTI results in Figs. 3.2 and 3.3 showed that hypomyelination resulted in decreases in
white matter FA and increases in MD and RD, with fewer changes in AD. These results agree
with previous studies stating that a decrease in myelination causes an increase in radial
diffusivity but minimal changes in axial diffusivity (Song et al., 2005; Song et al., 2002).

However, DTI metrics mostly did not detect differences between the control and Rictor groups,



indicating an inability of DTI to distinguish subtle changes in myelin thickness and myelinated
axon density. The DKI results in Figs. 3.4 and 3.5 showed that hypomyelination caused

decreases in MK and RK with minimal changes in AK. This is similar to the DTI results in that

07—, 0.7 o 0.7 o~ 07—
H=S DDQ. & 7 . '.D o
X t % X o
x 0 X 2 x oo X x 0o X m x 2R X
© X X X
L
X X X X
0 r2=0.42 0 r2=0.55 0 r2=0.54 0 r2=0.43
0.4 12 0 17 0 0.6 0.75 0.91
0.5 0.5 0.5 0.5
X X X X
X X X x 5 X x 5 5 X
X g X X X X X x x
¢ B | BOEE L Tl
o 0 ° o d;éé
g | e . L A%
0 0 0 0
0.4 12 0 17 0 0.6 0.75 0.91
da Pa fa g

FIG. 3.13. Linear correlation plots between WMTI metrics F, and D, (y-axis) and the
histologic measures d,, pa, fa, and g (x-axis). Each point is an ROI mean from an
individual mouse brain. The shape represents the group: control = circle, Rictor = square,
and TSC = x and the color represents the WM region: MidCC = blue, GCC = green, SCC
= red, AC = cyan. For significant correlations, r* is shown in the lower right-hand corner

of each plot. F, f;, and g are unitless, D, is in units of um*/ms, d, is in units of um, and
Pa 18 in units of axons/ umz.

changes in myelination caused changes in radial kurtosis but not axial kurtosis. In contrast to
DTI metrics, significant differences in MK and RK between the control and Rictor groups were
present in most ROIs, indicating higher sensitivity to changes in myelin thickness and
myelinated axon density compared with DTI.

Because inter-animal variability within each group was approximately an order of
magnitude greater than the variability of the DTI metrics themselves, increasing the image SNR

in this case would have little effect on the group-wise comparisons. In other words, in the
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Table 3.2. r* values from linear correlation analysis of DTI, DKI, and WMTI metrics.

DTI DKI WMTI
FA MD AD RD MK AK RK F, D, D, D,

MWF 0.24 0.16 0.14
MRI

PSR 0.12 0.14 0.27 0.25 0.23

fa 0.35 0.37 0.48 0.49 0.58

fa 0.44 0.42 0.40 0.42 0.54

d, 0.34 0.31 0.36 0.26 0.42
Histology

Zm

Pa 0.41 0.39 0.44 0.41 0.55

g 0.28 0.24 0.46 0.40 0.43

Only 1 values for significant correlations (p < 0.05) are shown.

hypothetical case that twice as many acquisitions of a single b-value shell were utilized instead
of two shells, the DTI metrics would still prove to be less sensitive to the changes in tissue
microstructure than the DKI metrics. These results agree with a previous study that showed that
DKI was more sensitive than DTI to changes present in a rat brain maturation model (Cheung et
al., 2009). Also, these results make intuitive sense because the assessment of non-Gaussian
diffusion in DKI provides more information about the effects that tissue microstructure have on
water diffusion and therefore is more sensitive to microstructural changes. This emphasizes the
utility of moving towards a higher order diffusion signal model, such as the DKI model, for
microstructural assessment.

The WMTI results in Figs. 3.6 and 3.7 showed that hypomyelination caused decreases in

F,, increases in D, ., and minimal changes in D, and D. . These results agree with previous

hypotheses stating that F, is sensitive to axonal loss, D, increases with reduced myelination, and
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D, and D, are mostly unaffected by changes in myelination (Fieremans et al., 2012a). Similar to
the DKI results, F, was significantly different between the control and Rictor groups in most
ROIs. This was expected since the estimation of F, is closely related to radial kurtosis. However,
even though significant increases in D, between the control and TSC groups were found for all
ROIs, there were no significant differences in De. between the control and Rictor groups. This
result indicates that D, was not as sensitive to less extreme changes in myelin thickness and
myelinated axon density as conventional DKI metrics.

The linear correlation analysis was performed across all individual mouse brains from the
3 groups and all of the WM ROIs analyzed. The two different hypomyelinated mouse models
were utilized to create variation in white matter microstructure for the purpose of evaluating
DWI metrics and to allow for meaningful correlations. There was not enough variation within an
ROI and within each group to provide any correlation. Figures 3.8 and 3.9 showed that DTI
metrics MD and RD did have some correlation with myelin content and other histologic
parameters, including axon density. Some level of correlation is expected since MD and RD
were shown to be sensitive to changes in myelination and other microstructural changes. Figures
3.10 and 3.11 showed that DKI parameters MK and RK exhibited strong correlations with
myelin content and other histologic measures, such as axon density and g-ratio. Not only were
DKI metrics more sensitive to changes in myelination compared with DTI as shown by the ROI
analysis, but they also exhibited stronger correlations to myelin content than conventional DTI.
MK and RK showed significant correlations with each metric examined except for myelin
thickness, indicating the limited specificity of these DKI measures. However, their correlations
with myelin-related metrics (e.g., myelin fraction, g-ratio) were stronger than those shown with

axon diameter, a measure that is mostly independent of myelin content.
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Myelin is not explicitly modeled by the DKI framework, yet these results indicate that a
strong relationship exists between DKI metrics and myelin content. This is not to say that DKI
metrics are or should be more specific to myelin compared with other MR measures that
explicitly model myelin, such as MWF and PSR. However, reporting on myelin content is just
one potential use for DKI among others due to its high microstructural sensitivity and relative
ease of acquisition.

Figures 3.12 and 3.13 showed that WMTI metric F, correlated strongly with myelin
content and other histologic measures, such as axon density, axon fraction, and g-ratio. The
correlation with axon density and fraction is in agreement with previous work stating that F,
reports on axonal loss (Fieremans et al., 2012a). Whereas the correlations with axon density and
axon fraction are intuitive, the correlation with myelin fraction is not straightforward. In this
study, a decrease in myelinated axon density is the main component of both decreased axon
fraction and myelin fraction, which explains the close relationship between F, and f;,. Although
Fig. 3.13 suggests that F, overestimated the true axon fraction by ~50%, note that F, in the
WMTI model is axon water fraction and the myelin water is presumed silent in DWI due to its
short 7,. Comparing F, to fo/(1-fm) (not shown), we see that F, overestimated axon water fraction
by only ~10% in control and Rictor mice, making it a reasonably accurate model parameter for
small variations from normal. For TSC mice, which histology showed to have near zero
myelinated axons, F, clearly overestimates the water fraction of myelinated axons; however, if
unmyelinated axons were also included in this analysis, the correspondence might be closer.

In contrast, D., did not correlate with the other myelin measures utilized in this study
(Fig. 3.12). Previous work by Fieremans and coworkers (Fieremans et al., 2012a) suggested that

D, reports on changes in myelin thickness, even in the presence of axonal loss. Even though the
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main difference between the control and CKO groups was a decrease in myelinated axon density,
significant decreases in myelin thickness were also present and should have caused increases in
D in both the Rictor and TSC groups based on this previous hypothesis. However, D.. did not
correlate with myelin thickness and was not especially sensitive to microstructural changes
between the control and CKO groups. Also, from the correlation plots in Figs. 3.8-3.13, it was
shown that there were some deviations in DWI metrics between WM regions (e.g., higher MK
and RK in the genu of the control mouse brains, represented by the green dots) that were not
explained by any one histological parameter used in this study, suggesting other microstructural
contributions to these measures.

Although potentially useful for elucidating the relationship between DKI and tissue
microstructure, previous comparisons of DKI and associated metrics with histological measures
have been limited. One study compared DKI metrics to myelin basic protein
immunohistochemistry in a Huntington’s disease rat model at two different developmental ages,
observing that increases in myelin basic protein stain intensity corresponded with decreases in
MD and RD and increases in MK and RK (Blockx et al., 2012). Another study examined the
relationship between both DKI and WMTI with immunohistochemistry metrics in a cuprizone
mouse model of demyelination, finding that solochrome staining (a stain for myelin) correlated
with MK, AK, RK, F,, D,, and D., in the cuprizone group (Falangola et al., 2014). However,
there have been no previous comparisons of DKI or WMTI to direct quantitative histologic
measures of axons and myelin content, such as axon diameter, myelin thickness, and histologic
myelin fraction. Similar to this work, previous studies have compared DTI metrics FA and RD
with myelin measures derived from MET, and gMT and found modest correlations between

these measures (Madler et al., 2008; Stikov et al., 2011; Thiessen et al., 2013). However, there
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have been no prior studies assessing DKI or WMTI metrics in white matter through comparisons
with other MR metrics specific to myelin, such as myelin water fraction and macromolecular
pool-size ratio. Although histological analysis is difficult and can be susceptible to a variety of
error sources, general agreement between the comparisons of DWI metrics with histology,
MWF, and PSR support the histological analysis in this study.

In addition to increased sensitivity to changes in WM microstructure, DKI has the
potential for improved tractography compared with conventional DTI. Recent work by Jensen
and coworkers (Jensen et al., 2013) demonstrated that tractography based on the kurtosis
diffusion orientation distribution function (kurtosis dODF) derived from the kurtosis tensor has
enhanced ability to resolve crossing fibers over tractography based on the diffusion tensor alone.
Using this approach, various DWI metrics could feasibly be computed for different fiber
populations within the same voxel. Additionally, DKI-based tractography could possibly enable
the application of the WMTI model in regions with crossing fibers. Although crossing fibers are
not as prevalent in this mouse brain study, they remain a significant issue in DWI of the human
brain, making DKI-based tractography another significant advantage of DKI over DTI in white
matter assessment.

There are certain limitations to using diffusion signal models such as DTI and DKI to
describe white matter microstructure. Although DKI is sensitive to tissue heterogeneity within a
voxel, particularly the mixture of restricted and unrestricted water compartments; the DKI model
does not specifically characterize multiple tissue compartments present within white matter. On
the other hand, multi-compartment tissue models of diffusion, such as CHARMED (Assaf et al.,
2004), AxCaliber (Assaf et al., 2008), ActiveAx (Alexander et al., 2010), NODDI (H. Zhang et

al., 2012), and WMTI, seek to derive specific information about tissue components such as intra-
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and extracellular spaces, axon diameter, axon alignment, axon density, and myelin content.
However, these biophysical tissue models each come with their own limitations and biases
because they require assumptions about the underlying tissue composition and generally result in
lower precision parameters resulting from fitting data to nonlinear models. It remains an open
question as to whether signal-based or tissue-based diffusion models provide better assessment
of tissue microstructure from a practical standpoint. For this study, application of the biophysical
WMTI model provided good estimates of axonal water fraction for control and Rictor mice, but
did not provide additional specificity to myelination.

Although the WMTI model does not explicitly incorporate myelin, previous studies have
hypothesized its relationship to myelin content (Benitez et al., 2014; Falangola et al., 2014;
Fieremans et al., 2012a). This hypothesis is formed on the idea that the presence of myelin will
have an effect on the tortuosity of the extra-axonal space or more specifically, the diffusion of
extra-axonal water perpendicular to the axons (D). Other multi-compartment diffusion models,
including CHARMED, AxCaliber, ActiveAx, and NODDI (Alexander et al., 2010; Assaf et al.,
2008; Assaf et al., 2004; H. Zhang et al., 2012), do not explicitly model myelin, yet they also
measure or incorporate the extracellular tortuosity as a part of the model. However, the WMTI
model is the first of these used to make inferences concerning myelin content. Unexpectedly, in
this study, D, did not demonstrate correlations with myelin content, bringing into question its
utility as a biomarker of myelination.

For this study, the histology measures collected were primarily focused on changes in
myelin due to the expected changes observed in the CKO mice. It was shown that axial DWI
metrics remained mostly unchanged in these models, as expected. Therefore, a different animal

model demonstrating changes in axon microstructure would be more appropriate for the
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assessment of axial DWI measures. One microstructural feature not measured in this study that is
potentially important in determining DWI contrast is the extra-axonal space fraction. This metric
is difficult to measure from EM because it is small and not easily discriminated from
unmyelinated axon space. For this study we postulate that it is not a critical factor in determining
differences in the DWI measures because neither the TSC nor Rictor model is expected to
involve much inflammation.

It is also important to recognize that this MR study was performed on ex vivo mouse
brain. Ex vivo tissue has been shown to exhibit decreased diffusivity and increased kurtosis due
to chemical fixation (Hui et al., 2008; Sun et al., 2003). Additionally, the choice of fixative has
been shown to have an effect on the relaxation and diffusion properties of tissue (Shepherd et al.,
2009), and tissue preparation may result in shrinking or distortion that can influence the derived
histological measures (Fox et al., 1985). Thus, one should be cautious about using the findings
here to interpret in vivo measures of diffusion and kurtosis in white matter.

Comparison between MR metrics and EM-derived histology metrics also has inherent
limitations. Matching up ROIs between the two imaging modalities is a difficult process, so
utilizing anatomical landmarks that are clearly visible from both the MR image and the histology
thick section is important. Even if the ROI is matched with high accuracy, the thickness of the
histology section is still much smaller than the MR imaging resolution, which prevents an exact
correspondence of the microstructure morphology present in the EM data with that contained in
an MR voxel. Also, it is important to note that, for this study, the total FOV sampled for each
EM section is still a small fraction of the size of a single MR voxel, so the intra-tract variability

must be considered when choosing the amount of EM data required for comparison to MR data.
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Selection of appropriate b-values is especially important for DKI studies. Higher b-values
than those used in conventional in vivo DTI are necessary in this study both due to the use of ex
vivo tissue and to increase sensitivity of the DWI signal to kurtosis. However, the maximum b-
value used must also be carefully determined, as using too high of b-values can cause systematic
errors in DKI metrics (Jensen and Helpern, 2010). The wide range of diffusivity and kurtosis
values present in ex vivo mouse brain make b-value optimization difficult, and in this study for
example, there were still some voxels in the genu that needed even larger b-values for more

accurate assessment of DKI and WMTI metrics.

3.5 Conclusions

DKI was demonstrated to have greater sensitivity to changes in myelination compared with
conventional DTI. Additionally, through comparisons with other MR measures of myelin and
quantitative histology, DKI metrics MK and RK were shown to have stronger correlations with
myelin content compared with DTI metrics. Thus, if sufficient time is available for the
acquisition of two shells of DWI data, then DKI is preferred over DTI because it provides greater
sensitivity to changes in tissue microstructure. Application of the biophysical WMTI model
provided reasonably accurate estimates of axon water fraction for near normal microstructure,
but the associated extra-axonal diffusion characteristics did not report on any measure of

myelination.
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FIG. 3.14. Representative white matter 7, spectra. 7> spectra from a single MidCC voxel
for the control (blue), Rictor (green), and TSC (red) groups. For this voxel, the TSC T
spectrum does not have a short 7> component, indicating a negligible MWF.
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FIG. 3.15. Representative sagittal DTI parameter maps. The rows represent the three
groups: control (top), Rictor (middle), and TSC (bottom). The columns represent the DTI
parameters FA, MD, AD, and RD. FA is unitless and diffusivities are in units of umz/ms.

FIG. 3.16. Representative axial DTI parameter maps. The rows represent the three
groups: control (top), Rictor (middle), and TSC (bottom). The columns represent the DTI
parameters FA, MD, AD, and RD. FA is unitless and diffusivities are in units of umz/ms.
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FIG. 3.17. Representative sagittal DKI parameter maps. The rows represent the three
groups: control (top), Rictor (middle), and TSC (bottom). The columns represent the DKI
parameters MK, AK, and RK. Kurtosis is unitless.
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FIG. 3.18. Representative axial DKI parameter maps. The rows represent the three
groups: control (top), Rictor (middle), and TSC (bottom). The columns represent the DKI
parameters MK, AK, and RK. Kurtosis is unitless.

FIG. 3.19. Representative sagittal WMTI parameter maps. WMTI parameter values for
white matter voxels are overlaid on the b=0 image. The rows represent the three groups:
control (top), Rictor (middle), and TSC (bottom). The columns represent the WMTI
parameters F,, D,, D, and D, .. F, 1s unitless and diffusivities are in units of um?/ms.
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FIG. 3.20. Representative axial WMTI parameter maps. WMTI parameter values for
white matter voxels are overlaid on the b=0 image. The rows represent the three groups:
control (top), Rictor (middle), and TSC (bottom). The columns represent the WMTI
parameters F,, D,, D.), and D, .. F, 1s unitless and diffusivities are in units of um?/ms.
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CHAPTER 4

DIFFUSION KURTOSIS IMAGING IN HYPERMYELINATED MOUSE BRAIN

4.1 Introduction

This chapter presents a brief extension to the work described in Chapter 3, and portions of these
data are also shown as part of a larger study on brain development in Chapter 5. The objective of
this work was to evaluate DTI, DKI, and WMTI metrics in a transgenic hypermyelinated CKO
mouse model, in contrast to the hypomyelinated mouse models utilized in the previous chapter,
to determine whether an increase in myelination would have an opposite effect on DWI
parameters than that observed in the hypomyelinated mice. The mouse model, Pten Olig2-Cre
CKO (PTEN), is related to PI3K signaling and has been previously shown to exhibit
hypermyelination (Harrington et al., 2010). Examining these DWI metrics in this case of
hypermyelination may lead to improved understanding of the relationship between DWI and

myelination.

4.2 Materials and Methods

For this study, 8 control and 7 PTEN adult female P60 mice were used. Animal preparation and
MR imaging and analysis procedures were exactly as stated in section 2.1. Again, it should be
noted that DWI data with b = 9000 s/mm? were not included in any analyses so that direct
comparisons could be made with the previously acquired control group data. For histological
evaluation, normal (N = 6) and PTEN (N = 3) mouse brains were sectioned and four white

matter regions were analyzed: midbody of the corpus callosum (MidCC), genu (GCC), splenium
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(SCC), and anterior commissure (AC), matching the ROIs used in the hypomyelination study
(see Section 2.1.4.1). Acquisition and analysis of EM data were performed using the methods
described in Section 2.1.4.2. It is important to note that the histologic axon fraction reported in
this study is computed with the exclusion of myelin, in order to provide direct comparison with
the axonal water fraction derived from WMTL.

For DWI group analysis, b=0 images were registered to a representative control mouse
brain using FSL’s (FMRIB Analysis Group, Oxford, UK) linear (FLIRT) and non-linear
(FNIRT) registration tools (Andersson et al., 2007; Jenkinson et al., 2002; Jenkinson and Smith,
2001; Smith et al., 2004). DTI, DKI, and WMTI parameter maps were then registered using the
same transformations derived from the b=0 registration. Referencing a standard mouse brain
atlas (Paxinos and Franklin, 2004), ROIs were drawn in the MidCC, GCC, SCC, AC, as well as
the external and internal capsules (EC and IC, respectively), again matching the ROIs used in

Chapter 3.

Table 4.1. Group mean + SEM of quantitative EM histology measures for control and
PTEN groups at age P60.

fm ﬁ d, Zm g Pa
(pm) (nm) (axons/pm)
Control ~ 0.204 +0.012 0.443 +0.038 0.522 £ 0.026 87.0+2.9 0.721 £ 0.008 1.124 £0.079
MidCC

PTEN 0.213 £0.031 0.365 £ 0.068 0.526 = 0.050 109.7+£10.9*  0.674+£0.017*  0.860 £ 0.128*

Control ~ 0.226 +£0.013 0.510+0.034 0.550 = 0.024 89.9+2.2 0.723 £0.011 1.097 +0.076
GCC

PTEN 0.217 £0.028 0.443 £ 0.069 0.585 £ 0.046 102.1 +£4.8* 0.710+£0.016  0.839+0.114*

Control ~ 0.225+0.015 0.476 + 0.040 0.518 +£0.019 87.5+1.9 0.724 £0.010 1.210+0.072
SCC

PTEN 0.264 £ 0.035 0.451+0.078 0.528 +0.039 109.4 + 6.4* 0.687 £0.015* 1.038 +0.110

Control ~ 0.232+0.016 0.447 £ 0.035 0.566 +0.031 949 +2.7 0.730 £0.011 1.078 +0.098
AC

PTEN  0.275+0.019* 0.471 +0.039 0.651 £ 0.035* 120.5 + 7.2* 0.718 + 0.009 0.803 £ 0.059*

Significant differences compared with the control group are indicated by * (p < 0.05).
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4.3 Results

Table 4.1 shows the group means and standard errors of histology measures for each ROI, with
significant differences identified by * (p < 0.05, with Bonferroni correction). The PTEN model
showed significant increases in myelin thickness, along with decreases in g-ratio and myelinated
axon density. Despite the large increase in myelin thickness, the PTEN only showed a slightly
increased histologic myelin fraction, due to the lower axon density. Generally, axon fraction in
the PTEN model was slightly decreased as well, although these changes were not significant.
The PTEN group exhibited similar mean axon diameter compared to the control group, although

it was significantly greater in the AC.

Control
w o

PTEN

0

FIG. 4.1. Group-averaged DWI parameter maps. The rows represent the two groups:
control (top) and PTEN (bottom). The columns represent the DWI parameters RD, RK,
and D, . RK is unitless and diffusivities are in units of umz/ms.

Group-averaged parameter maps for radial-based measures RD, RK, and D.,, due to their
previous associations with myelination, are displayed in Fig. 4.1. Based on these maps, there was

an apparent decrease in RD present in both gray matter and white matter for the PTEN group
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FIG. 4.2. ROI group comparison of DTI parameters FA, MD, AD, and RD. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The two groups are represented with different colors: control = blue and PTEN =
yellow. 6 WM ROlIs are indicated on the x-axis: MidCC = midbody of the corpus
callosum, GCC = genu, SCC = splenium, AC = anterior commissure, EC = external
capsule, and IC = internal capsule. FA is unitless and diffusivities are in units of pm?*/ms.
* denotes p < 0.05 and ** denotes p < 0.01 for comparison between the control group and
the PTEN group.

compared with the control brains. However, RK seems to be slightly decreased as well, therefore
not exhibiting the usually opposing trend compared to RD. Visually, the PTEN model also

exhibits lower D . compared to the control group.
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The results of the group ROI analysis for DTI metrics FA, MD, AD, and RD are shown
in Fig. 4.2. Generally, there were minimal differences in FA between the two groups. However,
significant decreases in MD, AD, and RD were observed in the MidCC, SCC, EC, and IC for the

PTEN model compared with the control group. Decreases in each of these metrics were also seen

MK AK
3 2
W Control
C—IPTEN CIPTEN
15 iy 1
0 | 0 ﬂ ﬂ |
MidCC GCC SCC AC EC IC MidCC GCC SCC AC EC IC
RK
5
I Control
CIPTEN

25 . " *k
0 n h
MidCcC GCC SCC AC  EC Ic

FIG. 4.3. ROI group comparison of DKI parameters MK, AK, and RK. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The two groups are represented with different colors: control = blue and PTEN =
yellow. 6 WM ROlIs are indicated on the x-axis: MidCC = midbody of the corpus
callosum, GCC = genu, SCC = splenium, AC = anterior commissure, EC = external

capsule, and IC = internal capsule. Kurtosis is unitless. * denotes p < 0.05 and ** denotes
p <0.01 for comparison between the control group and the PTEN group.
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in the GCC and AC, yet these changes were not significant.

Fig. 4.3 shows bar graphs representing the group ROI means for DKI parameters MK,

AK, and RK. Reduced MK for the PTEN model was shown in all white matter regions, although

these changes were only significant in the AC and IC. Both groups exhibited similar AK across

0.8

0.4

0.5

Fa

I Control

E=1PTEN
MidCC GCC SCcC AC EC IC

De,lI

I Control

—IPTEN
MidCC GCC ScC AC EC IC
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0.3
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FIG. 4.4. ROI group comparison of WMTI parameters F,, D,, D, and D, .. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The two groups are represented with different colors: control = blue and PTEN =
yellow. 6 WM ROlIs are indicated on the x-axis: MidCC = midbody of the corpus
callosum, GCC = genu, SCC = splenium, AC = anterior commissure, EC = external
capsule, and IC = internal capsule. F, is unitless and diffusivities are in units of pm?/ms..
* denotes p < 0.05 and ** denotes p < 0.01 for comparison between the control group and
the PTEN group.
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all ROIs, with no significant differences present between the two groups. Regarding kurtosis, RK
showed the greatest changes, with significantly lower RK in the PTEN group for all white matter
tracts except the genu.

Group ROI means of WMTI metrics for the control group and PTEN group are displayed
in Fig. 4.4. First, F, was slightly reduced in the PTEN model, although only significantly
different in the internal capsule. Both D, and D, were decreased in the PTEN group for all
ROIs, significantly different in all cases except for D, in the anterior commissure. Lastly, D,
was significantly lower in the MidCC, EC, and IC for the PTEN model compared to control

brains.

4.4 Discussion

The quantitative histology measures of axon and myelin microstructure reported in Table 4.1 do
confirm a slightly hypermyelinated phenotype in the PTEN model at age P60. The primary
difference between the two groups is an increased myelin thickness exhibited by the PTEN
model, in agreement with previous work (Flores et al., 2008; Harrington et al., 2010). Another
difference observed was a decrease in myelinated axon density. Considering that a reduced
oligodendrocyte density (although similar overall count) has been reported (Harrington et al.,
2010), it makes sense that the density of axons that are myelinated would also be reduced.
Because of this decrease in myelinated axon density, the overall myelin content observed in the
PTEN model was only slightly greater than that in the control group. Due to switching from a
manual to an automated approach in the EM image analysis, measures of myelin thickness for

control mice reported here are significantly greater than those reported in Chapter 3.
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Typically, a decrease in WM radial diffusivity is accompanied by an increase in radial
kurtosis (Cheung et al., 2009; Kelm et al., 2016). However, in this study, both RD and RK were
reduced when compared to the control group. Previous work indicated that RD and RK were
sensitive to overall myelin content, but not necessarily myelin thickness (Kelm et al., 2016).
Since total myelination was relatively unchanged, this may explain why RK did not increase
with increased myelin thickness present in the PTEN model. Additionally, both MD and AD
were decreased in the PTEN model, potentially signifying increased cellularity (e.g., astrocytes)
and a more restricted extra-axonal space, or a change in the axon structure. Deletion of Pfen has
been previously associated with cell proliferation, and although an increase in oligodendrocytes
was not observed, proliferation of astrocytes could possibly occur. Under the assumption that
extra-axonal diffusion is greatly reduced, the difference, or heterogeneity, in diffusivities
between the intra- and extra-axonal compartments would also be reduced, providing an
additional explanation for the observed decrease in radial kurtosis. Improved characterization of
the PTEN model would be necessary to appropriately test this hypothesis regarding increased
cellularity.

WMTI metrics also provided improved insight into the microstructural changes exhibited
by the PTEN model. Axonal water fraction remained mostly unchanged, in agreement with the
histologically-derived axon fraction. Also, intra-axonal diffusivity decreased, providing more
evidence that something may be different about the axon structure. Gross differences in axons
were not observed with EM acquired perpendicular to the nerve fibers, yet histological
evaluation parallel to the fibers could reveal axonal changes. Both D) and D.. decreased in
white matter of the PTEN model, providing additional support for a significant decrease in

diffusivity of the extra-axonal space. Previous work has proposed D, as a specific measure of
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myelination (Jelescu et al., 2016), although this was not evident in the hypomyelination study
(Kelm et al., 2016). In this work, decreases in D., were observed with increased myelin
thickness, indicating that D.. may be more specific particularly to myelin thickness rather than

total myelin content.

4.5. Conclusions

Changes in DWI metrics in the adult PTEN hypermyelinated mouse model were observed, with
DKI providing complementary information compared with DTI. Generally, changes in DWI
metrics did not oppose those observed in the hypomyelinated mouse models, since overall
myelin content remained mostly unchanged. Although the primary difference in the model was
increased myelin thickness, changes in axial diffusivity were observed as well, potentially due to
increased restrictions in the extra-axonal space. WMTI provided accurate assessment of axon
fraction and offered improved specificity to diffusivity changes in the extra-axonal space.
Overall, the addition of the PTEN hypermyelinated mouse model provided additional

information regarding the relationship between these DWI models and brain myelination.
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CHAPTER 5

DIFFUSION KURTOSIS IMAGING IN NORMALLY AND ABNORMALLY DEVELOPING

MOUSE BRAIN

5.1 Introduction

Although the majority of structural brain development occurs during gestation and infancy, brain
white matter continues to mature throughout childhood and adolescence into adulthood,
primarily in the form of myelination (Benes et al., 1994; Brody et al., 1987; Yakovlev and
Lecours, 1967). Myelination abnormalities during this crucial period of brain development
contribute to neurological deficits in a variety of disorders, including autism (Barnea-Goraly et
al., 2004) and schizophrenia (Davis et al., 2003; Flynn et al., 2003). Therefore, non-invasive
assessment of white matter during development has the potential to improve diagnosis and
treatment of these conditions. Various MRI methods have shown promise in white matter
characterization, including multi-exponential 7, (MET,) (MacKay et al., 1994; Menon et al.,
1992), quantitative magnetization transfer (QMT) (Gochberg and Gore, 2007; Koenig et al.,
1990; Kucharcyzk et al., 1994; Sled and Pike, 2000) and diffusion-weighted imaging (DWI)
(Basser et al., 1994; Beaulieu, 2002). MET, and gqMT have demonstrated high specificity to
myelin content, yet clinical application of these methods has been limited due to lengthy scan
times and high signal-to-noise ratio (SNR) requirements. On the other hand, DWI is regularly
applied in the clinical setting and has shown to be highly sensitive to both axon and myelin

microstructure, making it a favorable approach for the assessment of brain development.
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DWI has been used extensively for the study of various stages of brain development, yet
questions still remain about the relationship between DWI metrics and the underlying
microstructure during development. Many studies have examined white matter development with
DTI, generally reporting increases in FA and decreases in MD and RD from birth to adulthood
(Lebel et al., 2008; Neil et al., 2002). DKI has been used to evaluate normal rat brain
development (Cheung et al., 2009), mouse brain development in a Huntington’s disease model
(Blockx et al., 2012), and normal brain development in early childhood (Paydar et al., 2014),
observing increases in MK, AK, and RK, with RK exhibiting the greatest changes. One prior
study used WMTI to evaluate human white matter development from birth to 3 years of age,
observing an increase in F, as age increased (Jelescu et al., 2015). Although these studies have
demonstrated the utility of DTI, DKI, and WMTI metrics in monitoring white matter
development, direct comparisons of these DWI measures with histology, particularly
morphological measurements of axon/myelin microstructure through electron microscopy (EM),
have been limited and could provide improved insight into the relationship between DWI and
brain development.

The objective of this work was to investigate the relationship between DTI, DKI, and
WMTI metrics and white matter microstructure during normal and abnormal mouse brain
development through comparisons with histologic measures derived from EM. Also, this study
seeks to determine whether the associations between DWI and WM microstructure described in
Chapters 3 and 4 are also applicable to the complex process of brain development. Three
conditional knockout mouse models associated with the human genetic developmental disorder
tuberous sclerosis complex, Rictor Olig2-Cre CKO (Rictor), Tsc2 Olig2-Cre CKO (TSC), and

Pten Olig2-Cre CKO (PTEN), were utilized due to their varying degrees of myelin development.
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The Rictor and TSC models have been shown to exhibit moderate and severe hypomyelination,
respectively, in adult mice (Carson et al., 2013; 2015; Kelm et al., 2016), whereas the PTEN
model is characterized by hypermyelination (Harrington et al., 2010). These CKO mice are
viable into adulthood and capable of reproduction, and EM images of white matter ultrastructure
indicate that axons and myelin appear normal. In order to elucidate the relationship between
DWI and white matter microstructure during development, we evaluated DTI, DKI, and WMTI
metrics, as well as MWF and PSR, and compared them to quantitative EM measures of axon and
myelin morphology at ages P20, P30, and P60 in both normally-developing and abnormally-

developing mouse brain.

5.2 Materials and Methods

5.2.1 MRI and Histology Acquisition and Processing

In this study, a total of 67 mice—control, Rictor, TSC, and PTEN mice at ages P20, P30, and
P60 (Table 5.1)—were perfusion-fixed and their brains were excised and prepared for imaging
using the methods stated in Section 2.1.1. MRI acquisition and analysis were performed for each
brain as in Section 2.1, except for the P60 control, Rictor, and TSC brains (see Section 3.2).
After MRI was completed, a subset of mouse brains was sectioned for histology (Table 5.1)
using the approach detailed in Section 2.1.4.1. A larger sample size was used for the control
groups (N = 6) due to greater intragroup variation in myelin content compared with the CKO
groups. Due to the large number of brains examined in this study, only the midbody of the
corpus callosum (MidCC) section for each brain was processed for histological evaluation. EM

data were acquired and analyzed using the methods stated in Section 2.1.4.2. Histological
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measures were compared between the control and CKO groups at each age using a Wilcoxon

rank-sum test, with multiple comparisons correction performed using a Bonferroni correction.

Table 5.1. MRI and histology sample size for each model and age. Histology brains are a
subset of those imaged with MRI.

MRI Histology
P20 P30 P60 P20 P30 P60
Control 9 10 8 6 6 6
Rictor 5 5 3 3 3
TSC 4 5 3 0 3
PTEN 5 7 3 3 3

5.2.2 Group ROI Analysis

For group analysis, b=0 images were registered to a representative control mouse brain at each
age using FSL’s (FMRIB Analysis Group, Oxford, UK) linear (FLIRT) and non-linear (FNIRT)
registration tools (Andersson et al., 2007; Jenkinson et al., 2002; Jenkinson and Smith, 2001;
Smith et al., 2004). DTI, DKI, WMTI, MWF, and PSR parameter maps were then registered
using the same transformations derived from the b=0 registration. Referencing a standard mouse
brain atlas (Paxinos and Franklin, 2004), an ROI was manually delineated in the MidCC on a
mid-sagittal slice at Bregma -0.7 mm. Using the ROI means for each individual mouse brain,
linear correlations were determined between DTI, DKI, and WMTI parameters, as well as MWF
and PSR, and histologic measures, with multiple comparisons correction performed using a

simple Bonferroni correction.

5.2.3 Tractography
Using the DWI data, deterministic tractography was performed on a representative control brain

at each age with ExploreDTI (Leemans et al., 2009). Utilizing a standard mouse brain atlas
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(Paxinos and Franklin, 2004), seed ROIs were manually drawn for six major white matter tracts:
MidCC, genu (GCC), splenium (SCC), anterior limb of the anterior commissure (AC),
fornix/fimbria of the hippocampus (F), and internal capsule (IC). The seed voxels were sampled
such that there were 3 seed points per voxel in each dimension (3”3 or 27 total per voxel). The
FA threshold to initiate and continue tracking was set at 0.25, to restrict tracking to major white
matter pathways, and the maximum angle was set to 30°. Additionally, target and exclusion
ROIs were manually drawn to select a specified segment of each white matter tract and to
prevent the inclusion of spurious tracts. Once white matter tracts were defined on the template
brain at each age, the age-appropriate tract masks were extracted and applied to the rest of the
brains so that tract-based measurements of DTI, DKI, and WMTI parameters, as well as MWF
and PSR, could be computed. In order to ensure that only white matter voxels were included in
these measurements, voxels with FA < 0.25 (the tractography threshold) were excluded from
further analyses. In addition, a small number of voxels (< 0.5%) with unreasonable parameter
values (RK <0 or RK > 10, D, > 1, MWF > 0.5, PSR = 0 or PSR > 0.5) were excluded from
subsequent analyses. Group comparisons of all MR metrics were then made for each tract using a

Wilcoxon rank-sum test.

5.3 Results

5.3.1 Histology

Figure 5.1 shows representative 15000x EM images, and their processed forms, of the midbody

of the corpus callosum from P20, P30, and P60 control mouse brains. Looking at these examples,

there is an obvious increase in the number of myelinated axons as age increases. Furthermore, it
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FIG. 5.1. EM images of white matter across normal brain development. Representative
original (left) and processed (right) 15000x EM images of the midbody of the corpus
callosum from normal P20, P30, and P60 mouse brains. There is a noticeable increase in
the number of myelinated axons as a function of age.

appears that this increase is primarily driven by an increase in smaller axons, potentially due to
smaller axons being myelinated at a later time point than large axons.

Figure 5.2 shows plots of group mean histology measures in the MidCC for each model
as a function of age. First considering the control brains across age, there were increases in
myelin fraction, axon fraction, and myelinated axon density and decreases in axon diameter and
g-ratio from P20 to P60. Mean myelin thickness remained mostly unaffected, indicating that
decreases in g-ratio were due to decreases in mean axon diameter. Despite the unchanged myelin
thickness and decreased axon diameter, both f,,, and f, increased, meaning that these changes can
be attributed to the increase in myelinated axon density. Next, comparing the Rictor group with

the control group, fm, fa, and p, were lower for the Rictor group at P20 and P30, but at P60, only
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FIG. 5.2. EM histology measures across normal and abnormal brain development. Group mean
+ SEM of quantitative EM histology measures, fm, fa, da, Zm, g, and p, (y-axis), of the MidCC for
control, Rictor, TSC, and PTEN groups as a function of age (x-axis). fm, fa, and g are unitless, d,
is in units of um, z, is in units of nm, and p, is in units of axons/um".

fm was significantly decreased (p < 0.05, with Bonferroni correction). Additionally, the disparity
in fm at P30 is much larger than at P60, possibly signifying a delay in myelination during
development. The other hypomyelination model, TSC, exhibited significantly lower fy,, f», and p,
(p <0.05) at both P20 and P60, indicative of severe hypomyelination. In fact, changes in EM
measures between P20 and P60 for the TSC group were minimal, showing a lack of WM
maturation during this period of development. Finally, comparing the PTEN and control groups,
PTEN exhibited significantly higher zy, (p < 0.05) at all ages. Additionally, PTEN showed higher
Jm at all ages and lower p, at P30 and P60, although from these, only the change in fm, at P30 was

significant (p < 0.05). Generally, the PTEN model exhibited increases in myelin thickness and
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P20

P30

P60

FIG. 5.3. Group-averaged coronal DTI parameter maps of normally-developing mouse
brain. The rows represent the three ages: P20, P30, and P60 (top to bottom). The columns
represent the DTI parameters FA, MD, AD, and RD (left to right). FA is unitless and
diffusivities are in units of pm*/ms.

decreases in myelinated axon density, resulting in slightly higher myelin fraction compared with

controls.

5.3.2 DWI Parameter Maps

Figure 5.3 contains group-averaged parameter maps of control brains at each age for the DTI
metrics FA, MD, AD, and RD. There are noticeable decreases in white matter MD and RD as
age increases. On the other hand, FA and AD appear to be mostly similar across age, with a
minor increase in FA visually observed in the fimbria of the hippocampus and a slight decrease
in AD in the corpus callosum. Group-averaged maps of control brains for DKI parameters MK,
AK, and RK are shown in Fig. 5.4. There are apparent increases in white matter MK, AK, and

RK as a function of age, although the changes in MK and RK are more obvious than those seen
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FIG. 5.4. Group-averaged coronal DKI parameter maps of normally-developing mouse
brain. The rows represent the three ages: P20, P30, and P60 (top to bottom). The columns
represent the DKI parameters MK, AK, and RK. Kurtosis is unitless.

in AK. Lastly, Fig. 5.5 shows group-averaged parameter maps of control brains at P20, P30, and
P60 for WMTI measures Fy, Dy, D, and D... WMTI parameter values for white matter
(determined as FA > 0.35 in the template brain) were overlaid on the template b=0 image for
each age. There are noticeable increases in F, as age increases and a slight increase in D . at P60.

Changes in D, and D, across age are not visually apparent.

5.3.3 Tract-based MRI Metrics
Figure 5.6 displays the six white matter tracts defined for this study: MidCC, GCC, SCC, AC, F,
and IC, along with gamma distributions fitted to tract-based measures of FA, RD, MK, RK, and

F, for control mouse brains. Regarding FA, noticeable increases in FA can be observed in the
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P20

P30

P60

FIG. 5.5. Group-averaged coronal WMTI parameter maps of normally-developing mouse
brain. WMTI parameter values for white matter voxels are overlaid on the template b=0
image for each age. The rows represent the three ages: P20, P30, and P60 (top to bottom).
The columns represent the WMTI parameters F,, D,, D. ), and D, . F, is unitless and
diffusivities are in units of pm*/ms.

corpus callosum and fornix as age increases, yet the distributions are mostly similar for the
anterior commissure and internal capsule. Furthermore, for the tracts that showed increases, the
distributions become broader as age increases from P20 to P30 to P60. Although decreases in
mean RD are apparent in most tracts between P20 and P60, changes in the distributions are not
as distinguishable as those observed with FA. The distributions for MK, RK, and F, show
obvious increases in these metrics as a function of age, with changes in RK being the most
visually apparent. Similar to FA, their distributions become broader as age increases, possibly
indicating more heterogeneous tract myelination as the brain develops.

Bar graphs representing the tract-based group means of DTI parameters FA and RD are
displayed in Fig. 5.7. There were significant increases (p < 0.05) in FA from P20 to P60 in the

corpus callosum and fornix for the control group, the GCC, AC, and F for the Rictor group, the
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FIG. 5.6. Tractography and tract-based DWI measures. (a) Six white matter tracts defined on a
normal P30 mouse brain shown in sagittal (left) and coronal (right) orientations. Each WM tract
is represented by a different color: MidCC = blue, GCC = green, SCC =red, AC =cyan, F =
magenta, and IC = yellow. (b) Tract-based measures of DWI metrics FA, RD, MK, RK, and F,
(rows) in each WM tract (columns) for control brains at P20 (blue), P30 (green), and P60 (red).
Plot curves are defined by gamma distributions fitted to parameter values from all voxels in each
tract, across all control brains at each age.
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fornix for the TSC group, and all tracts for the PTEN model. Within each age, FA was similar

across models, with the exception of generally lower FA in TSC at P60. Also, there were

T
1y

FIG. 5.7. Tract-based group comparison of DTI parameters FA and RD. Bar heights
represent the tract-based parameter means across each group, with error bars representing
the SEM. The four models are represented with different colors: control = blue, Rictor =
green, TSC = red, and PTEN = yellow and the three ages are represented by different
shades of each color: P20 = light, P30 = medium, and P60 = dark. 6 WM tracts are
indicated on the x-axis: MidCC = midbody of the corpus callosum, GCC = genu, SCC =
splenium, AC = anterior commissure, F = fornix, and IC = internal capsule. FA is unitless
and RD is in units of pm*/ms.
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minimal differences in FA of the internal capsule across all groups. Significant decreases in RD

from P20 to P60 were observed in the MidCC, GCC, SCC, AC, and F for the control group, the

2 Bl Control-P20 [ 1SC-P20

I Control-P30 mmmmm TSC-P60
I Control-P60 1 PTEN-P20
MidCC GCC SCC AC F IC

[ Rictor-P20 3 PTEN-P30
S =
FIG. 5.8. Tract-based group comparison of DKI parameters MK and RK. Bar heights
represent the tract-based parameter means across each group, with error bars representing
the SEM. The four models are represented with different colors: control = blue, Rictor =
green, TSC = red, and PTEN = yellow and the three ages are represented by different
shades of each color: P20 = light, P30 = medium, and P60 = dark. 6 WM tracts are
indicated on the x-axis: MidCC = midbody of the corpus callosum, GCC = genu, SCC =

splenium, AC = anterior commissure, F = fornix, and IC = internal capsule. Kurtosis is
unitless.

MK

RK 125
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MidCC, GCC, and AC for the Rictor model, and all tracts for the PTEN model. On the other
hand, RD for the TSC model generally increased from P20 to P60. At P20 and P30, RD of each
model was similar to the control group, but at P60, Rictor had higher RD in the MidCC and F,
TSC had higher RD in all tracts, and PTEN showed lower RD in all tracts. Changes in MD (not
shown) were similar to those seen in RD, and AD remained mostly the same across groups
except for a decrease in the AD of the PTEN P60 group compared with control brains.

Figure 5.8 shows tract-based group means of DKI metrics MK and RK. Significant
increases (p < 0.05) in MK between P20 and P60 can be observed for all tracts in each model,
including the TSC model where minimal changes were observed in DTI parameters. At P20 and
P30, few differences in MK exist between the control group and CKO models, although MK of
the Rictor group is slightly reduced at P30. At P60, there were significant decreases in MK in the
Rictor model for the MidCC and F, in the TSC model for all tracts, and in the PTEN model for
the MidCC, F, and IC. The changes in RK mimic those seen in MK, except they are greater in
magnitude, meaning that RK is better able to distinguish changes between ages P20 and P30 as
well as P30 and P60, in addition to differences existing between the control group and the Rictor
and PTEN models. AK (not shown) generally increased as a function of age, although these
changes were more subtle than those observed with MK and RK. Additionally, AK was mostly
similar between control and CKO groups at each age.

Tract-based group means of WMTI parameters F, and D.. are shown in Fig. 5.9. Similar
to MK and RK, significant increases in F, were observed between P20 and P60 for all tracts and
all models. At P20, F, of the Rictor and TSC models were slightly reduced compared with the
control group, yet at P30, F, was similar for the control and Rictor groups. However, at P60, the

Rictor group exhibited significantly lower F, in the MidCC, SCC, AC, and F and the TSC group
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FIG. 5.9. Tract-based group comparison of WMTI parameters F, and D. .. Bar heights

represent the tract-based parameter means across each group, with error bars representing

the SEM. The four models are represented with different colors: control = blue, Rictor =

green, TSC = red, and PTEN = yellow and the three ages are represented by different

shades of each color: P20 = light, P30 = medium, and P60 = dark. 6 WM ROlIs are

indicated on the x-axis: MidCC = midbody of the corpus callosum, GCC = genu, SCC =

splenium, AC = anterior commissure, EC = external capsule, and IC = internal capsule.

F, is unitless and D, is in units of pm?/ms.

Fa os

De,1 025

had lower F, in all 6 tracts. The PTEN model showed no significant changes in F, compared

with the control group at all ages. From age P20 to P60, there were significant increases (p <
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0.05) in D, for the control group in the MidCC, SCC, AC, and IC, for the Rictor group in the
AC, F, and IC, and for the TSC group in all tracts. On the other hand, decreases in D, of the
PTEN model were observed in the MidCC, SCC, GCC, and IC as age increased from P20 to
P60. Changes in D, . between the control group and CKO models at ages P20 and P30 were
minimal. At P60, in comparison to the control group, D.. was similar in the Rictor group,
increased in all tracts for the TSC group, and decreased in all tracts for the PTEN model. WMTI
metric D, (not shown) was mostly similar across all models and ages, although slight increases
were observed in a few tracts for the control, Rictor, and TSC groups from P20 to P60. Similar to
D.,, D) (not shown) generally increased in the control, Rictor, and TSC groups and decreased in
the PTEN group as age increased from P20 to P60.

Figure 5.10 shows bar graphs representing the group means of tract-based measurements
of myelin-related metrics MWF and PSR. Significant increases (p < 0.05) in MWF between P20
and P60 were observed in all tracts for the control and PTEN groups. In contrast, MWF
increased in only the GCC, AC, and IC for the Rictor group and no significant differences were
observed in the TSC group. For the control and PTEN groups, there were more significant
increases in MWF present between P20 and P30 (all tracts for the control group, all tracts except
the MidCC for the PTEN model) than there were between P30 and P60 (only IC for the control
group, GCC and F for the PTEN model). At P20, MWF in the control, Rictor, and PTEN groups
was mostly similar, except for higher MWF present in the IC for the PTEN group. In contrast,
MWF was significantly lower in the TSC model for all tracts except the MidCC. At P30, the
Rictor and PTEN models begin to show differences with the control group, with decreases
observed in the GCC, SCC, AC, and IC for the Rictor group and increases in the F and IC for the

PTEN group. Finally at P60, compared with the control group, MWF was lower in all tracts
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FIG. 5.10. Tract-based group comparison of myelin-associated MR parameters MWF and
PSR. Bar heights represent the tract-based parameter means across each group, with error
bars representing the SEM. The four models are represented with different colors: control
= blue, Rictor = green, TSC = red, and PTEN = yellow and the three ages are represented
by different shades of each color: P20 = light, P30 = medium, and P60 = dark. 6 WM
ROIs are indicated on the x-axis: MidCC = midbody of the corpus callosum, GCC =
genu, SCC = splenium, AC = anterior commissure, EC = external capsule, and IC =
internal capsule. MWF and PSR are unitless.

except the GCC for the Rictor model, lower in all tracts for the TSC model, and higher in the
MidCC, GCC, SCC, and F for the PTEN group. Regarding PSR, significant increases were seen

in the control group between P20 and P30, as well as between P30 and P60. Also, significant
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increases between P20 and P60 were observed in all tracts for the Rictor and PTEN groups and
in the SCC, AC, F, and IC of the TSC model. Generally, the Rictor and TSC groups exhibited
lower white matter PSR at P20 than the control group, whereas the PTEN group was similar to
the control group at this age. At P30, the Rictor group had significantly lower PSR in all tracts
compared with the control group, but the PTEN model remained similar to the control group.
Lastly, at P60, significant decreases in PSR were present in all tracts for the Rictor and TSC
groups when compared with the control group, yet no significant differences were observed

between the PTEN and control groups.

5.3.4 Correlation Analysis

Figure 5.11 shows scatter plots of select DWI metrics: RD, RK, F,, and D.,, versus histology
measures across all brains, along with simple linear correlations. RD, RK, and F, show strong
correlations with histologic myelin fraction, axon fraction, axon diameter and myelinated axon
density, whereas D, did not exhibit significant correlations with any of these histologic
measures. The strongest correlation observed was between RK and p, (1 = 0.64). Table 5.2
summarizes the linear correlation results for all MR and histology metrics, showing r* for
significant correlations. Correlations with histology were observed for FA and MD, but in
general, these were weaker than those seen for RD, RK, and F,. Similar to RK, MK correlated
strongly with fi,, fa, Pa, and da.. However, none of these parameters correlated with myelin
thickness. Axial-associated DWI parameters, AD, AK, D,, and D, did not exhibit any
correlation with histology, except for a weak correlation between D and zi,. As expected, MWF

and PSR correlated strongly with f;, and p,. However, they also showed weak correlations with

113



0.3 0.3 0.3 0.3

RD
o [ ]
DOe,

eo

0 r2=0.56 0 r2=0.43 0 r2=0.44 o r2=0.51
0 03 O 07 04 1 0 15
3 3 O 3
e © o
[a g
@
~ (]
X ®x = o
2 % %%
o r2=0.45 o r2=0.39 0 r2=0.49 o r2=0.64
0 03 0 0.7 04 1 0 15
0.7 0.7 0.7 0.7
) 4 )

Fa
2
X®
o \X
5 ”
0 \d
L]
X®
X ¢
La!
o'e
e}
( J
X
°
°
X
X
[=12
g
8\e
[ ]
o

0 =046 =036/ | =050 . r2=0.61
0 03 0 0.7 04 1 0 1.5
0.5 0.5 0.5 0.5
o o . o o R ° ° o ° N
[m] L] @) [ ) °
L | bl gt T o SR Mo
a o &o Q& g0 O = m
0 0 0 0
0 03 0 0.7 0.4 1 0 1.5
fm fa da Pa

FIG. 5.11. Scatter plots of DWI metrics RD, RK, F,, and D. . (y-axis) vs. histology
measures fm, fa, da, Pa (x-axis). Each point is an ROI mean of the MidCC from an
individual mouse brain. The shape represents the age: P20 = x, P30 = square, and P60 =
circle and the color represents the model: control = blue, Rictor = green, TSC = red, and
PTEN = yellow. All MRI and histology ROIs are located in the MidCC. For significant
linear correlations, the fitted line is shown and r* is displayed in the lower right-hand
corner of each plot. RK, F,, fi, and f, are unitless, RD and D., are in units of umz/ms, d,
is in units of um, and p, is in units of axons/um’.

axon diameter, and PSR correlated strongly with axon fraction. In addition, neither MR metric

correlated with myelin thickness.
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Table 5.2. 1* from linear correlations of MRI metrics with histology measures.

DTI DKI WMTI Myelin
FA  MD AD RD MK AK RK F, D, D D.. MWEF PSR
S 0.27 0.43 0.56 0.44 0.45 0.46 049 057
fa 0.32 0.43 0.38 0.39 0.36 0.45
d, 0.29 0.31 0.44 0.44 0.49 0.50 0.34  0.30
Pa 0.39 0.34 0.51 0.55 0.64 0.61 0.39  0.63
Zm 0.26

Only 1 values for significant correlations (p < 0.05) are shown.

5.4 Discussion

The quantitative EM measures reported in Fig. 5.2 show clear differences in WM microstructure
between ages P20 and P60 in normal development, as well as between control and myelin-
related CKO mouse models. In control mice, there was a large increase in the number of
myelinated axons as age progressed from P20 to P60, consistent with previous results (Wiggins,
1982). Mean myelin thickness remained unchanged and mean myelinated axon diameter
decreased, yet both myelin fraction and myelinated axon fraction increased, driven primarily by
the increase in myelinated axon density. The reduction in mean myelinated axon diameter does
not necessarily indicate the axons are shrinking during development, but rather that
oligodendrocytes generally myelinate larger axons before smaller ones (Nave and Salzer, 2006;
Voyvodic, 1989). The Rictor model showed reduced myelin and axon fractions and axon density
at P20 and P30, but these changes were less apparent at P60, in agreement with the moderate
hypomyelination phenotype in adult mice previously reported (Carson et al., 2013; Kelm et al.,
2016), but also indicating that myelination may be delayed in these animals during development

before recovering to near normal levels in adult mice. The TSC model presented an even greater
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reduction in myelinated axon density and axon and myelin fractions at each age (compared with
controls), and showed minimal changes in these metrics between P20 and P60. From this, the
TSC model can be characterized by extreme hypomyelination that persists into adulthood,
consistent with previous studies (Carson et al., 2015; Kelm et al., 2016). Both the Rictor and
TSC hypomyelination models present with reduced myelinated axon density, caused by a
reduction in the number of mature oligodendrocytes, as opposed to hypomyelination due to
decreases in myelin thickness. In contrast, the PTEN hypermyelination model exhibited
increases in myelin thickness, in agreement with prior work (Harrington et al., 2010). However,
histologic myelin fraction was only slightly higher than that in control mice due to small
decreases in myelinated axon density. This is the first study to report EM-derived measures of
axon and myelin microstructure for these models during development. Due to switching from a
manual to an automated approach in the EM image analysis, measures of myelin thickness for
adult mice reported in this work are significantly greater than those previously reported (Kelm et
al., 2016) and may be slightly overestimated, yet more repeatable and user-independent.
Group-averaged DWI parameter maps shown in Figs. 5.3-5.5 allow for global
assessments of both white matter and gray matter during normal development. From these, it was
apparent that radial-associated DWI metrics exhibited greater changes from P20 to P60 than
measures related to the axial direction. Consistent with previous work (Cheung et al., 2009),
changes during development in white matter MK and RK appear to be much greater than those
observed with MD and RD, and although change in AD were minimal, increases in white matter
AK were readily apparent. Increases in the WMTI metric F, as age increased from P20 to P60
were visibly noticeable, however alterations in compartmental diffusivities across age were

minimal. Since the main microstructural change among the control brains in this study was an
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increase in myelination, it can be inferred that the increase in F, was primarily driven by a
decrease in non-myelin water fraction (i.e., an increase in the “silent” myelin water) rather than
an increase in intra-axonal water. This is the first study to assess the progression of WMTI
metrics in normal brain at this stage of development.

This work utilized diffusion tractography to compare MRI parameters on a tract-wise
basis across brain development, similar to the approach used by Lebel and coworkers (Lebel et
al., 2008). During brain development, variable changes in the area of brain regions, in addition to
overall brain size, make voxel-wise and ROI-based comparisons difficult to perform accurately
and on a large scale, even with well-performing deformable registration. However, a tract-based
approach alleviates these issues by evaluating MR metrics by tract, making it more robust to
alterations in tract size and alignment across age, with the assumption that white matter is the
structure of interest. Additionally, since white matter is typically defined by tracts (rather than
regions, as with gray matter), it makes intuitive sense that white matter comparisons with MRI
should be made on a tract-wise basis when possible. Finally, it is important to recognize that
mean tract-specific measures should not be directly compared to those from 2D ROI analysis,
since MR metrics can vary greatly within a given tract.

The tract-based DTI and DKI results shown in Figs. 5.7 and 5.8 confirm an increased
sensitivity of DKI metrics over DTI metrics during both normal and abnormal white matter
development. Also, the trends for DTI and DKI metrics across tracts were as expected in normal
development characterized by increased myelination. One interesting observation is that DTI
metrics FA and RD were less able to distinguish age-related changes in the internal capsule, an
earlier-myelinating tract, in comparison with MK and RK. Although differences in FA and RD

did exist between the CKO models and the control group at P60, differences at ages P20 and P30
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were minimal. On the other hand, MK and RK exhibited a slightly improved ability to
distinguish between the CKO models, even at the younger ages. This means that the increased
sensitivity of DKI makes it a promising diagnosis tool for assessing the progression of abnormal
white matter development, as well as treatment efficacy. Additionally, the increased sensitivity
of RK over MK signifies the importance of utilizing directional kurtosis analysis in white matter
evaluation. Lastly, although an increase in myelination is the primary change in this stage of
normal development, increases in AK were also observed, possibly indicating the presence of
other microstructural changes such as axonal pruning (Semple et al., 2013).

The biophysical white matter model WMTTI offers unique information and the potential
for improved specificity over the DTI and DKI models. Tract-based measures of F, displayed in
Fig. 5.9 show similar trends to those seen in MK and RK, as expected, since F, and RK are
closely related. On the other hand, changes in D. . during development seem less intuitive. Based
on previous work (Jelescu et al., 2016b; Kelm et al., 2016), an increase in myelin content would
be expected to cause a small decrease in D, .. Although this was true for the PTEN model, for the
control, Rictor, and TSC groups, slight increases in D., were observed as age increased from P20
to P60. This minor shift could potentially be due to axonal pruning, which would theoretically
reduce diffusion restrictions in the extracellular space as unnecessary axons are eliminated. The
thicker myelin sheaths present in the PTEN model may explain why this group behaved
differently from the others, indicating that D, may be useful for evaluating differences in myelin
thickness.

Tract-based comparisons can be extended beyond DWI metrics to other MRI measures of
white matter microstructure, in this case, MWF from MET; and PSR from qMT. This approach,

termed “tractometry”, was first proposed by Bells et al. (Bells et al., 2011), yet has not been
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previously used to assess brain development. The group comparisons from Fig. 5.10 indicate that
both MWF and PSR were able to detect the increase in myelination during development, as well
as differences between normal and abnormal myelination. In fact, in normally-developing brain,
PSR was highly sensitive and able to detect increased myelination in all tracts from P20 to P30
to P60. Compared to PSR, MWF increases across age were not as consistent, particularly in the
corpus callosum. This may be attributed to some erroneously high MWF values caused by
susceptibility artifacts in white matter adjacent to large ventricles (e.g., the lateral ventricle just
inferior to the corpus callosum). Lastly, the PTEN model showed similar PSR to the control
group, but much higher MWF. Considering that the PTEN model exhibited similar histologic
myelin fraction, yet greater myelin thickness, it can be inferred that MWF is sensitive to
variations in myelin thickness whereas PSR is not, in agreement with previous work (Dula et al.,
2010; Harkins et al., 2011).

Linear correlations shown in Fig. 5.11 and Table 5.2 indicate strong correlations existing
between DWI metrics and histologic metrics across normal and abnormal development. As
expected, since myelination was the primary variable across groups, MD, RD, MK, and RK
exhibited significant correlations whereas AD and AK did not. Generally, RD and RK showed
stronger correlations with myelin content (i.e., f, and p,) compared to axon measures (i.e., f, and
d,), indicating some degree of specificity to myelin. None of these DWI measures correlated
with myelin thickness, signifying that they are sensitive to the overall amount of myelin present
as opposed to variations in myelin thickness. Fig. 5.11 also shows that F, closely approximates
the histologic axon fraction (with myelin fraction removed) for the control and PTEN groups at
P30 and P60 and the Rictor group at P60, or when myelinated axon density is greater, yet

overestimates it for each model at P20 and for the TSC model at all ages, when myelinated axon
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density is low. This overestimation may be attributed to a large number of unmyelinated axons
present in these groups that are not included in the histologic axon fraction measurement, yet
contribute to F;. D.. did not correlate significantly with the histologic measures from this study,
although a trend of decreasing D.. with increasing myelin thickness was observed. Previous
studies have proposed D.. to be specific to demyelination or myelin thickness (Fieremans et al.,
2012; Jelescu et al., 2016b). In this study, the decrease in D, present in the PTEN model at P60
does support this, yet the lack of strong correlation with myelin thickness also indicates that D,
may be limited by its sensitivity. The correlations between DWI metrics and histology observed
in brain development were similar to those reported in adult hypomyelinated mice in Chapter 3.
From this, it can be inferred that the relationships between DWI and microstructure reported in
this work are also applicable to a wider range of studies outside of brain development alone.

As anticipated, strong correlations were observed between the myelin-associated MR
metrics, MWF and PSR, and myelin content. Additionally, only weak correlations were observed
with axon-related histology metrics, validating the increased specificity of MWF and PSR to
myelin. Surprisingly, the strong correlations with f;, and p, were similar to those shown by DWI
metrics, which supports the idea that DWI is highly sensitive to changes in myelination, on the
same level as MWF and PSR, although not as specific.

Previous studies assessing DKI and WMTI during development, as well as histologic
evaluation of these metrics at any age, have been limited. Cheung and coworkers examined
changes in DTI and DKI metrics during rat brain development, finding that DKI offered greater
sensitivity and complementary information compared to DTI (Cheung et al., 2009). Another
study assessed a Huntington’s disease model in rats at ages P15 and P30 with DKI and myelin

basic protein immunohistochemistry, observing increases in kurtosis and myelin basic protein as
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age increased (Blockx et al., 2012). Previous work (see Chapter 3) compared DKI and WMTI
metrics to quantitative histology of myelin and axon morphology in adult transgenic mouse
models of hypomyelination, observing a close relationship between DKI and myelin content
(Kelm et al., 2016). Another study evaluated DKI and WMTI metrics in a cuprizone mouse
model of demyelination and found correlations between these measures and solochrome staining
for myelin (Falangola et al., 2014). Additionally, Jelescu and coworkers compared WMTI
metrics to EM histology in the cuprizone model, observing that axonal water fraction correlated
with histologic axon fraction and D, correlated with g-ratio (Jelescu et al., 2016b). Lastly,
WMTI was utilized to assess brain development in humans from birth to 3 years, finding an
increase in axonal water fraction as a function of age (Jelescu et al., 2015). However, the current
study is the first to compare DKI and WMTI measures to those derived from EM histology
during brain development. Additionally, this work is the first to evaluate WMTI metrics during
brain development from childhood to adulthood.

While they are extremely sensitive to white matter microstructure, diffusion signal
models, such as DTI and DKI, are limited in their specificity. Both the DTI and DKI models are
unable to properly characterize the multiple tissue compartments present in white matter.
However, biophysical models of diffusion in white matter, such as CHARMED (Assaf et al.,
2004), NODDI (Zhang et al., 2012), and WMTI, separately characterize intra- and extra-axonal
spaces and show promise in providing specific information about axon and myelin
microstructure. While promising, these models also come with their own set of limitations, such
as a priori assumptions about tissue structure, low precision from non-linear fits, and bias due to
the presence of multiple local minima (Jelescu et al., 2016a). In this study, WMTI did provide

reasonable estimates of axonal water fraction and increased specificity to changes in myelin
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thickness, making it a useful complement to the DTI and DKI models. Both signal models and
biophysical models of diffusion have the ability to provide valuable information regarding white
matter microstructure that can be helpful in the diagnosis and treatment of white matter
disorders.

Another limitation of this study is that it was performed on ex vivo mouse brain as
opposed to a longitudinal study across development. Ex vivo brain tissue has previously been
shown to exhibit decreased diffusivity and increased kurtosis compared to in vivo measurements
due to chemical fixation (Hui et al., 2008; Sun et al., 2003). Also, different fixative solutions
have been shown to have a variable effect on both relaxation and diffusion in tissue (Shepherd et
al., 2009). Additionally, tissue fixation may result in variable shrinking or distortion of
microstructure that could affect the EM measures of axon and myelin morphology (Fox et al.,
1985). Therefore, caution should be used when comparing these results to in vivo DWI
assessments of brain development. Finally, since different animals had to be used for each time
point, a direct comparison across age for an individual animal was not possible. Although
difficult to perform, an in vivo longitudinal study would be useful to validate the results from this
study and allow for improved assessment of potential treatments.

Making direct comparisons between MRI parameters and histological measures also has
limitations. First, choosing the same ROI for both MRI and EM is difficult, especially when
myelination is low and contrast between white matter and gray matter is decreased (both in MR
images and toluidine blue-stained sections). In this study, the curve in the superior end of the
fornix was used as a landmark to determine the location of the MidCC ROI, since this was
clearly visible in both MR images and light microscopy images of the thick histology section.

Even if it assumed that the ROIs are completely aligned, the thickness of the EM section (~70
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nm) is still orders of magnitude smaller than any dimension of an MR voxel, so the white matter
microstructure can never be perfectly matched between the two modalities. Additionally, to
make the study time-feasible, the cumulative FOV of the images collected for EM measurements
was much smaller than the area of the entire ROI, making it important to consider intra-tract

variability when determining how much EM data is necessary.

5.5 Conclusions

DKI exhibited greater sensitivity to developmental changes in white matter compared with DTT.
Furthermore, DKI demonstrated improved capability in distinguishing between normally-
developing and abnormally-developing mouse brain. Quantitative histology revealed that the
primary change in this stage of brain development was an increase in the number of myelinated
axons, indicating that DKI can better report on myelin content. The biophysical WMTI model
provided increased microstructural specificity through moderately accurate estimates of axon
water fraction and improved reporting on myelin thickness differences with extra-axonal radial
diffusivity, although this metric was limited by low sensitivity. Myelin-associated MR metrics,
MWEF and PSR, correlated strongly with total myelin content, with MWF measures also
demonstrating sensitivity to differences in myelin thickness. In general, the relationships
between DWI and WM microstructure during the complex process of brain development were
similar to those observed in adult mice with abnormal myelination, indicating that these

associations are applicable to a wide array of white matter changes.
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CHAPTER 6

DIFFUSION KURTOSIS IMAGING OF PERIPHERAL NERVE INJURY AND REPAIR

6.1 Introduction

Although acute peripheral nerve injury is relatively common in the clinical setting, accurate non-
invasive diagnosis tools are limited. Current non-invasive methods, such as electrophysiological
testing and physical examination, are often unable to determine the extent of nerve injury, and in
these cases, exploratory surgery is required to determine whether the nerve is in need of surgical
repair (Gaudet et al., 2011; Grant et al., 1999). Additionally, due to Wallerian degeneration, the
surgical outcome of peripheral nerve repair is largely unknown until the nerve regenerates and
reinnervates the target muscle, which could take on the order of months. By the time this occurs,
it may be too late for corrective surgery to be effective, so therefore, early assessment of nerve
regeneration is critical (Campbell, 2008).

Peripheral nerve injury and subsequent Wallerian degeneration involve complex
microstructural changes, including demyelination/remyelination, axon loss and regeneration,
edema, and inflammation, making it important for diagnostic tools to be sensitive and specific to
each of these processes. Even though MR imaging is not currently the clinical standard for
peripheral nerve injury assessment, there has been previous work investigating the feasibility of
utilizing MRI to image peripheral nerve. Standard T,-weighted MRI has been proposed for
imaging peripheral nerve injury, since injured regions appear hyperintense due to increased 7>
attributed to edema (Bendszus and Stoll, 2005; Bendszus et al., 2004; Does and Snyder, 1996).

However, although this approach may be able to determine the presence of an injury, it lacks in
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specificity as far as determining the extent of the injury (e.g., crush or transection) or whether
nerve regeneration is taking place. In contrast, diffusion-weighted MRI (DWI) may be able to
provide improved sensitivity and specificity to the various stages of nerve injury and repair.

DWI involves the sensitization of the MRI signal to the random displacement of water
molecules in a given medium, which in peripheral nerve, is largely influenced by microstructural
tissue components such as axonal membranes and myelin. DTI describes the directional
dependence of diffusion through rotationally invariant metrics FA, MD, AD, and RD (Basser and
Jones, 2002; Basser et al., 1994a; 1994b; Beaulieu, 2002; Le Bihan et al., 2001). Diffusion is
highly anisotropic in peripheral nerve, making DTI especially suitable for nerve characterization.
DTT has been previously applied to peripheral nerve imaging, observing changes in FA and
diffusivity due to injury, as well as utilizing DTI tractography to visualize peripheral nerve injury
and regeneration (Beaulieu et al., 1996; Boyer et al., 2015; Guggenberger et al., 2012; Lehmann
et al., 2010; Li et al., 2013; Morisaki et al., 2011). However, DTI uses a single compartment
diffusion signal model based on a Gaussian approximation of free diffusion, limiting its
specificity in a heterogeneous environment, such as injured peripheral nerve.

Diffusion kurtosis imaging is an extension of the DTI model that provides additional
information regarding the heterogeneity of tissue microstructure (Hui et al., 2008; Jensen and
Helpern, 2010; Jensen et al., 2005; Lu et al., 2006; Wu and Cheung, 2010), including improved
assessment of myelination (Cheung et al., 2009; Kelm et al., 2016). Analogous to DTI, diffusion
kurtosis can be described in three dimensions by a kurtosis tensor, from which MK, AK, and RK
can be extracted. In addition, DKI also utilizes a single-compartment model of the DWI signal
that exhibits limited specificity to multiple tissue compartments, such as intra- and extra-cellular

spaces. In contrast, the biophysical DKI-based WMTI model is a multi-compartment model of
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intra- and extra-axonal spaces that may provide improved specificity to peripheral nerve injury
(Fieremans et al., 2011). WMTT uses the diffusion and kurtosis tensors to separate nervous tissue
into intra- and extra-axonal spaces, so that the following parameters can be derived: axonal water
fraction (F,), intra-axonal diffusivity (D,), and axial and radial diffusivity (D) and D, _,
respectively). Previous work has associated F, with axonal loss, D, and D, | with axon structure,
and D, with myelination (Falangola et al., 2008; Fieremans et al., 2013; Jelescu et al., 2016;
Kelm et al., 2016). Both the DKI and WMTI models have not been previously applied to
peripheral nerve imaging.

The objective of this study was to evaluate the performance of DTI, DKI, and WMTI
metrics in characterizing an acute peripheral nerve injury model in rodents at various time points
after surgical repair. The process of Wallerian degeneration and nerve regeneration is commonly
modeled in rat sciatic nerve through a crush or transection injury. In this study, rat sciatic nerves
were completely transected, immediately repaired, and then excised at time points spanning from
1 hour to 6 weeks post-repair (i.e., the entirety of the degeneration/regeneration process). DWI
metrics were then measured in excised sciatic nerves at each time point in order to better
understand the relationship of these parameters to the complex process of nerve injury and

repair.

6.2 Materials and Methods

For this study, a total of 20 adult female Sprague-Dawley rats were used. After transection injury
and repair, nerves were harvested at time points of 1 hour, 3 days, 1 week, 3 weeks, and 6 weeks
post-surgery (N = 4 for each time point) The methods for nerve preparation, MR imaging, and

data analysis were as described in Section 2.2.
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6.3 Results

6.3.1 DTI

Figure 6.1 shows representative parameter maps of DTI metrics FA, MD, AD, and RD for
injured sciatic nerves at each time point. As anticipated, qualitatively, there were minimal
differences in these parameters in the proximal ends of the nerves, although it does appear that
diffusivity was increased in this region 3 days post-injury. At the injury site, FA is noticeably
reduced through 3 weeks post-injury, but closer to normal after 6 weeks. Also, apparent
decreases in AD and increases in RD were observed as soon as 1 hour after the injury, and
although approaching normal values by 6 weeks, AD and RD were still reduced and increased
compared to normal nerve, respectively. Changes in MD at the injury site are not visually
obvious. Distal to the injury, FA appears slightly reduced beginning at 3 days and is lowest at 3

weeks, yet seems mostly normal at 6 weeks. Also, RD is noticeably increased by 3 days and

MR
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FIG. 6.1. Representative DTI parameter maps of injured sciatic nerves. Parameter maps of FA,
MD, AD, and RD (left to right) are shown for nerves from each group. Time points are indicated
below each nerve: 1h = 1 hour, 3d = 3 days, 1w = 1 week, 3w = 3 weeks, and 6w = 6 weeks.
thite arrows point to the injury site for each nerve. FA is unitless and diffusivities are in units of
pum-/ms.
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much higher than normal levels at 3 weeks, before returning to normal at 6 weeks. Distal AD
appears mostly unaffected except for a slight increase at the 3-week time point. MD showed
changes similar to RD distal to the injury, yet these are not as visually apparent.

The results of the ROI analysis for DTI metrics are shown in Fig. 6.2. First, few changes

MD
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]

I Control 1
I 1 Hour

3 Weeks
6 Weeks

P3 Inj D3 P3 Inj D3
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I Control X I Control
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0.75

P3 Inj D3 P3 Inj D3

FIG. 6.2. ROI group comparison of DTI parameters FA, MD, AD, and RD. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The 6 groups are represented with different colors: control = blue, 1 hour =
green, 3 days =red, 1 week = cyan, 3 weeks = magenta, and 6 weeks = yellow. The 3
location ROIs are indicated on the x-axis: P3 = 3 mm proximal to the injury site, Inj =
injury site, and D3 = 3 mm distal to the injury site. FA is unitless and diffusivities are in
units of pm*/ms. * denotes p < 0.05 and ** denotes p < 0.01 for comparison between the
control group and each injury group.
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were seen in the proximal end, except for significant increases in diffusivity observed at 3 days
and 1 week. At the injury site, FA was greatly reduced as soon as 1 hour after injury, decreased
even more by 3 days, and then steadily increased through 6 weeks. However, even 6 weeks post-
injury, FA was still lower at the injury site than normal nerve. 3 mm distal to the injury, a
significant reduction in FA was shown at 3 days, and it continued to decrease until 3 weeks. At 6
weeks, distal FA is closer to normal, yet similar to the injury site, was still lower than that in
normal nerve. AD at the injury site was greatly reduced as soon as 1 hour after the surgery, but
then steadily increased through 6 weeks, although it remained lower than normal nerve. Distal to
the injury site, minimal changes in AD were observed, except for a minor decrease by 6 weeks.
In contrast to AD, RD was increased at the injury site immediately after the surgery, reached a
peak at 3 days, before decreasing closer to normal levels by 6 weeks. For the 3-mm distal ROI,
RD increased at 3 days and reached a peak at 3 weeks, yet was similar to normal nerve at 6
weeks. Since AD and RD demonstrated opposing trends, MD did not present with as many
changes. However, there were increases in MD, both at the injury site and distal to the injury,

from 3 days through 3 weeks.

6.3.2 DKI

Figure 6.3 shows maps of DKI parameters MK, AK, and RK for representative injured nerves at
each time point. First, kurtosis appears to be similar across time points for the proximal section
of the nerves. At the injury site, AK appears greatly increased after 1 hour and 3 days, before
falling close to normal levels. On the other hand, RK seems to steadily decrease until 1 week
post-surgery, then increase from 1 week to 6 weeks. Qualitatively, similar to AK, MK is

increased at the injury site for the early time points. Distal to the injury, AK appears to be

134



MK AK RK
1.2 1 2
' ! | ' ! | ' |
g > > > > 0.6 > > > » > 0.5 g ": >| ‘> > 1
| | 1 %
| (! | 1
1] (1] ‘ < 1]

1ih 3d 1w 3w 6w ith 3d 1w 3w 6w 1ih 3d 1w 3w 6w

FIG. 6.3. Representative DKI parameter maps of injured sciatic nerves. Parameter maps

of MK, AK, and RK (left to right) are shown for nerves from each group. Time points are

indicated below each nerve: 1h = 1 hour, 3d = 3 days, 1w =1 week, 3w = 3 weeks, and

6w = 6 weeks. White arrows point to the injury site for each nerve. Kurtosis is unitless.
increased at 3 days and 1 week, yet closer to normal at 3 weeks. Additionally, RK seems to
decrease beginning 3 days post-surgery, reach a low point at 3 weeks, and return back to normal
at 6 weeks. Changes in MK were not as apparent, although a decrease in MK is obvious at the 3-
week time point.

ROI means and group comparisons of DKI metrics MK, AK, and RK are demonstrated in

Fig. 6.4. MK in injured nerves remained similar to normal nerve, except for an increase 1 hour
post-surgery at the injury site and a decrease distal to the injury at 3 weeks. On other hand,
significant increases and decreases in AK and RK, respectively, were observed at the injury site.
AK was highest at the 1-hour time point and RK was lowest at the 1-week time point. Both
metrics returned closer to normal levels by 6 weeks, although they were still significantly
different compared to the control group. 3 mm distal to the injury site, significant increases in

AK were observed at the 3-day, 1-week, and 6-week time points and decreases in RK were

shown from 3 days through 3 weeks, with the lowest RK observed at 3 weeks.
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6.3.3 WMTI
WMTI parameter maps of representative nerves for each time point are displayed in Fig. 6.5.
First, looking at the proximal end, changes in these metrics are not visually apparent, except for a

slight decrease in F, at 3 days post-injury. At the injury site, noticeable decreases in F,, D,, and
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FIG. 6.4. ROI group comparison of DKI parameters MK, AK, and RK. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The 6 groups are represented with different colors: control = blue, 1 hour =
green, 3 days =red, 1 week = cyan, 3 weeks = magenta, and 6 weeks = yellow. The 3
location ROIs are indicated on the x-axis: P3 = 3 mm proximal to the injury site, Inj =
injury site, and D3 =3 mm distal to the injury site. Kurtosis is unitless. * denotes p < 0.05
and ** denotes p < 0.01 for comparison between the control group and each injury group.
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D, , and increases in D, were observed after 3 days. Also, D) and D, appear to return close to
normal by 6 weeks, yet F, and D, do not, although these metrics were trending towards normal.
Distal to the injury, F, and D, are noticeably lower than normal from 3 days through 3 weeks. In

contrast, D exhibited minimal differences compared to normal nerve. D. . appears to be

increased distal to the injury at the 3-day, 1-week, and 3-week time points.

u‘| LIy
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FIG. 6.5. Representative WMTI parameter maps of injured sciatic nerves. Parameter maps of F,,
D,, D, and D, (left to right) are shown for nerves from each group. Time points are indicated
below each nerve: 1h = 1 hour, 3d = 3 days, 1w = 1 week, 3w = 3 weeks, and 6w = 6 weeks.
thite arrows point to the injury site for each nerve. F, is unitless and diffusivities are in units of
pum/ms.

Figure 6.6 shows group comparisons of WMTI metrics for each ROI location and injury
time point. Group means at the 3-mm proximal ROI were similar to normal, except for a
decrease in F, and an increase in D, at 3 days. At the injury site, F, and D, were significantly
decreased at all time points, with the lowest at 3 days and the highest at 6 weeks. On the other
hand, D, was only decreased slightly 1 hour after injury and similar to the control group at all
other time points. D, at the injury site showed opposite trends compared to F, and D,, as it was

elevated from 1 hour through 3 weeks, with the highest value at 3 days post-injury. Lastly,
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considering the distal ROI, F, and D, were significantly lower and D, significantly greater from
3 days through 3 weeks, whereas no significant differences were observed in D, . Additionally,
although F, and D., were restored to normal values by 6 weeks, D, remained lower than normal

even at this late time point.
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FIG. 6.6. ROI group comparison of WMTI parameters F,, D,, De |, and D, .. Bar heights
represent the ROI parameter means across each group, with error bars spanning the mean
+ SEM. The 6 groups are represented with different colors: control = blue, 1 hour =
green, 3 days =red, 1 week = cyan, 3 weeks = magenta, and 6 weeks = yellow. The 3
location ROIs are indicated on the x-axis: P3 = 3 mm proximal to the injury site, Inj =
injury site, and D3 = 3 mm distal to the injury site. F, is unitless and diffusivities are in
units of um*/ms. * denotes p < 0.05 and ** denotes p < 0.01 for comparison between the
control group and each injury group.
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6.4 Discussion

The DTI results reported in Figs. 6.1 and 6.2 were generally in agreement with previous work. At
the injury site, FA was reduced immediately post-injury, driven by both decreases in axial
diffusivity and increases in radial diffusivity. This outcome could potentially be caused by a
disruption in axonal membranes, decreasing AD, and an influx of edema, increasing diffusivity
in all directions (but relatively greater in the radial direction). As anticipated, the distal portion of
the nerve remains unaffected at this short time point. At 3 days post-injury, which is
characterized by edema, inflammation, and axon and myelin degeneration, FA is reduced even
more at the injury site, despite a slight increase in AD, due to a large increase in radial
diffusivity. The increases in AD and RD signify the continued accumulation of fluid, with the
even greater increase in RD also indicating axon degeneration and demyelination may have
occurred. In the distal portion of the nerve, FA is decreased at 3 days, driven by a large increase
in RD. Since AD remained the same and RD, although increased, is still lower than at the injury
site, disintegration of axonal membranes and potentially demyelination, rather than edema,
appear to be the primary causes. From 3 days to 3 weeks, FA steadily increases at the injury site,
caused by a decrease in RD and an unchanging AD. From this, it is difficult to disentangle
whether the decrease in RD is caused by a decrease in edema, an increase in axonal membranes
and myelination, or both. 3 mm distal to the injury site, there is not much change in DTI metrics
between 3 days and 1 week, potentially indicating that most axonal degeneration has already
occurred. However, between 1 week and 3 weeks, a sharp increase in RD possibly signifies that
demyelination has occurred and axons have not regenerated far enough distally by 3 weeks. At 6

weeks, RD is much closer to that in normal nerve for both the injury site and 3 mm distal to it,
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indicating that axon regeneration and myelination may be mostly complete. However, even at 6
weeks, FA and AD remain lower than normal at the injury site and distal to the injury, possibly
meaning that there is increased axon dispersion or a reduction in the number of regenerated
axons compared with normal nerve. Lastly, although changes at the proximal ROI were minimal
as expected, there were slight increases in diffusivity at 3 days and 1 week, potentially due to
edema. Although changes in MD were observed, AD and RD are more insightful metrics in
tissue with highly anisotropic diffusion, such as peripheral nerve.

For the most part, DKI metrics in Figs. 6.3 and 6.4 showed opposing trends compared to
their corresponding DTI parameters. Generally, during nerve degeneration, increased AK seems
to correspond to axonal degeneration and decreased RK to demyelination, with the contrary true
for regeneration. This is in agreement with previous work comparing radial kurtosis and brain
myelination (Cheung et al., 2009; Kelm et al., 2016). Previous studies in brain imaging have
shown that DKI metrics are more sensitive than DTI metrics. In this case, RD and RK exhibited
similar sensitivity to microstructural changes, yet AK showed slightly increased sensitivity over
AD to changes between each time point (based on rank-sum test between each group, data not
shown). Also, at the proximal ROI, diffusivity changes outweighed changes in kurtosis,
potentially indicating that kurtosis was less sensitive to the presence of edema. Additionally, the
kurtosis values for this study were much lower than those observed in brain white matter. This
can presumably be attributed to the larger axons present in peripheral nerve, causing the
diffusion displacement distribution to be less peaked, resulting in lower kurtosis. Finally,
although DTI and DKI parameters were highly sensitive to the underlying microstructural
changes accompanying peripheral nerve injury and repair, these single compartment models

demonstrate limited specificity.
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In contrast to DTI and DKI, the WMTI metrics shown in Figs. 6.5 and 6.6 ideally
characterize the intra- and extra-axonal spaces separately. F, showed trends similar to radial
kurtosis, indicating sensitivity to axonal loss and demyelination (since myelin is not accounted
for in the WMTI model, a loss of myelin will increase non-axonal space, decreasing the axon
water fraction). Additionally, even at 6 weeks, F, is still lower than normal at the injury site, yet
near normal distal to the injury, potentially indicating the presence of some edema or
inflammation at the injury location. Large decreases in D, were observed at the injury site just
after surgery, most likely due to the severance of axon membranes. D, reached its lowest value
after 3 days at the injury site and after 1 week at the distal ROI, indicating that D, was sensitive
to the progression of axon degeneration. Additionally, minimal change in D, occurred between 3
and 6 weeks, signifying that the remyelination occurring then had little affect on this metric.
Therefore, D, appears to be specific to axon injury and degeneration/regeneration. Also, after 6
weeks, D, remained lower at the injury site and distal to the injury, possibly signifying increased
axonal dispersion after regeneration. D remained mostly the same across ROIs and time points,
However, an increase in D, in the proximal ROI after 3 days suggests that D, may be sensitive
to edema, although this appears to conflict with a lack of change in this metric observed at the
site of injury. Changes observed in D, were quite similar to those seen in RD. Considering that
the changes in RD are attributed to the breakdown of axonal membranes and subsequent
demyelination, making the intra-axonal space much smaller, changes in the extra-axonal radial
diffusivity should theoretically be similar to those observed in the overall radial diffusivity. It
should be noted that in a small percentage of voxels, due to relatively low SNR, estimation of the
extra-axonal diffusion tensor failed, producing erroneous values for D, and D, . (visually

apparent in Fig. 6.5).
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Generally, DTI, DKI, and WMTT all demonstrated sensitivity to the progression of nerve
degeneration/regeneration after a transection injury and repair. Although not inherently specific
to tissue microstructure, DTI metrics AD and RD did show strong associations to axon and
myelin structure, respectively. However, particularly near the injury site, edema appears to be a
confounding factor in the interpretation of AD and RD (as well as FA), as has been previously
observed (Boyer et al., 2015). In this study, DKI metrics did not seem to provide much additional
information over conventional DTI metrics, except moderate improvements in sensitivity to
changes in axon structure between time points with AK. WMTI did appear to provide improved
specificity over DTI and DKI, in particular, D, seems more specific to changes in the axon
microstructure, even in the presence of confounding factors such as edema.

One primary limitation of this study is the absence of histology to correlate with DWI
metrics. Although difficult to obtain, histologic measures of axon and myelin microstructure
would provide validation for the proposed relationships between these DWI models and the
underlying tissue. Even though previous studies have reported histological analyses of the
Wallerian degeneration/regeneration process, the ability to directly compare DWI and
histological results in the same nerve would be beneficial in future studies. Another limitation is
that DWI was performed on excised ex vivo nerve, requiring different animals for each time
point, as opposed to a longitudinal study in the same animal across time. Although this would be
a more ideal approach for assessing nerve repair, collecting DWI data in rat sciatic nerve in vivo
remains challenging due to time constraints and relatively poor resolution. Additionally, the
nerves in this study exhibited lower 75 than expected, possibly due to prolonged fixation, which

reduced SNR. Obtaining higher SNR DWI images, whether through higher nerve 7, or longer
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scan times (scans were limited to overnight or 12 hr for this study), would help improve DKI and

WMTI parameter estimates.

6.5 Conclusions

DTI, DKI, and WMTI models provided sensitive measures to each stage of degeneration and
regeneration following acute peripheral nerve injury and repair. This study was the first to utilize
DKI and WMTT in the assessment of peripheral nerve. DKI metrics did show slightly increased
sensitivity compared with DTI to microstructural changes, yet the practical value of using DKI
over conventional DTT in this particular tissue model is questionable. On the other hand, the
intra-axonal diffusivity derived from WMTI did appear to demonstrate increased specificity to
axon structure, making it a potentially useful tool for future studies evaluating peripheral nerve
injury. Future work focused on quantitative histological validation of DWI metrics in acute
peripheral nerve injury would be beneficial in elucidating the relationship between these metrics

and the underlying microstructure.
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Conclusions

The objective of this work was to provide thorough evaluation and validation of advanced DWI
models, DKI and WMTI, in a variety of neural tissue models related to clinically-significant
neurological conditions. Previously, experimental evaluation of these imaging methods was
limited, so this work seeks to fill in that gap, offering improved insight into what these metrics
actually mean in a practical setting and how they can be applied for future assessments of neural
tissue.

First, these DWI models were evaluated in hypo- and hypermyelinated adult mouse brain
through comparisons to other myelin-specific MR methods and extensive EM measurements of
axons and myelin morphology. From this work, it was determined that DKI offered improved
sensitivity over DTI in distinguishing between varying levels of brain myelination, as well as,
provided complementary information regarding diffusion in the intra- and extra-axonal space.
WMTI demonstrated increased specificity to white matter microstructure, including axon
fraction and myelin thickness. This work was the first to implement 3D DKI and WMTI imaging
protocols for the study of mouse brain, as well as compare DKI and WMTI metrics to
morphometric EM measures of axons and myelin.

Second, the advanced DWI models were assessed in both normally-developing and
abnormally-developing mouse brain with histological validation. This work verified the

relationship between DWI metrics and myelination shown in adult mice, making these
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associations more widely-applicable to other studies of brain white matter. Again, DKI exhibited
improved sensitivity over DTI, with a better ability to distinguish microstructural changes
between different ages during development. Also, the biophysical WMTI model provided
specificity to axon fraction and myelin thickness. This was the first study to evaluate DKI
metrics in developing brain with EM histological validation. Additionally, this was the first work
to examine WMTI parameters during this stage of brain development. Finally, this study was the
first to provide tract-based measures of other myelin-specific MR measures in mouse brain, as
well as, across brain development in general.

Lastly, DTI, DKI, and WMTI metrics were evaluated in an animal model of acute
peripheral nerve injury and repair, providing sensitivity to each stage of degeneration and
regeneration. DKI showed slightly increased sensitivity over DTI, yet WMTTI intra-axonal
diffusivity provided increased specificity to axon structure, making it potentially useful for future
studies assessing peripheral nerve injury. This study was the first to evaluate peripheral nerve

with DKI or WMTIL.

7.2 Future Directions

There are multiple future directions stemming from this work. One such aim would be to expand
upon the evaluation of the transgenic mouse models utilized in this work. This could include the
translation of the imaging methods presented to in vivo imaging, allowing for longitudinal
evaluation of mice across abnormal development, which would provide additional insight into
the microstructural changes that are occurring. Additionally, this could provide for improved

evaluation of potential treatments for tuberous sclerosis complex.
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Another future direction would be the application of these DWI methods to other mouse
models of neurological disorders and disease. Now that the relationship between these imaging
metrics and tissue microstructure is better established, these DWI methods could be useful in
providing noninvasive evaluation of the vast number of transgenic mouse models utilized in
neuroscience research. Additionally, applying these DWI methods in a variety of animal models
will help improve understanding of the metrics themselves and how they may be useful in a
clinical setting, where the conditions may be more complex and confounding factors are more
common.

Finally, it would be useful to provide histological validation of the DWI metrics in
peripheral nerve injury. Having direct comparisons of the DKI and WMTI parameters to
quantitative measures of axons, myelin, and intra- and extra-axonal spaces in the same nerve
would provide confirmation of hypothesized relationships between DWI and injured peripheral
nerve.

Overall, this dissertation provided significant advancement in the experimental
knowledge of the DKI and WMTI models and how they can be useful in detecting neurological

diseases and disorders, as well as, evaluating potential treatments.
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