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ABSTRACT
Diffusion tensor magnetic resonance imaging (DTI) is an MRI technique that takes
advantage of the natural Brownian motion of water in the brain and uses it to elucidate
information about the microstructure of the brain by allowing the water molecules to
diffuse for a sufficient time, probing the local environment. In this body of work we use
DTTI to study the development of the brain through childhood, adolescence and young
adulthood, with nearly 200 subjects between the ages of 5 — 27 years. We use quantitative
measures of mean diffusivity (Trace/3 ADC) and fractional anisotropy (FA) to determine
patterns of development within gray matter and white matter structures. This is
accomplished with two analysis techniques: manual region of interest and automated voxel-
by-voxel analysis (e.g. statistical parametric mapping, SPM). This large DTI dataset is a
valuable tool for comparative studies of various neurologic, cognitive and genetic disorders

that affect the brain’s connectivity.
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Chapter 1 ¢ Introduction to Thesis

1.1 — Introduction

Nuclear magnetic resonance (NMR) has evolved into one of the most exciting medical
technologies of our time, Magnetic Resonance Imaging (MRI). MRI is a non-invasive
medical imaging technique that has the ability to image the whole body. Diffusion tensor
magnetic resonance imaging, or more commonly referred to as diffusion tensor imaging
(DTI), is a newer technique designed to image the brain, providing information from the
restricted Brownian motion of the water in the brain due to natural tissue barriers. The
diffusion tensor is defined by multi-directional diffusion weighted imaging (DWI). The
effect of diffusion on the NMR signal was first described in 1950 (Hahn, 1950) in the first
paper on spin echoes. It was later observed that the self-diffusion coefficient as measured
by spin echoes was dependent on the parameters of the experiment; in particular, the time
between the excitation pulse and the inversion pulse seemed to have a strong bearing on the
diffusion coefficient (Woessner, 1963). The idea of using a pulsed gradient as opposed to
continuous gradients was proposed in 1965 (Stejskal and Tanner, 1965; Stejskal, 1965),
which was advantageous because it offered more control over the experiment, such as how
much time the water was allowed to diffuse. Despite MRI being operational in the 1970s,
MRI and diffusion were not put together until the mid 1980s (Wesbey et al., 1984a;
Wesbey et al., 1984b; Taylor and Bushell, 1985; Le Bihan et al.,, 1986). Two
groundbreaking papers were published in 1990: one on the detection of anisotropic
diffusion in the nervous system (Moseley et al., 1990a) and another on the early detection
of ischemic stroke in cats (Moseley et al., 1990b), where it was found that the water
diffusion drops very early in the ischemic event, which standard T2-weighted imaging

methods failed to identify, allowing for earlier detection of stoke.

The most attractive reason to use DTI is the fact that it probes the microstructure of the
brain’s white matter. By allowing the water molecules to diffuse for sufficient time, they

probe the local environment, and thus we can infer microstructural properties of the brain

1
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tissues (Basser, 1995). Differences in DTI measures between controls and subjects are
thought to be caused by increases in myelin, and/or white matter fibre tract density. Thus it
is an ideal tool for studying brain injury and diseases which specifically affect white matter.
Since the discovered use of DWI in stroke, it has been used to study a plethora of brain
injuries, diseases, and normal processes. These include multiple sclerosis, Alzheimer’s
disease, schizophrenia, autism, epilepsy, ALS (amyotrophic lateral sclerosis), dyslexia,
tumors, HIV (human immunodeficiency virus), and normal brain development, to name a
few (Sundgren et al., 2004; Kubicki et al., 2005; Barnea-Goraly et al., 2004; Tucker et al.,
2004; Neil et al., 2002).

The use of DTI in neurodevelopment can provide more detailed information than was
previously available. Before the wide use of medical imaging techniques, post-mortem
studies were the main method of studying the brain (Flechsig, 1901; Benes et al., 1994;
Yakovlev and Lecours, 1967). However, normal development is a tricky subject to study
post-mortem because of the small number of subjects without complicating diseases,
especially in a young population. Standard T1-weighted imaging studies find limited age
related changes in the white matter (Paus et al., 1999; Thompson et al., 2000). DTI allows
for the comprehensive study of neurodevelopment in vivo, paving the way for studies of a
population of young subjects without the complicating factors surrounding death at a young

age.

In this investigation DTI is used for the study of “normal” neurodevelopment from 5 years
to 27 years of age in male and female subjects with no history of psychiatric disorder or
neurological injury. We examine the complex structural and temporal changes occurring in
the brain through early childhood, adolescence and into young adulthood. Chapter 1
provides an overview of the principles of diffusion imaging, white matter fibre structure, as
well as the known progression of development in the brain. Chapter 2 presents the results
of a study comparing the child brain (8 — 12 years of age), and the young adult brain (21 —
27 years of age) (Snook et al., 2005). Chapter 3 presents a comparison of two commonly

used analysis techniques in DTL. Chapter 4 presents work in progress of neurodevelopment
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covering the whole span of 5 years to 27 years, adding to Chapter 2 a group of younger
children and a group of adolescents. Chapter 5 presents a discussion of the individual
studies as a whole and provides conclusions, including potential future work and

applications of both DTT itself and in the context of neurodevelopment.

1.2 — Principles of Diffusion Tensor Imaging

1.2.1 — Diffusion Physics

Molecular diffusion is the process by which molecules display random spontaneous
movements. Robert Brown first observed this, in the 19™ century, while studying the
fertilization process in a particular species of flower. He observed the pollen in water
through a microscope and observed rapid motion of the particles. He went on to observe
the same phenomenon in the pollen of other species of flowers, and then many organic and
inorganic materials. While this random motion was originally thought to arise from the
fact that the particles were alive, Brown refuted this, believing that the particles simply
underwent rapid, irregular motions (Nelson, 1967). This microscopic process was further
quantified by Einstein nearly 100 years later (Einstein, 1956). Einstein’s relation describes
the time-distance relationship for a particle undergoing diffusion in free space:

Do gl;‘ 2 (1.1)
where D is the diffusion coefficient, T is the time the particle undergoes diffusion, and r* is
the mean square distance traveled in time 1. The diffusion coefficient is dependent upon
molecular weight, viscosity, temperature, and the local environment (Berg, 1983). In a
human system, weight, viscosity and temperature are assumed to be constant in the time
frame of a DTI experiment. Thus, we can interpret the diffusion tensor solely in terms of

the structure of the local environment (Beaulieu, 2002).

Diffusion in free space is called isotropic diffusion, as it is free to diffuse equally in all

directions. However, if there are highly organized barriers to motion, the particles will
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move preferentially parallel to these barriers. This directionally dependent diffusion is
termed anisotropic diffusion. In such cases it is much more useful to view diffusion from a
macroscopic perspective. From Fick’s first law, we see the relation for a group of moving

particles:
J =-DVC(r) (1.2)

where J is a vector representing the flux of particles, D is now diffusion in the direction of
particle flux, and C(r) is a function describing the concentration of particles at a given
position r (Berg, 1983). Hence, macroscopic diffusion is proportional to the gradient of the
particle concentration; the negative sign on the right hand side of equation (1.2) indicates
that particles tend to move from areas of higher concentration to areas of lower
concentration. The change in this concentration over time is governed by Fick’s second
law:

oC(r)
ot

=DV*C(r) (13)
The standard method of measuring diffusion in biological systems is to introduce a labeled
material in order to establish a concentration gradient, and then determine the rate at which
the labeled material is transported along the gradient. However, this method may alter the
system of interest, as we are introducing a foreign material. DWI avoids these issues by
measuring the self-diffusion coefficient. The magnetic field gradient labels one species of

atomic nuclei in the system as a function of their position along the gradient (Cooper et al.,

1974).

1.2.2 — The Effect of Diffusion on Transverse Magnetization

The simplest method of measuring diffusion in MRI is with the spin echo experiment
(Hahn, 1950). In this pulse sequence, a 90° excitation pulse is applied, the spins are
allowed to dephase in the x,y, plane, and then a 180° refocusing pulse is applied to create

the echo (Figure 1.1). Equal diffusion sensitizing gradients are placed on either side of the
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180° pulse, as per Stejskal and Tanner, 1965). These gradients are applied in a specific

Cartesian direction, and are able to demonstrate the diffusion along that one direction.

90°, 180°,

RF

TE2
Gradient S
)
A

Figure 1.1 — Stejskal-Tanner spin echo sequence showing gradient length (8), gradient height (G), time

between diffusion gradients (A) and time between RF pulses (TE/2, where TE is the echo time).

The effect of diffusion on this pulse sequence is a partial refocusing of the spins, due to the
distance traveled in the time between gradient pulses. This is best described visually

(Figure 1.2). Non-stationary spins will not refocus perfectly because they are displaced

within the gradient field, resulting in an attenuated spin-echo.

Figure 1.2 — The effect of diffusion on transverse magnetization. In the ideal stationary case, spins i and j
refocus completely for a maximum spin echo. However, in the case where the spins are moving, they

experience differing levels of the gradient fields causing an attenuated spin echo.
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1.2.3 — Bloch-Torrey Equations

The rate of change of the magnetization vector with time can be described by combining
Fick’s second law and the Bloch equations (Torrey, 1956) which describe the behaviour of
a nuclear spin in a magnetic field. Ignoring terms of flow and drift, the Bloch-Torrey

equations are:

M _ y(M(t)x B(r,t))- M +M,)) + (M, —f\lz)k +

ot T,

DVIM (1.4)

where v is the gyromagnetic ratio, M is the net magnetization, My, are the magnetization

in their respective Cartesian directions, 17,},/—5 are the unit vectors, T, is the transverse
relaxation time, T, is the longitudinal relaxation time, and D is the diffusion tensor. Note
that B(r,t) ~ B, since By and B, are effectively zero, therefore; B(r,t) = B, + (G-r). The

Bloch-Torrey equations can be solved to show:

S(t) =S, (t)(—;/2 .[:{ [J’:G(t")dt”}.D.[ﬂ'G(tvv)dt':} }dt'j (1.5)

where S(t) is the echo amplitude in the presence of gradients, and Sy(t) is the echo
amplitude in absence of gradients, and G(t) is the applied diffusion gradient. Assuming
linear gradients, and the absence of local background gradients (i.e. Gy = 0), then we can
solve this equation in terms of the constants as defined in Figure 1.1.

SO\ 2520200 8/\D = —
h{so(t)j y252G (A A)D bD

(1.6)

Here we define ‘b’ as the gradient factor (Le Bihan et al., 1986), and (A-6/3) is the effective
diffusion time (Stejskal and Tanner, 1965). The diffusion coefficient in MRI is referred to
as the apparent diffusion coefficient (ADC), for a few reasons: firstly, water is not
diffusing freely, and secondly it is an indirect measure of the diffusion coefficient since in

each volume element (voxel) measured in an MRI experiment there is not only many

6
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millions of water molecules, but also the possibility for multiple tissue types (gray matter,
white matter and/or cerebrospinal fluid) as well. Thus, the diffusion coefficient as

measured by DWI is dependent on the interactions of the diffusing molecule in its

environment. ADC is the slope of a graph of ln( 5(

t .
) versus gradient factor, b.
o(®)
Determining an appropriate b value is important for achieving reliable and accurate
measures of the ADC. Xing et al determined that the optimum value for the gradient factor

depends on the diffusion coefficient (Xing et al., 1997):
AbD =1.1 (1.7)

where Ab = b — b0, is the difference between the b-value of a non-diffusion weighted image
(b0 ~ 0 s/mm®) used to acquire So(t), and the diffusion weighted images (b # 0 s/mm?).
Diffusion coefficients (D) of water in biological tissues are of the order of 10 mm?/s, thus
Ab should be on the order of 1000-1500 s/mm” (Le Bihan et al., 2001). Let us consider the
case of Ab < 1000 s/mm?; since b is proportional to the effective diffusion time, for small b
values we are not allowing the spins to dephase for very long, thus we are forced to
estimate the ADC based on a very small difference. However, in the case of Ab > 1000
s/mm’, once we reach the physical limits to increase G (since b is also proportional to the
square of the gradient strength) we need to increase either & or A, thereby increasing the
echo time (Figure 1.1). By increasing TE we allow the signal to attenuate due to spin-spin
(T,) relaxation (Neil, 1997). Also, at high b the diffusion decay is non-linear, thus equation
(1.6) fails, and ADC can no longer be estimated from the slope. Thus, in the DTI
experiment, typically a value of b, = 0 s/mm” is used and then b, ranges anywhere from
700 — 1000 s/mm> (in reality, a number of studies use b, values between 400 and 700

s/mm?, although far from ideal).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2.4 — The Diffusion Tensor

Up to this point we have been discussing the basic science behind diffusion weighted
imaging (DWI). By applying the gradients as per Figure 1.1 in multiple directions, we can

define a diffusion tensor of rank 2 which will describe diffusion in 3-dimensions (D).

xx xy xz
ef _
p¥ =\p, D, D, (1.8)
sz Dzy Dzz

For Gaussian diffusion, this tensor is symmetric: Dy, = Dy, Dy, = D,y and Dy, = D, (Basser
et al., 1994a). Therefore, it can be fully defined by applying the diffusion gradients in 6
non-coplanar directions as well as one without diffusion sensitizing gradients in order to
acquire Sg(t) and solve equation (1.6). Once the diffusion tensor is obtained, we
diagonalize the tensor (equation 1.9) to determine the diffusion ellipsoid (Figure 1.3)
(Basser et al., 1994b).

2, 0 0
D=0 4, O (1.9)
0 0 A
8
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| 59

Figure 1.3 — Diffusion illustration in two types of media: a) a sphere representing isotropic diffusion, all

eigenvalues are equal in magnitude, b) an ellipsoid representing anisotropic diffusion, A; > A,, A.

The tensor has three eigenvectors (v;, v, and vj) and their associated eigenvalues (A1, A,
and A;). The eigenvalues are then sorted from largest to smallest. By transforming the
coordinates of the ellipse in this way, the ellipse becomes useful in the physical
interpretation of the diffusion tensor. The major axes of the ellipsoid are the mean
diffusion distances in the three principle directions of diffusion. The largest eigenvalue
(A1) 1s assumed to be along the axon, giving us an idea as to the directionality of the fibre
tract. The 2 smaller eigenvalues (A,, A3) are perpendicular to the axon and give us an
indication of the density of fibres in the local environment. Thus, in the imaging of white
matter tracts in the brain, the ellipsoid represents the fibre tract direction and the mean

diffusion distances (Basser et al., 1994b).

From the eigenvectors and eigenvalues we can derive several quantities with which one can
extract information from the diffusion tensor. The two most common measures of interest
are mean diffusivity, which characterizes the mean diffusion distances (i.e. the relative size

of the diffusion ellipsoid), and the degree of anisotropy, which characterizes the
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directionality of water diffusion due to highly organized barriers within the local

environment (i.e. quantifies the eccentricity of the ellipse) (Le Bihan et al., 2001).

For mean diffusivity to be a true evaluation of the mean diffusion in a region, it must be
invariant, in other words, it must be independent of the orientation of the reference frame

(Basser et al., 1994b). One of those combinations is the trace of the diffusion tensor (Trace

ADC) (equation 1.10). The mean diffusivity <D> is then given as Trace/3 ADC, where:

(D) = Trace ADC Ay + 2, + 44 (1.10)
3 3

Several indices have been suggested to measure the degree of anisotropy. However, the

most commonly used, and again invariant, measure is the fractional anisotropy (FA).

FA:\/E \/(ll—<D>)2 +(12_<D>)2+(/13—<D>)2 (1.11)
2 JoE 242

The FA index is a dimensionless constant which measures the fraction of the diffusion
tensor that we can ascribe to anisotropic diffusion (Basser and Pierpaoli, 1996). For the
situation of isotropic diffusion, FA =0 (i.e. A; = A;=A3). For highly anisotropic diffusion,
FA approaches 1 (i.e. A,;>> A, A3).

1.2.5 — Single-Shot EPI DTI sequence

Commonly, echo-planar imaging (EPI) sequences are used for DTI in order to decrease
acquisition time. Unlike single line acquisition strategies used in conventional imaging, all
the information is encoded in a single step (Mansfield, 1977; Schmitt et al., 1998) by

creating a train of spin echoes after only one excitation pulse (Figure 1.4).
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4 e
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Figure 1.4 — Single-shot echo-planar diffusion imaging sequence. Letters in red show k-space trajectory (see

Figure 1.5).

Figure 1.5 — K-space trajectory for single-shot EPI sequence. Letters in red represent the order of k-space

point collections, as determined by the pulse sequence (see Figure 1.4).

The echo train allows for the collection of all points of k-space with only one excitation
pulse. With conventional imaging, multiple rf / phase sampling repetitions are required,
acquiring only one line of k-space per excitation pulse (Figure 1.5). The positive-negative

read gradients take us back and forth through k-space, in the frequency read-out, while the
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small pulsed phase gradients bring us up one line in the phase direction for each full line in

the frequency direction.

While EPI is preferred because it minimizes the appearance of ghosting artifacts arising
from the motion of the subject (Turner et al., 1990), there are two major drawbacks to this
technique. Firstly, EPI is prone to problems with geometric distortions and susceptibility
artifacts. While every effort is made to make the magnetic fields of an MRI homogenous,
there will always be some inhomogeneities. The amount of local distortion in an image is
proportional to both the amount of field inhomogeneity and the data acquisition time
(Schmitt et al., 1998). With a small amount of inhomogeneity in a conventional imaging
sequence, this is fairly minimal, but with the extended read-out period of single-shot EPI,
this can be a major issue. And it is particularly a problem in regions of large magnetic
susceptibility differences, such as the sinus cavities, and at the base of the skull (Ito et al,,
2002). Secondly, eddy current effects are of a concern due to the large diffusion sensitizing
gradients. A distortion correction scheme for more robust tensor estimation has been
suggested (Mangin et al., 2002) to deal with this particular issue. Or, more recently, a
twice-refocused spin echo sequence was proposed (Reese et al., 2003) that greatly reduces
the eddy current distortions (Figure 1.6) which normally vary substantially with diffusion
gradient direction. Using this method, no postprocessing is needed to correct for eddy

current distortions.

refocus refocus

A

Read . 8, /////// %/\/\/\/\/\/\/\/\/\/\A
s O s, VAVAVATRVATAVAVAVAY

Figure 1.6 — Twice-refocused spin echo sequence for eddy current correction. The length of the first two

D

-

diffusion gradients is equal to the length of the second two gradients (6, + 8, = 8; + 8,). Slice and phase

gradients are not shown, but would be similar to those of Figure 1.4.
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In this study, we are using a Siemens Sonata 1.5T MRI scanner, using the twice-refocused
single shot EPI method. One set of DWI images is acquired with no diffusion weighting
(le.b=0 s/mm?) and 6 sets are acquired at b = 1000 s/mm? in the following non-coplanar
directions: (x,y,z) = (1,0,1), (-1,0,1), (0,1,1), (0,1,-1), (1,1,0) and (-1,1,0). Some sample
raw DWI images, Trace/3 ADC maps and FA maps are presented in Figures 1.7, 1.8 and
1.9 respectively. Note the homogeneity of the Trace/3 ADC maps (although this is not true
of neonates (Miller et al., 2003)) as compared to the heterogeneous FA maps. Thus, the FA

maps better define the white matter tracts from the cortical gray matter regions.

(0,1.1)

Figure 1.7 — Raw DWI images for a 22 year old male subject. a) b =0 s/mm’, b) all six images at b = 1000

s/mm’, with diffusion gradient directions marked in top right corner.
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Figure 1.8 — Mean diffusivity (Trace/3 ADC) maps for a 22 year old male subject.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Maps of the degree of anisotropy (FA) for a 22 year old male subject.
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1.3 — Brain Tissues and the Known Progression of Neurodevelopment

1.3.1 — Structure of White Matter

The brain is made up of 3 main tissue classes: white matter, gray matter and cerebrospinal
fluid (CSF). Gray matter is composed of millions of neurons, and when viewed after
dissection, appears pinkish-gray. White matter is composed of the axons extending from
the gray matter neurons, covered in a myelin sheath (Figure 1.10) and many white matter

axons together form a white matter fibre tract, also known as a fasciculus.

Gray Matter White Matter

nucleus N
li <
mye 'ln oligodendrocyte
cell body : & T
axon node of Ranvier
dendrites

- e - o - ——

Figure 1.10 — Diagram of a neuron. The axons leading away from the cell body form the white matter. Many

of these axons combined form a white matter fibre tract.

White matter fibres can be from 1 mm to 1 meter in length, with axon diameters ranging
from 0.2 — 20 um (Filley, 2001). In general, the larger the axon diameter, the faster nerve
impulses can travel down the axon. However, myelination of the axons greatly increases
the speed of nerve impulse conduction without taking up too much space (take for example
the unmyelinated giant squid axon of 500 pm diameter versus the myelinated frog axon of
12 pm diameter which both have conduction speeds of 25 m/s (Barkovich, 2000)). This is
accomplished by the fact that the sodium channels occur only at the nodes of Ranvier. The
myelin layer has a very high resistance, so electrical impulses flow along the axon and out
the next node Imm or farther away. The increased diameter decreases the capacitance of

the axon, allowing for fast conduction of action potentials.
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Myelin is formed by oligodendrocytes in the central nervous system (CNS).
Oligodendrocytes are neuroglia cells (or glia). Glia are far more numerous than neurons in
the brain, however their purpose is not fully understood. They may provide nutritional,
ionic and mechanical support as well as regulate neuronal shape and synaptic activity
(Greenstein and Greenstein, 2000). The one well supported theory of glia function is in the
formation of myelin (Lindsley and Holmes, 1984). During development the
oligodendrocytes send out processes. When a process encounters an axon it wraps itself
around that axon, thereby creating a myelin sheath. The myelinated sections are separated
by small segments of unmyelinated bare axon, called nodes of Ranvier. A myelinated axon
will contain many layers of myelin. Myelin forms lipid bilayers (i.e. two lipid layers
separating long chain fatty acids) (Barkovich, 2000). One oligodendrocyte may provide
myelin to many axons (Greenstein and Greenstein, 2000). These complex fasciculi create a
substantial barrier to the motion of water. Logically, then, water will diffuse greater in
directions parallel to these tracts, and less in directions perpendicular (Beaulieu, 2002). It

is this anisotropic diffusion that we measure with DTL

Myelin accounts for 50 — 60 % (by weight) of white matter in the CNS (Hildebrand et al.,
1993). However, in all white matter structures, there exist some unmyelinated axons. The
exact proportion of myelinated to unmyelinated axons is not well documented. For
instance, one light microscopy study suggested that the corpus callosum has very few
unmyelinated fibres, except in the genu, where they formed approximately 16% of the
structure (Aboitiz et al.,, 1992). However, it has been suggested that microscopy results
underestimate the total portion of unmyelinated fibres (Jancke and Steinmetz, 2003), and
that electron microscopy shows that half or more of all callosal fibres are unmyelinated
(Innocenti, 1986).
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1.3.2 — Organization of White Matter in the Brain

White matter makes up about 40 — 50 % of the brain tissue by volume in an adult brain.
These white matter fibre tracts can be organized into 3 main groups: projection,

commissural and association fibres (Filley, 2001).

1.3.2.1 — Projection Fibres

Projection fibre tracts are the long fibres that run between the spinal cord and the lower
brain (called coticopetal) and those that run in the opposite direction (corticofugal). Some
common examples of these fibres include the thalamocortical connections, which link the
thalamus with the somatosensory and the visual cortices, and the corticospinal tracts, which

connect the motor cortices with the lower motor areas (Filley, 2001).
1.3.2.2 — Commissural Fibres

Commissural fibres connect the two hemispheres of the brain. The most common and
important commissural fibre tract is the corpus callosum. Other examples include the

anterior commissure and the hippocampal or fornical commissure (Filley, 2001).
1.3.2.3 — Association Fibres

Association fibres connect cortical areas within one hemisphere. There are 2 types of
association fibres: the short or arcuate (U fibres) and the long fibres. The short fibres
connect adjacent gyri, while the long fibres connect cortical areas which are further apart.
The long fibres include the arcuate fasciculus, inferior fronto-occipital fasciculus, and
cingulum to name a few. Interestingly, the long association fibres are all known to
terminate in the frontal lobes, thus organizing the brain to facilitate frontal lobe interactions

with all other cortical areas (Filley, 2001).
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In DTI, the anatomical orientation of the fibres is often demarcated by a colour map, where
green represents anterior-posterior, red represents left-right and blue represents superior-

inferior oriented fibres.

1.3.3 — Some Important Brain Structures

1.3.3.1 — Corpus Callosum

The corpus callosum is the largest white matter tract in the brain (Filley, 2001). It is a wide
band of fibres running left-right which connects homologous cortices of the left and right
hemispheres, making it a commissural fibre. It allows for communication among sensory,
motor and association areas, and is essential for the integration of information (Lindsley
and Holmes, 1984). Thus, it is an important structure for sensory experience, memory and

learned behaviour (Greenstein and Greenstein, 2000).
1.3.3.2 — Brain Stem

The brain stem is the structure through which all projection fibres travel in order to pass
sensory and motor information to and from the brain and spinal cord. It is a very complex
structure, which contains the reticular formation: a complex and dense network of nerve
cells, as well as the cranial nerves. The brain stem consists of the medulla, the pons and the
midbrain. The medulla is involved in the cardiovascular and respiratory systems. The
pons is also involved with respiration, making the respiratory rhythm smooth and regular
(Lindsley and Holmes, 1984). The midbrain (containing the cerebral peduncles) receives
the occulomotor and trochlear nerves. It is also involved with dopamine regulation in the
brain (Greenstein and Greenstein, 2000). The cerebral peduncles each contain a large fibre
bundle that travels down the entire length of the spinal cord, called the cortico-spinal tract

(Lindsley and Holmes, 1984).
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1.3.3.3 — Internal and External Capsules

The internal and external capsules are projection fibres that come up from the brain stem.
The internal capsule is formed by two parts: the anterior limb which is concerned with
thalamic radiation, as well as carrying connections between the frontal lobes and the pons,
and the posterior limb, which is concerned with motor pathways and somatosensory
pathways (Greenstein and Greenstein, 2000). The external capsule is not a very well
documented fibre tract, and is sometimes referred to as projection fibres and sometimes as
association fibres. However, recent histological research has shown that it is in fact
projection fibres that connect up with the fibres of the posterior limb of the internal capsule

before entering the brain stem (Haghir et al., 2001).
1.3.3.4 — Corona Radiata and Centrum Semiovale

These are also projection fibres that continue on from the internal capsule (Greenstein and
Greenstein, 2000). The fibres of the corona radiata fan out into the cortex after coming out
of the internal capsule, and the centrum semiovale is a continuation of this even higher in

the brain (Filley, 2001).
1.3.3.5 — Inferior and Superior Fronto-Occipital Fasciculi

These are association fibre bundles. The inferior runs between the occipital and frontal
lobes, and the central portion of it is bundled with the uncinate fasciculus. The superior is
more complex, and connects the parietal and frontal lobes involved with visuospatial
perception, as well as the parietal with the prefrontal and the cingulate gyrus and is

involved with spatial attention (Filley, 2001).

1.3.3.6 — Inferior and Superior Longitudinal Fasciculi

These are association fibre bundles. The inferior (like the inferior occipito-frontal
fasciculus) runs between the temporal and occipital lobes, connecting the gray matter areas

involved in face and object recognition. The superior connects the occipital and frontal
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lobes. Part of the superior longitudinal fasciculus is the arcuate fasciculus, which breaks
off from the main bundle to connect to the temporal lobe (Greenstein and Greenstein,
2000). It is thought that the arcuate fasciculus is highly involved in language skills
(connecting the Wernicke’s and Broca’s language areas) (Dronkers and Baldo, 2001).

1.3.3.7 — Limbic System

The limbic system is a group of structures that borders the thalamus and hypothalamus.
The structures in this system are the amygdala, the hippocampus, the septum, the fornix,
the hypothalamus, the mammillary body, the uncinate and the cingulate gyrus (Greenstein
and Greenstein, 2000). The limbic system is known to be involved with emotions,

personality, learning and memory.
1.3.3.8 — The Cerebellum

The cerebellum is a mass that emerges from the peduncles of the components of the brain
stem. It is the only structure of the brain that is not separated into two hemispheres. It is
made up of gray matter, white matter, deep nuclei and masses of input and output fibres. It
receives connections from the cortex, brain stem and auditory system. It is involved with

fine motor control and coordination (Lindsley and Holmes, 1984).

1.3.3.9 — Thalamus and Basal Ganglia

The thalamus is a gray matter structure that acts as a “relay station”. Myelinated fibres
pass in and out of it to the sensory areas, cortex, cerebellar nuclei and reticular formation to
name a few. The main purpose of the thalamus seems to be to process information as these
fibres pass through (Lindsley and Holmes, 1984). The substantia nigra is the motor center

of the thalamus.

The lentiform is made up of the globus pallidus and the putamen. The putamen and the

caudate together are named the corpus striatum. All of these together form the basal
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ganglia. They form connections with the thalamus, with fibres moving around and through
the internal capsule. The basal ganglia are involved with motor function (Lindsley and

Holmes, 1984).

Combining the thalamus and the basal ganglia we get many circuits of information flow
(Behrens et al., 2003). For example, the direct pathway facilitates impulses through the
thalamus and the indirect pathway inhibits impulses through the thalamus. At least S
parallel circuits have been identified in the basal ganglia. These are the motor, limbic,
dorsolateral prefrontal, lateral orbitofrontal and occulomotor. These complex patterns of
fibres traveling in and out of the thalamus and basal ganglia create a higher level of
anisotropy than is seen in the cortex and allows us to make measurements with DTI in

these gray matter structures.

1.3.4 — Known Progression of Neurodevelopment: Post Mortem Evidence

Until the advent of MRI, our knowledge of brain development was limited to a few classic
post-mortem studies (Flechsig, 1901; Yakovlev and Lecours, 1967). From these studies we
learn that myelination begins in utero in the middle trimester, and continues well into
adulthood, although by year 2 the myelin is approximately 90% formed (Filley, 2001).
Yakovlev et al suggested that the myelination of the association fibres continues on into the
30s, and beyond, although he does not indicate at what point this may end. A more recent
study (Benes et al., 1994) indicates, in fact, that myelination may continue into the 50s and
60s.

In general, it is known that myelination follows a caudal-rostral progression of
development.  Firstly, the brain stem and cerebellum myelinate, followed by the
diencephalon and the cerebral hemispheres, as well, the occipital and parietal lobes
myelinate before the temporal and frontal lobes. This follows from the fact that the more

ancient parts of our brains develop before the more modemn portions (Filley, 2001).
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In terms of specific white matter fibre tracts, the association fibres and the commissural
fibres are the last to myelinate. Thus, the intra-cortical connections both within each
hemisphere and between the hemispheres are the final connections to be made, and likely
continue to change and develop throughout life. It is thought that this late development of
intra-cortical areas combined with the later development of the frontal lobes is the main
reason that personality is not fully developed until adulthood, and that subtle changes in
personality throughout adulthood are likely due to the changes in myelin occurring into the
50s and 60s (Filley, 2001).

Interestingly, Yakovlev and Lecours suggested that the reticular formation continues to
develop until at least the 2™ decade of life, if not later (Yakovlev and Lecours, 1967). The
reticular formation consists of tiny structures of the brain stem in the medulla, pons and
midbrain, and their respective connections to the brain. And while the brainstem is known
to myelinate before anything else in the brain, it is interesting that portions of it continue to

myelinate quite late in life (Lindsley and Holmes, 1984).

1.3.5 — Neurodevelopment and MRI

An extensive amount of work has been done studying gray matter development using
conventional T1-weighted MRI. These studies generally use high resolution, 3D
volumetric analysis to look at changes in cortical thickness with age. In general, it was
found that cortical thickness decreases between childhood and young adulthood, in
agreement with earlier reports of reduction in synaptic density. Most of these changes
occur in more dorsal regions: greater decreases were seen in the frontal lobes than in the
temporal lobes. Changes in the frontal lobe thickness have been linked to changing
cognitive abilities (Sowell et al., 2004; Thompson et al., 2005).

It 1s therefore logical to think that if such drastic changes are occurring in the gray matter,
that the connections between these cortical areas are also developing. This is also
supported by our knowledge of continuing myelination in young adulthood (Yakovlev and

Lecours, 1967). White matter development was then studied using 3D T1- weighted high
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resolution imaging. This method involves creating 3D maps of white matter “density” and
then correlating them with subject age on a voxel-by-voxel basis. One neurodevelopment
study found increases in white matter “density” over 4 — 17 years in the internal capsule

and the left arcuate fasciculus (Paus et al., 1999).

Before the formalism of DTI was fully described, there were some neurodevelopment
studies using DWI in the early 1990s (Rutherford et al., 1991; Sakuma et al., 1991; Nomura
et al., 1994). Despite the fact that DTI was fully described by 1994 (Basser et al., 1994b),
researchers continued to use DWI due to the complexity of measuring the entire diffusion
tensor (Huppi and Barnes, 1997; Takeda et al., 1997; Ramenghi et al., 1998; Morriss et al.,
1999). In these studies, anisotropy is measured by performing DWI in the three Cartesian
directions. In general, it was seen that ADC decreases, and that anisotropy increases with
age. The biggest drawback to this method is that we do not get the full 3 dimensional
picture of anisotropy. This is something that only DTI offers, by measuring the full
diffusion tensor. DTI studies of neurodevelopment are described in detail in the following
chapters. However, in general they find much more widespread changes than T1- weighted

imaging and DWI studies of white matter.
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Chapter 2 ¢ Diffusion Tensor Imaging of Children and
Young Adults"’

2.1 — Introduction

Magnetic resonance imaging (MRI) has opened the door to localizing maturational changes
in the brain (Paus et al., 2001). Post-mortem studies, although quite enlightening, are often
limited in the numbers of young subjects who are free of complicating diseases, making it
difficult to study the normal aging brain (Sowell et al., 2004). T1- and T2-weighted MR
imaging studies have shown differences in overall brain volumes with age and gender
(Giedd et al., 1999; Courchesne et al., 2000; Sowell et al., 2002). In order to look at more
specific tissues rather than just global volume differences, three-dimensional T1-weighted
scans have been post processed to look at regional growth rates and tissue density. One
longitudinal study found a rostro-caudal wave of growth in the corpus callosum of young
children (Thompson et al., 2000). Using voxel based morphometry, age related “white
matter density” increases have been reported in the internal capsule and the left arcuate
fasciculus over 4 — 17 years of age (Paus et al., 1999). The T1-weighted imaging studies
tend to find changes in a limited number of brain regions, and the relationship between the
signal intensity on the T1-weighted images and the underlying microstructure is unclear.
Diffusion tensor imaging (DTI) of water mobility in tissue may provide a more sensitive

measure of the changes in the brain’s microstructure with maturation (Le Bihan, 2003).

DTI is sensitive to the Brownian motion of water as it diffuses in the brain. Diffusion is
said to be isotropic when it occurs equally in all directions (e.g. when there are no barriers).

However, when there is a barrier to impede the motion of the water, such as membranes in

! A version of this chapter has been published. Snook, L., Paulson, L. A., Roy, D., Phillips, L. and Beaulieu,

C., 2005. Diffusion tensor imaging of neurodevelopment in children and young adults. Neuroimage. 26, 1164-
1173

2 A preliminary version of this was presented at the Annual Meeting of the International Society of Magnetic
Resonance in Medicine (ISMRM), Kyoto, Japan, May 15 — 21, 2004.
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a white matter tract, the diffusion is no longer equal in all directions and it is said to be
anisotropic (Chenevert et al., 1990; Moseley et al., 1990a). The standard tissue diffusion
parameters derived from DTI are the average apparent diffusion coefficient (Trace/3 ADC)
and fractional anisotropy (FA) (Basser, 1995). Trace/3 ADC is a rotationally-invariant
measure of the magnitude of diffusion and it is fairly homogenous throughout the brain,
with the exception of neonates (Miller et al., 2003), when diffusion-weighted images are
acquired at lower diffusion sensitivity factors (i.e. b-values up to ~ 1000 s/mm?). FAis a
measure of the directionality of diffusion with values ranging from 0 (isotropic diffusion)
to 1 (highly anisotropic diffusion) and has far greater variability throughout the brain than
Trace/3 ADC. Although the interpretation of water diffusion parameters, particularly
anisotropy, is not straightforward (Beaulieu, 2002), higher FA values could indicate an
increase in fibre bundle density and/or increased myelination with development. The
eigenvalues of the diffusion tensor, which yield the apparent diffusion coefficients either
parallel (A1) or perpendicular (A;, A3) to the white matter tracts, are not often reported but

can yield insight into the microstructural changes of the tissue.

DTI has been applied to better understand neurodevelopment in several studies from
neonates up to the 8™ decade of life (Neil et al., 2002; Moseley, 2002). In adult studies
(ages 20 years and above), general maturational trends of increasing Trace/3 ADC and
decreasing FA were found (Pfefferbaum et al., 2000; Abe et al, 2002; Bhagat and
Beaulieu, 2004). Studies of neonates and children have found opposite trends of
decreasing mean diffusivity and increasing anisotropy with age, with the exception of the
cortex in preterm infants which shows decreases in anisotropy (McKinstry et al., 2002).
More specifically, these increases of FA have been observed in the corpus callosum,
internal capsule, caudate head, lentiform nucleus, and thalamus over 1 day — 11 years
(Mukherjee et al., 2001), the internal capsule, corticospinal tract, left arcuate fasciculus,
and right inferior longitudinal fasciculus over 5 — 18 years (Schmithorst et al., 2002), and
the pons, crus, centrum semiovale, and subcortical white matter over 1 day — 16 years
(Schneider et al., 2004). The first and third studies demonstrated that most of the diffusion

changes occur within the first four years of life. These analyses have been performed with
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a limited number of ROIs (between 7 and 11) and with thicker slices (Smm for the first two
and 4mm for the last), and in addition they did not investigate the transition into young
adulthood. A separate study investigated this transition period and demonstrated that
anisotropy increased from childhood (8-12 years) to adulthood (20-31 years) in the frontal
white matter; however, no other brain regions were investigated (Klingberg et al., 1999).
No comprehensive DTI studies have examined the potential brain changes occurring
between late childhood and young adulthood although it is known that the brain
experiences a protracted progression of myelination and axonal growth during adolescence
and young adulthood based on histological autopsy studies (Yakovlev and Lecours, 1967)
as well as linear increases of total white matter volume on longitudinal T1-weighted in vivo

MRI scans (Giedd et al., 1999).

The purpose of this study is to determine what regions of the brain are continuing to
develop through late childhood (8 — 12 years, N=32) and into young adulthood (21 — 27
years, N=28) using diffusion tensor imaging. FA and Trace/3 ADC were measured in a
large number of brain regions to assess micro-structural changes associated with brain
maturation. Two types of analyses were performed: (i) linear regression within the 8 — 12
year old children and also within the 21 — 27 year old young adults and (ii) group
comparisons between the children and young adults. We also report apparent diffusion
coefficients parallel and perpendicular to the fibre bundles (i.e. eigenvalues of the diffusion
tensor) in the children to interpret any observed changes of diffusion anisotropy with

maturation.

2.2 — Methods

2.2.1 — Subjects

Two groups of healthy volunteers were used in this study, namely: 32 children aged 11.1 +
1.3 (range 8 - 12 years, 18 female, 14 male, 30 right handed, 2 left handed) and 28 young
adults aged 24.4 + 1.8 (range 21 — 27 years, 14 female, 14 male, 25 right handed, 3 left

handed). All subjects gave informed consent, and parent/guardian consent was given for
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all volunteers under 18 years of age. Volunteers had no history of psychiatric disease or

neurological injury.

2.2.2 — Image Acquisition

Subjects were scanned with a 1.5 Tesla Siemens Sonata MRI scanner for approximately 26
minutes for anatomical and DTI imaging. The DTI data was acquired using a dual spin-
echo, single shot echo-planar imaging sequence with 3 mm slice thickness, no inter-slice
gap (interleaved acquisition), TR = 6400 ms, TE = 88 ms, field-of-view 220 x 220 mm?, 6
non-collinear diffusion-sensitizing gradient directions with diffusion sensitivity b = 1000
s/mm’, 8 averages, and a matrix of 96 x 128 zero filled to 256 x 256 for a resulting voxel
size of 0.85 x 0.85 x 3.0 mm’. Total DTI acquisition time was 6:06 minutes with 40
contiguous axial slices for full brain coverage. Slices were positioned along the anterior
commissure-posterior commissure line. The mean SNR of brain parenchyma on the non-
diffusion-weighted images was 75 + 6 for the children and 71 £ 6 for the young adults.

Representative FA maps of the children and young adults are shown in Figure 2.1.

child

young -
adult

Figure 2.1 - Representative fractional anisotropy (FA) maps of four transverse slices of a 12 year old female

volunteer (above) and a 26 year old male volunteer (below).
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2.2.3 — Region-of-Interest Data Collection

Trace/3 ADC and FA values were collected from 30 regions of interest (ROIs), in 13
distinct brain regions, which can be divided into 4 tissue type categories. 1. Major White
Matter: genu of corpus callosum, splenium of corpus callosum, anterior limb of the internal
capsule, posterior limb of the internal capsule, external capsule, corona radiata and centrum
semiovale, 2. Subcortical White Matter in Gyri: a sample of 5 gyri including the right
superior frontal gyrus, right supra marginal gyrus, right middle occipital gyrus, left superior
temporal gyrus and the left postcentral gyrus, 3. Cortical Gray Matter: a thin band around
the subcortical white matter gyri, and 4. Deep Gray Matter: thalamus, globus pallidus,
putamen, and head of the caudate nucleus. The five subcortical white matter regions in the
gyri were combined to yield mean diffusion parameters, as were the five cortical gray

matter regions.

ROIs were drawn on the slice of the FA map where the structures were visualized to be at
their thickest, with the exception of the globus pallidus, putamen, and caudate for which the
ROIs were placed initially on the non-diffusion-weighted images (b = 0 s/mm?). Using
image analysis software (MRVision, Winchester, MA), the structure in question was
outlined following its contours. However, the corona radiata, centrum semiovale, globus
pallidus, putamen, and caudate, had small ROIs placed on central regions of the structure
(Figure 2.5 shows all regions, with the exception of 2 small circles drawn on the lower
ventricles, and the small band of gray matter around the subcortical white matter gyri).
ROIs were then translated onto the corresponding FA and Trace/3 ADC maps. ROIs were
also translated onto the eigenvalue maps of all structures that showed significant correlation
of FA with age in the children. Where appropriate left and right measurements were taken
separately. To avoid inclusion of cerebrospinal fluid (CSF) in the ROIs, non-diffusion-
weighted images and Trace/3 ADC maps were used to better visualize and avoid the CSF
spaces. The ROI method was chosen so as to avoid any problems due to normalization of

the brain into stereotactic space, and so that summary data on entire brain structures could
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be analyzed as opposed to a voxel by voxel analysis. Furthermore, the structures we

analyzed are readily identified on the 2D MR images.

2.2.4 — Statistical Analysis
2.2.4.1 - Left/Right Asymmetry

Left and right FA and Trace/3 ADC values were compared using paired t-tests (significant
with p<0.05). Where no significant left/right differences exist, the values are averaged for
all further analyses. Absolute differences of less than 0.01x10°mm?/s for Trace/3 ADC or
0.01 for FA between left and right are not reported.

2.2.4.2 — Correlation Analysis

Linear regression was performed for both FA and Trace/3 ADC versus age within the 8 —
12 year age range of the children and within the 21 — 27 year age range of the young adults
(significant with p<0.05).

2.2.4.3 — Group Analysis

Unpaired t-tests were performed to compare each brain region individually between the

child group and the young adult group (significant with p<0.05).

2.2.4.4 — ROI Reliability

Three subjects (aged 17, 22, and 23 years) were scanned on 4 different occasions over the
course of 4 months. ROIs were drawn in the genu, corona radiata, thalamus, and caudate.
The mean FA values for each structure for each of the three subjects (mean over 4 scans +
SD) were: genu of the corpus callosum (0.78 £ 0.01, 0.76 + 0.01, 0.84 + 0.02), corona
radiata (0.61 £+ 0.02, 0.65 = 0.02, 0.68 + 0.01), thalamus (0.30 = 0.01, 0.34 + 0.03, 0.34
0.02), and head of the caudate nucleus (0.20 + 0.01, 0.20 + 0.02, 0.23 + 0.02). These intra-
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subject standard deviations are in general less than the inter-subject variability. Figure 2.2

shows the variability of all four regions for one of the subjects (22 year old male).
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Figure 2.2 - Variability of ROI measurements of fractional anisotropy for one subject over 4 scans taken
within a period of 4 months for the genu of the corpus callosum (FA range = 0.76 - 0.79, SD = 0.01), corona
radiata (0.59 — 0.63, 0.02), thalamus (0.29 — 0.31, 0.01) and head of the caudate nucleus (0.18 - 0.21, 0.01).
The dashed lines represent the mean of the 4 measurements. The variability shown in this graph is very small,

suggesting a high level of consistency in both imaging and ROI methods.

2.3 — Results

2.3.1 — Left/Right Asymmetry

Overall, there was very little hemispheric asymmetry in either Trace/3 ADC or FA, and
even when asymmetry was present, its magnitude was small. FA was greater on the left in

the anterior limb of the internal capsule (mean over 32 volunteers = SD: left 0.59 + 0.05,
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right 0.57 £ 0.05, p=0.05), and centrum semiovale (left 0.48 + 0.03, right 0.46 £ 0.03,
p=0.05) in the 8 — 12 year old children. In the young adults, the centrum semiovale also
showed leftward asymmetry of FA (mean over 28 volunteers = SD: left 0.47 £ 0.05, right
0.44 + 0.05, p=0.0001), but the globus pallidus had rightward asymmetry (left 0.27 + 0.04,
right 0.29 + 0.05, p=0.002).

2.3.2 — Correlation Analysis (within 8 — 12 years and within 21 — 27 years)

Significant increases of FA were seen in 5 of 13 regions, namely the genu of the corpus
callosum (p=0.002, r=0.54), splenium of the corpus callosum (p=0.02, r=0.42), corona
radiata (p=0.02, r=0.40), putamen (p=0.05, r=0.35), and head of the caudate nucleus
(p=0.0007, r=0.57) (Figure 2.3a). No significant decreases of FA were seen with age in the
children. On the other hand, a significant decrease in Trace/3 ADC was seen in 9 of 13
brain regions in children over this 5 year age span, with the exception of the genu of the
corpus callosum, posterior limb of the internal capsule, thalamus, and cortical gray matter
(Figure 2.3b-d). In young adults, there was very little change within the larger time span of
21 — 27 years of age and it was limited to a significant increase of Trace/3 ADC in the left
globus pallidus (r=0.41, p=0.03) and a significant increase of FA in the right centrum
semiovale (r=0.44, p=0.02).

The eigenvalues of the diffusion tensor were evaluated for correlation with age in the 5
brain regions that had significant linear increases of FA over the 8 — 12 year old age range
(Figure 2.4). In the genu of the corpus callosum, splenium of the corpus callosum, corona
radiata, and head of the caudate nucleus, the “parallel” diffusivity (A;) stayed constant,
whereas the “perpendicular” diffusivity (A, and A3) decreased significantly (p<0.01) from 8
— 12 years. In contrast, all three eigenvalues decreased significantly for the putamen with

age over 8 — 12 years (p<0.001).
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Figure 2.3 - Correlation Trends within 8 — 12 years. Linear regression of FA and Trace/3 ADC values with
age in the 8 — 12 year child age range. a) Of the 13 distinct brain regions measure, positive correlations of FA
were observed in five regions, listed from top to bottom: splenium of corpus callosum, genu of corpus
callosum, corona radiata, head of the caudate nucleus, and putamen. Negative correlations of Trace/3 ADC
were observed in nine regions, listed from top to bottom: b) splenium of corpus callosum, external capsule,
and centrum semiovale, ¢) subcortical white matter in the gyri, globus pallidus, and putamen, d) anterior limb
of the internal capsule, head of the caudate nucleus, and corona radiata. Fewer regions of the brain
demonstrate positive correlations of fractional anisotropy within the narrow 8 — 12 year old age range than

negative correlations of Trace/3 ADC (* = p <0.05, ** =p <0.01).
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Figure 2.4 - Eigenvalue correlations within 8 — 12 years. In the five brain regions that showed a significant
increase of fractional anisotropy over ages 8 — 12 years, linear regression of the three eigenvalues of the
diffusion tensor with age demonstrates that: a) the parallel diffusivity (A;) is approximately constant in all
structures except the putamen which has a small decline with age, (b, c) whereas the perpendicular diffusivity

(A2,A3) decreases significantly with age in all five structures.
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2.3.3 — Group Analysis (8 — 12 years versus 21 — 27 years)

When comparing the children to the young adults, increases in FA were seen in 11 of 13

structures; however, a decrease of FA was seen in the right centrum semiovale (Table 2.1).

Table 2.1 — Group analysis statistics for fractional anisotropy (FA) — children versus young

adults

Region Fractional Anisotropy p  Difference
Children’ Young Adults* (%)
(mean+ SD)  (mean + SD)

White Matter

genu of corpus callosum 0.70 £ 0.05 0.78 £ 0.03 <0.0001 11

splenium of corpus callosum 0.76 £ 0.03 0.81+0.03 <0.0001 7

anterior limb of internal capsule  0.58 + 0.04 0.66 = 0.05 <0.0001 14

posterior limb of internal capsule  0.66 £ 0.03 0.70£0.03 <0.0001 6

external capsule 0.47 +£0.03 0.51+0.03 <0.0001 9

corona radiata 0.56+0.04 0.62 +0.04 <0.0001 11

centrum semiovale’ 0.47+0.02 0.46 £ 0.05 0.15 —--

subcortical WM of gyri 0.44 + 0.06 0.49 +0.06 <0.0001 11

Gray Matter

thalamus 0.31+0.03 0.33+£0.03 0.007 7

globus pallidus 0.25+0.02 0.28 £0.04 <0.0001 12

putamen 0.15+0.02 0.17+0.02 <0.0001 13

caudate 0.16 £ 0.02 0.21+0.03 <0.0001 31

cortical GM 0.18+0.03 0.18+0.03 0.94 -

* 8 — 12 years, N=32
#2127 years, N=28

5 Left/right combined value is presented for centrum semiovale: left FA 0.48 % 0.03 children, left FA 0.47 +

0.05 young adults, p=0.30; right FA 0.46 + 0.03 children, right FA 0.44 + 0.05 young adults, p=0.02.
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The trend of decreasing Trace/3 ADC, as seen in the correlational analysis, was seen in 12

of 13 structures (p<0.01, absolute difference ranging from 3% - 10%), (Table 2.2). The

cortical gray matter showed no trends for either FA or Trace/3 ADC.

Table 2.2 — Group analysis statistics for mean diffusivity (Trace/3 ADC) — children versus

young adults
Region Trace/3 ADC p  Difference
Children® Young Adults ' (%)
(mean+ SD)  (mean + SD)
x10° mm?%/s x10” mm?s
White Matter
genu of corpus callosum 0.83 £ 0.06 0.75£0.03 <0.0001 -10
splenium of corpus callosum 0.80+0.05 0.75+0.03 <0.0001 -6
anterior limb of internal capsule ~ 0.74 = 0.03 0.70£0.02 <0.0001 -5
posterior limb of internal capsule  0.74 + 0.02 0.72+£0.02 0.004 -3
external capsule 0.75 +0.02 0.73+£0.02 <0.0001 -3
corona radiata 0.72+£0.02 0.69 £ 0.02 <0.0001 -4
centrum semiovale 0.73+0.03 0.71 £0.03 0.01 -3
subcortical WM of gyri 0.77 £ 0.04 0.73+£0.05 <0.0001 -5
Gray Matter
thalamus 0.78 £ 0.03 0.74 £0.02 <0.0001 -5
globus pallidus 0.76 £ 0.02 0.73+£0.03 <0.0001 -4
putamen 0.73 £0.02 0.69 +0.02 <0.0001 -6
caudate 0.73+0.03 0.66 £ 0.03 <0.0001  -10
cortical GM 0.82 £ 0.04 0.82+£0.05 044  —--
¢ 8 — 12 years, N=32
721 -27 years, N=28
36
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Putting together the correlation and group analyses, FA is observed to continually increase
from 8 years to young adulthood in 5 of 13 structures whereas Trace/3 ADC continues to

drop over this age range in 9 of 13 structures (Figure 2.5).

Trace 3

ADC

Figure 2.5 - Regional changes in maturation. FA and Trace/3 ADC maps of six slices in a 12-year-old female
volunteer. ROIs are drawn as per the analysis method. Red regions show both significant correlations within
8 — 12 years and significant differences between childhood and young adulthood. Yellow regions only show
significant changes between childhood and young adulthood, suggesting development during adolescence.
Note that the splenium of the corpus callosum, corona radiata, head of the caudate nucleus, and putamen show
continued changes with age for both FA and Trace/3 ADC (i.e. red on both maps). The remaining structures

demonstrate different progression of FA and Trace/3 ADC.
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2.4 - Discussion

High-resolution diffusion tensor imaging in 60 healthy subjects has demonstrated
maturational changes in the brain throughout late childhood (8 — 12 years) and in the
progression towards young adulthood (21 — 27 years). The timing of these changes in the
water diffusion parameters implies a marked development of regional-specific brain

microstructure from pre-adolescence to young adulthood.

Left/Right asymmetry was seen in very few structures. It has been suggested that this
difference may be due to coherence of fibre bundles as opposed to differences in
myelination (Klingberg et al., 1999). The most interesting left/right difference was seen in
the centrum semiovale, with higher FA values on the left side, not only in the children, but
also in the young adults. In fact, the left/right difference became more pronounced and
more significant with age, increasing from 3% (p=0.05) to 7% (p=0.0001), due to a
unilateral reduction of FA between childhood and young adulthood in the right centrum.
However, the interpretation of this asymmetry in a complex fibre-crossing region such as
the centrum semiovale is uncertain. Significant left/right differences were reported in the
superior longitudinal fasciculus in a recent study (Biichel et al., 2004) with higher FA in the

left hemisphere, similar to our findings.

In the children (8 — 12 years), we saw widespread changes in mean diffusivity (i.e. Trace/3
ADC) and a smaller number of brain regions with changes in diffusion anisotropy (i.e. FA).
Decreases in Trace/3 ADC were observed in 9 of 13 structures measured in the children in
agreement with previous reports of reduced ADC with development (Schneider et al.,
2004; Schmithorst et al., 2002). Increases of FA were observed in 5 of 13 structures,
mainly in the central parts of the brain such as the genu and splenium of the corpus
callosum, corona radiata, caudate nucleus, and putamen. The significant diffusion trends of
these white matter regions in the 8 - 12 year olds suggest that diffusion MRI is more
sensitive to underlying microstructural changes associated with brain maturation, since

these same regions did not demonstrate “white matter density” changes on T1-weighted
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images (Paus et al., 1999), even though the age range in that study was greater at 4 — 17

years.

It is known that myelination follows a posterior — anterior progression with development,
and that the projection fibres develop first followed by the commissural and finally
associational fibres (Filley, 2001). We see changes in both projection fibres (e.g. internal
capsule and corona radiata) as well as commissural fibres (corpus callosum) through
childhood. It is of interest that the internal capsule is one of the first structures to myelinate
in infancy, and that the posterior limb is known to myelinate much earlier than the anterior
limb (Yakovlev and Lecours, 1967; Barkovich et al.,, 1988). This timing difference
appears to agree with the greater change of FA in the anterior limb of the internal capsule
than in the posterior limb of the internal capsule between childhood and young adulthood
(Table 2.1). As well, it is of note that the corona radiata is made up of the projection fibres
that radiate out of the brain stem via the internal capsule (Greenstein and Greenstein, 2000).
The diffusion changes may be reflecting the continued development of the internal capsule
out into the corona radiata in later childhood. Although the posterior limb of the internal
capsule and corona radiata appears to be fully myelinated (i.e. highest myelin staining
grade) by 2 years of age in autopsy studies (Brody et al., 1987), there are significant
increases of FA due to axonal growth and/or myelination between childhood and young

adulthood in these two structures.

The commissural fibres are known to develop next after the projection fibres, and in fact
continued development of the corpus callosum through early adolescence has been
described by a wave of growth from posterior to anterior in the corpus callosum
(Thompson et al., 2000). The slope of FA increase is greater for the genu (0.02 FA units
per year) than for the splenium (0.01 FA units per year), which would be consistent with
the greater anterior development of the corpus callosum over this age span of 8 — 12 years
(Figure 2.3a). Also, the genu has a greater increase from childhood to adulthood for FA
(Table 2.1) and a greater decrease for Trace/3 ADC (Table 2.2) than the splenium.
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Eigenvalue analysis shows a reduction of diffusion perpendicular to the fibre tracts (A, and
A3), whereas diffusion parallel to the tracts (A) is fairly constant, with the exception of the
putamen over the range of 8 — 12 years. Hence increases in FA are not caused by an
increase in the parallel eigenvalue, but rather by a decrease in the perpendicular
eigenvalues. A greater reduction in the two perpendicular eigenvalues has been observed
with maturation (between children of 1 — 10 years and young adults) in the frontal and
parietal lobe white matter (Suzuki et al., 2003) as well as in the basal ganglia, internal
capsule, and corpus callosum in children aged 31 gestational weeks to 11 years, with the
majority of the change occurring in the first 2 years of life (Mukherjee et al., 2002). This
observation of reduced perpendicular diffusivity is consistent with either an increase in the

compactness or density of the fibre bundles and/or increased myelination.

In stark contrast to these changes, there were very few changes seen within 21 — 27 years of
age. We saw an increase in Trace/3 ADC in the left globus pallidus, which could be an
indication of the increasing trends in mean diffusivity previously reported with aging in
adulthood (Pfefferbaum et al., 2000; Abe et al., 2002; Bhagat and Beaulieu, 2004). We
also saw an increase of FA in the right centrum semiovale. This was not paralleled in the
left centrum semiovale, nor was it observed in the children. However, the centrum
semiovale is a complex structure composed of numerous crossing projectional,
commissural, and associational fibres. Since standard DTI cannot resolve crossing fibres
within a voxel, the pattern of FA changes (or lack thereof), including a decrease of FA in
the right centrum between childhood and young adulthood followed by an increase of FA
in the same region during young adulthood, may be artificial and misleading for the
centrum semiovale. More sophisticated methods of resolving multiple crossing fibres in a
single voxel such as Q-Ball imaging (Tuch, 2004), which uses a greater number of
diffusion-encoding directions and specific post-processing methods, may be necessary to
detect the complicated growth patterns within areas such as the centrum semiovale.
However, it is important to note that when considering an increase in the number of
encoding directions in a DTI sequence, the duration of the scan must be considered,

particularly when imaging children.
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Although most of the gray and white matter structures we measured did not show any
change in FA over 21-27 years (only exception was increase in right centrum semiovale),
histological studies have provided evidence that associative cortical regions of the human
brain continue to myelinate well beyond childhood (Benes et al., 1994). However, we did
not measure the associational fibres (e.g. U fibres) since our 2D region-of-interest analysis
targeted readily identifiable areas that are straightforward to outline, primarily deep central
white matter, such as the corpus callosum or internal capsule. It would be more difficult to
outline the various associational fibres on the 2D images and then measure robust,
reproducible FA values. Future analysis using 3-dimensional fibre tracking techniques
could be useful for the assessment of these peripheral white matter fibres (Mori et al., 1999;
Jones et al., 1999; Conturo et al., 1999). Furthermore, it is possible that on-going changes
in myelination and axonal growth do not manifest themselves as large enough changes of
FA with age to detect with the 6-direction DTI method used in our study at 1.5T. DTI
obtained with higher angular resolution (i.e. more diffusion-sensitizing gradient directions),
better spatial resolution, and larger static magnetic field could both improve the accuracy

and reduce the variability of the diffusion parameters.

Group analysis of the diffusion parameters showed that much has changed between
childhood and young adulthood. More widespread changes were seen in both Trace/3
ADC and FA than was seen in either correlational analysis. To summarize, 11 of 13
structures showed increases in FA and 12 of 13 structures showed decreases in Trace/3
ADC. Figure 2.5 shows the regions in which developmental changes were apparent. Red
regions show increases both within 8 — 12 years as well as between childhood and young
adulthood. Yellow regions show increases only between childhood and young adulthood
but do not demonstrate any measurable changes within 8 — 12 years. Due to the fact that
more regions are developing between childhood and young adulthood (i.e. only the genu
of the corpus callosum, splenium of the corpus callosum, corona radiata, putamen and head
of the caudate nucleus show FA changes within childhood as well as young adulthood,
whereas the posterior limb of the internal capsule, anterior limb of the internal capsule,

external capsule, subcortical white matter of the gyri, thalamus, and globus pallidus all
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show FA changes only between childhood and young adulthood), we believe that more
significant and widespread brain changes are occurring throughout the teenage years
between our child and young adult groups. These temporal differences in maturation are
highlighted in Figure 2.5 by the fact that there are more yellow regions than red regions on
the FA maps. In contrast to FA, note that the Trace/3 ADC continually decreases through
childhood and adolescence, shown by more red regions in Figure 2.5. These findings
confirm those of a previous T1-weighted imaging study that reported significant brain
growth between adolescence and adulthood, but very little growth between childhood and
adolescence (Sowell et al., 2001).

No significant changes were seen in the diffusion properties of cortical gray matter, in
either anisotropy or mean diffusivity. Hence, either the structure of the cortex is fairly
static by the time puberty is reached, or DTI is insufficient for detecting microstructural
changes that are related to volume increases/decreases that occur in cortical gray matter
over this time frame (Giedd et al., 1999; Sowell et al., 2004). However, some of the largest
changes seen were in the deep (subcortical) gray matter. Increases of FA were seen in the
caudate head and the putamen within 8 — 12 years of age. Between childhood and
adulthood all deep gray matter regions measured showed large increases of FA: 7%
increase in the thalamus, 12% in the globus pallidus, 13% in the putamen, and 31% in the
head of the caudate nucleus. Consistent with our findings, a small linear increase in the
head of the caudate nucleus and the lentiform nucleus (comprising the putamen and globus
pallidus) was reported (Mukherjee et al., 2001) as the only region which showed continued
increase over 1 day — 11 years. There is a paucity of gray matter DTI studies due to low
FA values (<0.25 FA units); however, it is clear from our data that major changes are
occurring that are detectable using DTI. The DTI findings agree with 3D T1-weighted
MRI studies that have demonstrated marked gray matter density changes in the striatum,
primarily in the putamen and the globus pallidus, between adolescence (12 — 16 years) and
young adults (23 — 30 years) (Sowell et al., 1999). These findings could be related to an
increase in motor coordination with maturation or cognitive development associated with

brain regions that are linked to these deep gray matter structures. Higher density, more
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coherent organization, and/or a greater degree of myelination of fibres (i.e. axons) going
into and out of these gray matter relay stations could all contribute to the increases of FA.
Small increases of anisotropy in the basal ganglia have been attributed previously to
internal white matter pathways (Mukherjee et al., 2001), as opposed to changes of the

diffusion parameters of the gray matter neurons.

2.5 — Conclusions

Non-invasive diffusion tensor magnetic resonance imaging of water demonstrates that
many regions of the brain continue to develop through late childhood. Relative to the
younger age range (8 — 12 years), a greater number of brain regions demonstrate increases
of diffusion anisotropy and decreases of mean diffusivity during the adolescent period in
the transition from childhood to young adulthood suggesting a progressive pattern of

myelination/axon growth during this critical time period of neurodevelopment.
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Chapter 3 ¢  Voxel Based Analysis versus Region of Interest
Analysis in Diffusion Tensor Imaging of Neurodevelopment8

3.1 — Introduction

Diffusion tensor magnetic resonance imaging (DTI) is a valuable tool in studying the
microstructure of the brain in-vivo. It has been used in the study of neurodevelopment
(Neil et al., 2002; Snook et al., 2005) and shows more widespread white matter changes
with age than previous T1-weighted studies (Paus et al., 1999; Thompson et al., 2000).
However, the spatial extent of the brain changes with age depends on the analysis method
employed, namely either manual region of interest (ROI) analysis or automated voxel
based analysis (VBM). SPM is frequently associated with fMRI studies where ROI
analysis is not usually used. However, for maps where quantitative analysis is desirable,
such as DTI data, ROI analysis is an acceptable analysis tool. A direct comparison of ROI
and VBM analysis has been studied in detail for gray matter volume differences with
variable conclusions. Some studies suggested that while VBM is a valid tool for this type
of analysis, it is not a replacement for ROI analysis, and the two should be used in tandem
to extract a more complete story (Kubicki et al., 2002; Testa et al., 2004; Giuliani et al.,
2005; Suzuki et al., 2005). One study suggested that caution needs to be used for VBM
analysis due to the differences seen between VBM and ROI analysis (Suzuki et al., 2005),
while another study suggested that VBM provided more information than ROI analysis
(Tapp et al.,, 2006); however, the new region-specific changes were in regions not

measured in their previous ROI study (Tapp et al., 2004).

The ROI analysis method involves defining an area of interest in the brain within which to
make measurements. However, this method has a large number of drawbacks. There can
be some user bias in defining the regions of interest. Not all structures of the brain can be

readily defined on a 2D FA map, such as the fornix and cingulum. Note that some of these

8 A preliminary version of this chapter was presented at the ISMRM Diffusion Workshop, Lake Louise,
Alberta, Canada, Mar. 13 — 16, 2005.
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structures can be identified on 2D colour maps (Hermoye et al., 2006). The placement of
the regions can also have a marked effect on the results of the analysis. By defining the
ROIs according to the shape of the structure partial voluming effects of the ROI can be
avoided (Schneider et al., 2004; Snook et al., 2005). However, the standard method is to
place circles, squares, or ovals over a certain area, which often involves crossing fibre
regions (Shimony et al., 1999; Abe et al., 2002; Suzuki et al., 2003; Yoshiura et al., 2005).
In these cases, the white matter structure of interest is being sampled along with other fibre
tracts, or even gray matter and CSF, causing an artificially decreased or increased FA
value. Finally, ROI analysis has the simple limitation in that it is not feasible to measure

every region of the brain given time constraints.

The voxel based analysis method, essentially voxel-by-voxel statistical comparisons
throughout the brain, may resolve some of these issues. Typically, this method is
accomplished by spatially normalizing each set of brain images to a template, and thus
assigning an “address” to each voxel. Then, a voxel-by-voxel comparison of the subject
brains can be performed, with the assumption that each individual voxel represents the
same anatomic location between subjects. While this method does resolve the ROI method
issues of user bias as well as a priori knowledge by essentially checking every possible
location of the brain, it does have some drawbacks that are not present with an ROI based
method of analysis. Since this method performs so many statistical comparisons, the
chance of an error due to multiple comparisons is very high, and therefore the statistical
power of the results is reduced. Additionally, the standard method of spatial normalization
using the program statistical parametric mapping (SPM) (Ashburner and Friston, 2000)
warps the boundaries of the brain (i.e. the skull) to a template brain, which does not take
into account differences in the internal structures of the brain. While one can pass the
normalized images through a low pass filter, which will help alleviate some of the
imperfections of the spatial normalization process, one must still question whether a
location ‘X’ is indeed the same location in multiple subjects. Despite these issues, voxel

based analysis methods have been widely accepted in the imaging community due to its
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simplicity of use, although not without criticism (Bookstein, 2001; Ashburner and Friston,
2001; Davatzikos, 2004).

It was previously shown that neurodevelopmental changes in white matter are evident in
fractional anisotropy (FA) and mean diffusivity (Trace/3 ADC) within 8 - 12 years of age,
as well as between a young (8 — 12 years) and an older age group (21 — 27 years) using
ROI analysis (Snook et al., 2005). The statistical tests employed in that study are repeated
here using voxel based analysis (hereon in referred to as the SPM analysis method). The
purpose of this study is to determine whether these two analysis methods lead to different

conclusions of neurodevelopment in the same DTI data set.

3.2 — Methods

3.2.1 — Subjects

Subjects were healthy boys and girls aged 8 — 12 years (N=32, 18 female, 14 male, 30 right
handed) and young men and women 21 — 27 years (N=28, 14 female, 14 male, 25 right
handed), as previously reported in Snook et al., 2005. All subjects gave informed written
consent, and parental consent was given where appropriate. Volunteers had no history of

psychiatric disease or neurological injury.

3.2.2 — Image Acquisition

DTI data was acquired using a dual spin-echo, single shot echo-planar imaging sequence
on a 1.5T Siemens Sonata scanner with 3mm slice thickness, no inter-slice gap, TR = 6400
ms, TE = 88 ms, FOV = 220 x 220 mm?’, 6 non-collinear diffusion-sensitizing gradient
directions with diffusion sensitivity b = 1000 s/mmz, 8 averages, and a matrix of 96 x 128

3

zero filled to 256 x 256 for a resulting pseudo-voxel size of 0.85 x 0.85 x 3.0mm". Total

DTI scan time was 6:06 minutes for 40 contiguous slices for full brain coverage. Slices

were positioned along the anterior commissure-posterior commissure line. The mean SNR
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of brain parenchyma on the non-diffusion-weighted images was 75 + 6 for the children and

71 £ 6 for the young adults.

3.2.3 — Region of Interest Analysis

Region of interest analysis was performed as described in a previous publication. Mean
diffusivity (Trace/3 ADC) and fractional anisotropy (FA) values were collected from 30
regions in 13 distinct brain structures. For comparison to SPM2 data, we will consider only
those regions with an FA value greater than 0.2 FA units. This remains 14 regions in 8
distinct brain structures, mainly: genu of the corpus callosum, splenium of the corpus
callosum, anterior limb of the internal capsule, posterior limb of the internal capsule,
external capsule, corona radiata, centrum semiovale, and thalamus. ROIs were defined on
the FA map where the structure was visualized to be at its thickest. Using image analysis
software (MR Vision, Winchester, MA), the structure in question was outlined following its
contours, with the exception of the corona radiata and centrum semiovale in which only
central regions were measured in order to avoid partial voluming effects with the adjacent

subcortical white matter. ROIs were subsequently translated onto trace/3 ADC maps.

Three statistical tests were performed for both FA and Trace/3 ADC data. Test 1: linear
correlation with age within 8 — 12 years. Test 2: two sample un-paired t-tests to compare
the children and young adults. Test 3: linear correlation with age within 21 — 27 years.

Significance was set at p<0.05 for all tests.

3.2.4 — Statistical Parametric Mapping Analysis

All Statistical Parametric Mapping (SPM) analysis was done using the SPM2 package
(Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK).
The non-diffusion-weighted (b0) images were normalized to the Montreal Neurological
Institute (MNI) EPI template that is supplied with the SPM2 package. The FA and Trace/3
ADC maps were then spatially transformed according to the normalized b0 images.

Normalized images were re-sliced into 69 slices with 2 x 2 x 2 mm® voxels.
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While not the focus of this study, FA maps were smoothed with 4 mm, 6 mm and 8 mm
isotropic Gaussian kernels, due to a recent study (Jones et al., 2005). This study suggests
that different smoothing kernels can lead to different conclusions. While the size of the
clusters SPM identified tended to increase with increased smoothing, no clusters
“appeared” or “disappeared”. Thus, all data analysis is performed on the 4x4x4mm’
smoothed data, following the ‘rule of thumb’ as developed for fMRI and PET studies that
states that the smoothing kernel is of at least 2 — 3 times the voxel dimension (Worsley et
al., 1992). We feel this small smoothing kernel is desirable over a very large one due to the

heterogeneous nature of fractional anisotropy.

To compare to ROI analysis, the statistical tests were repeated for the SPM analysis. Test
1 & Test 3: correlative analysis was performed using the “simple linear regression
(correlation)” analysis tool, with age as covariate within 8 — 12 years and 21 — 27 years
using the FA maps, looking for positive correlations. Test 2: group analysis was
performed using the “two sample t-test” tool. These tests were repeated for Trace/3 ADC,
looking for negative correlations with age. All tests on fractional anisotropy were
performed using an absolute threshold of FA > 0.2, such that if a voxel had an FA value
less than 0.2 FA units in any one subject, that voxel is not considered for analysis. A total
brain mask was used so that no voxels outside the volume of the brain are considered.

Significance was placed at p<0.05, and an extent threshold of 10 voxels.

After SPM analysis was completed, the normalized FA maps were imported into a 3D
image processing software package (Amira, Template Graphics Software, Inc., San Diego,
CA), and overlaid with a mask comprised of the significant SPM clusters. Each cluster was
located according to the voxel of highest significance, as determined by SPM2, in order to
determine its anatomic location, with the help of a neuroanatomy atlas (Greenstein and
Greenstein, 2000) and fibre tracking atlas (Wakana et al,, 2004). We also used this
software to run movie loops of the normalized FA maps of all the subjects in order to
appraise the clusters. The clusters of FA were checked for several criteria: 1) does the

anatomic location make sense and does the cluster involve two or more white matter tracts?
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2) Is the cluster consistently in the same region for all subjects or is the cluster right on the
edge of a structure? 3) Is the cluster right on the edge of the brain or in an area of severe
susceptibility artifact? In general, only 20 - 25% of clusters output by SPM were kept after
this rigorous visual inspection. Within 8 — 12 years, 9 of 35 clusters were kept (including
6723 / 7431 voxels (90%)), between childhood and young adulthood, 2 of 9 clusters were
kept (including 14012 / 14201 voxels (99%)) and within 21 — 27 years, 10 of 42 clusters
were kept (including 1132 / 1935 voxels (59%)).

3.3 — Results

3.3.1 — Mean Diffusivity

Trace/3 ADC was found to be negatively correlated with age in splenium of the corpus
callosum, anterior limb of the internal capsule, external capsule, corona radiata, centrum
semiovale, subcortical white matter of the gyri, globus pallidus, putamen, and head of the
caudate nucleus within 8 — 12 years as measured with the ROI method. With SPM
analysis, Trace/3 ADC decreased with age in the entire brain (Figure 3.1a). Between
childhood (8 — 12 years) and young adulthood (21 — 27 years), all structures measured with
ROI analysis with the exception of the cortical gray matter showed decreases with age.
Similarly, with SPM analysis, we see widespread decreases of Trace/3 ADC with age,
although a little sparser in the right hemisphere (Figure 3.1b). Within 21 — 27 years no
decreases in mean diffusivity were seen with ROI analysis; however, with SPM analysis,
significant decreases of Trace/3 ADC were seen throughout the brain, mainly in the

peripheral white matter (Figure 3.1c).
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Group comparison
8 - 12 years versus
21 - 27 years

within
2] - 27 years

within
8 - 12 years

Figure 3.1 - SPM results for Trace/3 ADC analysis with age. Collapsed brain views of the SPM significant
clusters: a) negative correlation analysis within 8 — 12 years, b) un-paired t-test analysis between young and
older groups, and c) negative correlation analysis within 21 — 27 years. All analyses show global decreases in

Trace/3 ADC with age, although into the 20s the clusters become sparser.

3.3.2 — Fractional Anisotropy
3.3.2.1 — Test 1: Correlations within 8 — 12 years

In children 8 — 12 years (N=32), only 3 (of a possible 8) white matter regions were found to
have increases of FA with age in ROI analysis. These were the genu of the corpus
callosum, splenium of the corpus callosum and the corona radiata. However, with SPM
analysis, much more widespread changes were seen. In fact, a cluster of 6422 voxels
(p<0.0001, r=0.65 at the voxel of highest significance) was found to have significant
positive correlation with age (Figure 3.2). This cluster includes the cerebellar peduncles,
brain stem, inferior fronto-occipital fasciculus, uncinate, inferior longitudinal fasciculus,
frontal white matter, internal and external capsules (with the exception of the right external
capsule), thalamus, genu of the corpus callosum, the body of the corpus callosum,

cingulum, and the corona radiata up to the top of the brain.
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Figure 3.2 — Results for correlation of FA with age within 8 — 12 years: a) SPM significant clusters in orange
and b) ROI significant regions in green and non-significant regions in blue. ROI analysis underestimates the

extent of the changes occurring over this age range.
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There were also a few isolated clusters most of which were contralateral to parts of the
large cluster. These were in the left cerebellar peduncle (16 voxels, p=0.01, r=0.45), the
right cerebral peduncle (34 voxels, p=0.01, r=0.44), left frontal white matter (34 voxels,
p=0.004, r=0.49), right inferior longitudinal fasciculus (15 voxels, p=0.02, r=0.40), right
optic radiation (25 voxels, p=0.02, r=0.41), a central portion of the splenium of the corpus
callosum (119 voxels, p=0.01, r = 0.45), part of the cingulum and corpus callosum body on
the right side (22 voxels, p=0.01, r=0.45) and in the left corona radiata high in the brain (36
voxels, p=0.02, r=0.42).

3.3.2.2 — Test 2: Group Analysis (8 — 12 years versus 21 — 27 years)

Group analysis showed the most robust changes in FA with age. With ROI analysis 7 of 8
measured structures showed increases in FA between childhood and young adulthood with
the exception of the centrum semiovale (Table 3.1). Similarly, with SPM analysis, one
significant cluster of 13988 voxels was found, comprised of the cerebellum, cerebellar
peduncles, brain stem, cerebral peduncles, frontal white matter, inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus, internal capsule, external capsule, a small
portion of the genu of the corpus callosum, body of the corpus callosum, a small portion of
the splenium of the corpus callosum, cingulum, hippocampus, superior fronto-occipital
fasciculus, superior longitudinal fasciculus and the corona radiata up to the top of the brain
(at max voxel p=10"", difference of 35%) (Figure 3.3). There was also one isolated cluster
in the right inferior longitudinal fasciculus (24 voxels, p=0.001, difference of 20%). SPM
analysis, like ROI analysis, did not find any significant difference between the child and
young adult centrum semiovale. The centrum semiovale is a very complex region of
crossing fibres, and therefore very low FA for white matter. Thus, accurate measures of the
change in FA in this region may require higher resolution imaging, or different analysis

techniques.
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Table 3.1 — Group analysis statistics and percentage fractional anisotropy (FA) differences
in children versus young adults for ROI and SPM analysis

Region ROI Analysis’ SPM Analysis =
p FA p FA
Difference Difference
%)"! )"
cerebellum N/A N/A 0.01 15
brain stem N/A N/A 0.01 7
inferior longitudinal fasciculus N/A N/A 0.001 13
cingulum and corpus callosum N/A N/A 0.007 12
hippocampus N/A N/A 0.005 16
superior fronto-occipital fasciculus N/A N/A 0.001 10
superior longitudinal fasciculus N/A N/A <0.0001 15
genu of corpus callosum <0.0001 11 0.02 11
splenium of corpus callosum <0.0001 7 0.05 11
anterior limb of internal capsule <0.0001 14 <0.0001 31
posterior limb of internal capsule <0.0001 6 0.0002 15
external capsule <0.0001 9 0.009 8
corona radiata <0.0001 11 0.05 7
centrum semiovale >0.05 None >0.05 None
thalamus 0.007 7 <0.0001 14

% N/A = structure not measured with ROI analysis
! SPM results are presented for a voxel from the central portion of each structure within the large cluster

FAadult — FAchild y
FAchild

" FA difference = 100
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Figure 3.3 - Results for group analysis between children (8 — 12 years) and young adults (21 - 27 years): a)
SPM significant clusters in orange and b) ROI significant regions in green and non-significant regions in blue.
Although both methods demonstrate widespread increases in FA with age, SPM analysis misses the largest
portions of the genu and splenium of the corpus callosum likely due to imperfect spatial normalization. On
the other hand, ROI analysis underestimates the extent of the changes in FA with age.
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3.3.2.3 — Test 3: Correlations within 21 — 27 years

In young adults aged 21 — 27 years (N=28) only the right centrum semiovale showed
significant increase in FA with age using ROI analysis. Using SPM analysis, increases in
FA were seen in the left centrum semiovale (two clusters:407 voxels, p=0.0005, r=0.61 and
157 voxels, p=0.009, r=0.49) and right centrum semiovale (285 voxels, p=0.0001, r=0.66),
left anterior limb of the internal capsule (63 voxels, p=0.0005, r=0.61), right frontal white
matter (12 voxels, p=0.02, r=0.43), right parietal white matter (18 voxels, p=0.02, r=0.45),
upper left corona radiata (two clusters: 93 voxels, p=0.003, =0.53 and 18 voxels, p= 0.01,
=0.48), upper right corona radiata (68 voxels, p=0.001, r=0.59) and the right thalamus (10
voxels, p=0.02, r=0.43).

3.4 — Discussion

3.4.1 — Mean Diffusivity with Age

SPM and ROI analyses were very consistent for the more robust correlations such as
Trace/3 ADC with age, where similar trends were seen with both analysis methods. And
while SPM analysis did find more regions than were measured using the ROI analysis, the
general result was the same: mean diffusivity decreases during development throughout the
brain, during childhood and adolescence, in agreement with previous studies which showed
a decrease in diffusion coefficient throughout childhood (Mukherjee et al.,, 2001).
However, within 21 — 27 years, SPM indicated that Trace/3 ADC continues to decrease
with age, whereas ROI analysis found no decreases with age. Much less of the brain shows
this decreasing trend than in childhood (Figure 1) indicating that this decreasing trend may
be coming to an end. Previous studies of adult aging suggest that from 20 years and older,
mean diffusivity increases (Pfefferbaum et al., 2000; Abe et al., 2002; Bhagat and Beaulieu,
2004), however, very few studies have been performed on the 20s alone. One can infer,
then, that the trend of decreasing mean diffusivity with age comes to an end in the
beginning of adulthood, and then the trend reverses. While this does not entirely support

the results of ROI analysis, it does not entirely contradict it, either. The two analysis
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methods thus, tend to lead to the same conclusions of neurodevelopment. The uniform
appearance of the various structures on Trace/3 ADC maps obtained with b = 1000 s/mm>
may also be partly responsible for this good agreement. However, conclusions on regional

variations with age of the heterogeneous FA maps differed between ROI and SPM.

3.4.2 — Fractional Anisotropy with 8 — 12 years

The results of fractional anisotropy within 8 — 12 years differed the most between ROI and
SPM. While both analyses showed changes in the genu of the corpus callosum and the
corona radiata, SPM analysis yielded a much larger number of regions. Most of these
regions, such as the cortico-spinal tracts, limbic system and association fibres, were not
measured using ROI analysis due to both time constraints and difficulties in identifying
structures on 2D FA maps. However; the internal capsule, external capsule and the
thalamus were measured using ROIs and were not found to be significant, although they
were found to be significant in SPM analysis. Perhaps averaging over all the voxels in the
2D slice of a structure with ROI analysis averages out the differences. This is supported by
the fact that FA is known to vary along a given structure (Partridge et al., 2005) hence a

portion of the structure may be changing with age, but not the structure as a whole.

On the other hand, ROI analysis identified significant changes in the splenium of the
corpus callosum, while SPM analysis found only a very small central portion showing
increases in FA over the age range of 8 — 12 years which may be due to improper spatial
normalization (Figure 3.4). The splenium of the corpus callosum has a large variety in
shape due to natural human variation, even in a spatially normalized state. The central
portion is consistent, whereas the ends vary dramatically. This level of variation makes this
structure particularly sensitive to the absolute FA threshold, as it would be more likely for

voxels to contain gray matter in one individual, and white matter in another.
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Figure 3.4 - Normalized images from six individuals at the same slice level. The red line shows that the

central portion of the splenium lines up for most individuals. However, it is evident that the rest of the
structure is quite different from person to person: b) and €) are quite truncated, while ¢) and d) are elongated,

and a) and f) are somewhere in between.

3.4.3 - Fractional Anisotropy between 8 — 12 years and 21 - 27 years

Group analysis comparing the children and young adults agreed quite well between
analysis methods. Both methods identified the majority of the white matter having
increases in FA with age, with the exception of the centrum semiovale. SPM analysis
identified all of the 7 structures that ROI analysis identified. However, the SPM clusters in
the genu and splenium of the corpus callosum, as well as the corona radiata did not
encompass the entire structures, likely due to imperfect spatial normalization (Figure 3.4)

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and biological variability in their shapes. These clusters also had much lower statistical
significance than with ROI analysis (with SPM p-values of 0.02, 0.05 and 0.05
respectively, with ROI all were p<0.0001). On top of these 7 structures, SPM analysis
identified a large number of structures not measured using ROI analysis, including the

cortico-spinal tracts, the limbic system and association fibres.

3.4.4 — Fractional Anisotropy with 21 — 27 years

Correlations within 21 — 27 years showed very little change in FA for both SPM and ROI
analyses. ROI analysis only identified the right centrum semiovale as having increasing
FA with age. SPM analysis also identified the centrum semiovale, although bilaterally, as
well as a few other structures not identified with ROI analysis. The significant clusters
found in the thalamus and anterior limb of the internal capsule are quite small (10 voxels
and 63 voxels respectively). By averaging all the voxels within these structures on one 2D
slice with ROI analysis these small regional differences may have been lost. The
remaining clusters were in areas not measured with ROI analysis. And while the specific
results of these analysis methods did differ, the conclusions of neurodevelopment remain
consistent: that the structure showing the most development beyond adolescence is the
centrum semiovale. Again, this is a very difficult structure to measure, and so changes may

be artifactual.

3.4.5 — General Comments on Neurodevelopment Analysis Techniques

SPM analysis gives a more complete picture of the brain’s development through childhood
and into young adulthood than does ROI analysis. The continued development of the
limbic system and the association fibres are not surprising. Yakovlev and Lecours
suggested that the limbic system would continue to develop beyond the 1% decade of life,
and that the association fibres continue to myelinate beyond the 30s (Yakovlev and
Lecours, 1967). And, in fact, Paus et al identified the arcuate fasciculus association fibre in
a study of white matter density with T1-weighted images within 4 — 17 years (Paus et al.,

1999), and Schmithorst et al identified both the cortico-spinal tract and association fibres in
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a VBM study of 5 — 18 years (Schmithorst et al., 2002). However, these two latter studies
severely under-estimated the spatial extent of the developmental changes occurring in the
brain. Several studies did not measure these regions with 2D ROIs including our previous
study (Klingberg et al., 1999; Schneider et al., 2004; Snook et al., 2005). This is likely due
to the difficulties associated with identifying these structures on 2D slices. The use of
tractography to study neurodevelopment of those tortuous tracts may be another option
(Partridge et al., 2005). This study also showed that tractography based analysis could
reduce intra-operator variability and improve reproducibility as compared to manual ROI

analysis.

While SPM analysis seems to give a more complete story than is possible with ROI
analysis alone, there remains one major concern. Of the clusters that SPM identified as
being significant, 75% were thrown away. In group analysis, this only accounted for 1% of
the total voxels 1dentified and as such is not much of a concern. However, for correlative
analysis, this accounted for up to 41% of the total voxels. While it is quite easy to take the
SPM results at face value, visual inspection of all the clusters is an important step in the

SPM analysis process.

3.5 — Conclusions

While the ROI method and voxel based method of analysis are both widely used, each
method has its advantages and disadvantages. Without any a priori knowledge of the
affected areas of the brain, ROI analysis quickly becomes limited by time constraints, and
thus seems to under-estimate the extent of the white matter changes occurring with
neurodevelopment. However, SPM analysis is limited by the inaccuracies of spatial
normalization. These two analysis methods in general tend to agree with one another, but
neither method alone gives the complete story of neurodevelopment as assessed by
diffusion tensor imaging. Perhaps combining the two methods would give a more

complete story of neurodevelopment.
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Chapter 4 ¢ Neurodevelopment over the Span of Childhood
to Young Adulthood — Works in Progress

4.1 — Introduction

The 8 — 12 year old subjects recruited and scanned for Chapters 2 and 3 above were
recruited for a reading study being conducted by our research group (Beaulieu et al., 2005).
In order to study neurodevelopment, we recruited the young adults (21 — 27 years) as per
Chapters 2 and 3. The reading study was extended younger, and so we had an added
opportunity to study neurodevelopment from the age of 5 years, instead of only 8 years.
Thus we had children between the ages of 5 — 12 years, as well as young adults between 21
— 27 years of age. Given the large number of changes seen in FA and Trace/3 ADC
between childhood and young adulthood (Table 2.1 and 2.2), it was only natural that we
should fill the age gap, and recruit and scan teenagers between the ages of 13 — 21 years in
order to look at the entire span of neurodevelopment. Our inclusion/exclusion criteria
were: 1) no history of psychiatric disorder including depression and attention deficit
disorder, 2) no history of neurologic injury or diseases including cerebral palsy, epilepsy,
and meningitis, 3) no birth trauma such as premature birth, or injury in which oxygen was
required. Also, all subjects were screened for MRI safety, including metal and/or
electronic implants, injuries with metal to the eyes, body piercings and tattoos, as well as
pregnancy. In total, 219 subjects were scanned. Of those, we had successful scans of 196

subjects (Figure 4.1), giving us roughly a 90% success rate.
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Figure 4.1 — Summary of subjects scanned (successful scans only).

Ideally, we will scan 2 more 13 year old females, 2 more 16 year old males and 1 more 19
year old female in order to have a total of more than 200 subjects, with a minimum of 5 per

age per gender through the teenage years, to fully describe the dynamic adolescent years.

The largest portion of unsuccessful scans came from children between the ages of 5 — 7
years (10 subjects) in which the children were simply unable to sit still long enough for the
DTI scan (6:06 minutes). The other subjects that were not used were due to a combination
of MRI scanner errors (such as RF artifacts), and motion artifacts and their ages ranged
anywhere from 9 years to 29 years. Of the successful 196 subjects scanned, 142 (71 female
and 71 male) have had a full ROI analysis performed to date (Figure 4.2).
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Figure 4.2 — Subjects analyzed to date.

4.2 — Motivation

A large number of MRI studies of maturation have been performed on children,
adolescents and young adults. However, the majority of them are looking at volumetric
data in the cortex using T1- weighted imaging (Sowell et al., 2004). Considering the
evidence of continued myelination through the young adult years (Yakovlev and Lecours,
1967; Benes et al., 1994) it is somewhat surprising that DTI studies have been limited to
the childhood and early adolescent years, or the opposite end, looking at the aging brain,
into the 70s and 80s. Many DTI studies of neurodevelopment are interested in the first year
of life, where major developmental changes are occurring (McKinstry et al., 2002; Maas et
al., 2004; Partridge et al., 2004; Hermoye et al., 2006). The largest jumps in FA and ADC
are seen in this first year of life. Another large chunk of these studies focus on the first 4
years of life, again where large increases of anisotropy and decreases of mean diffusivity
are observed (Morriss et al., 1999; Schneider et al., 2004). However, small changes
continue to occur through the older child, adolescent and young adult years. A few studies
which look at adolescents simply underestimate the magnitude of change occurring in the
brain as compared to our studies, perhaps due to a small number of subjects (Schmithorst et

al., 2002) and/or a small number of regions measured (Schmithorst et al., 2002; Ben Bashat
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et al., 2005). A recent study of 6 — 19 year olds has shown some interesting results, with
increases of FA in the arcuate fasciculus, motor areas, internal capsule, prefrontal regions,
corpus callosum, basal ganglia, thalamocortical connections and ventral-visual pathways
(Barnea-Goraly et al., 2005), however, they only had 34 subjects. With our nearly 200
subjects over this developmentally highly dynamic age range, it will be interesting to see if
we can reproduce the results of these previous studies, as well as analyze other issues, such
as gender differences, which is not possible with the small number of subjects in the earlier

reports.

The National Institutes of Health (NIH) is undergoing a large scale project of
neurodevelopment including both cross sectional and longitudinal information, performing
not only DTI, but also anatomical imaging and spectroscopy, as well as a large battery of
cognitive and behavioural tests. This study includes subjects of 0 — 18 years (N = 500)
with 188 DTI data sets in children 7 — 18 years of age. This is a multi-centre collaborative
project with a budget of over $28 million (US dollars). Their motivations are much like
ours: a need for studies with larger sample sizes, and more than just T1- weighted imaging.
However, the one advantage we have is that our DTI data sets (a comparable number of
them) are all acquired with the same scanner. Multi-centre projects tend to have issues
with the images being acquired on different MRI scanners, which have their own
characteristics in field inhomogeneities, and such. Thus, each centre will have its own set
of artifacts, complicating the final analysis of all the subjects from the different centres
(Evans, 2005).

With the results of Chapters 2 and 3, which show a large number of changes between
childhood and young adulthood in both FA and Trace/3 ADC, then there must be changes
occurring in the teenage years in between. The question thus remains what the course of

FA and Trace/3 ADC development will look like during the teenage years.
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4.3 — Preliminary Results

4.3.1 — Mean Diffusivity

Negative linear correlations were performed for Trace/3 ADC with age over 5 — 27 years
(N=142). Mean diffusivity showed continued decreases with age in all 13 measured
structures (Figure 4.3a — m, statistics indicated in the top right corner of the graph,
m=slope). In 12 of the 13 structures, the statistical significance was very high (r > 0.45 and
p < 0.0001). In the cortical gray matter, the correlation reached significance (p = 0.0005),
however, it was not a very good correlation (r = 0.13) (Figure 4.3m). This is in good
agreement with the results of Chapter 2 which showed group decreases of mean diffusivity
between childhood and young adulthood in all structures but the cortical gray matter (Table
2.2). Note that while this data fits a linear decrease, were we to include children less than 4

years old it would likely be a biexponential decrease (Schneider et al., 2004).
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Figure 4.3a — Trace/3 ADC trends for the genu of the corpus callosum.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.950

r=0.46
0900 ¢ ¢ o [ |
2 . p <0.0001
€ ‘ ¢ 6 |
£ 0.850 s ot m =-3.0x10°
? $ o * o0
S 5800 4 T ’0’00:" . R .
*x . IS . A e
0 0‘ . LN .. 4 IS ” * .: .’
a * e . PY 0‘ . o e . * Se
< 0.750 X - s *
* : P ¢ ® L J
™ ¢ . . . ® ®e ¢ 00 ced Py
—
Q * 0 A4
@ 0.700 - * s
lg .
0.650 - - - -
0.600 T T T T
4.0 9.0 14.0 19.0 24.0 29.0
Age (years)
Figure 4.3b — Trace/3 ADC trends for the splenium of the corpus callosum.
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Figure 4.3¢ — Trace/3 ADC trends for the anterior limb of the internal capsule.
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Figure 4.3d — Trace/3 ADC trends for the posterior limb of the internal capsule.
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Figure 4.3e — Trace/3 ADC trends for the external capsule.
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Figure 4.3f — Trace/3 ADC trends for the corona radiata.
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Figure 4.3g ~ Trace/3 ADC trends for the centrum semiovale.
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Figure 4.3h — Trace/3 ADC trends for the subcortical white matter in the gyri (superior frontal gyrus, right

supra marginal gyrus, right middle occipital gyrus, left superior temporal gyrus and the left postcentral gyrus).
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Figure 4.3i — Trace/3 ADC trends for the thalamus.
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Figure 4.3j — Trace/3 ADC trends for the globus pallidus.
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Figure 4.3k — Trace/3 ADC trends for the putamen.
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Figure 4.31 - Trace/3 ADC trends for the caudate nucleus.

1.200 *
r=0.13

1.100
o p = 0.0005
E R P
E 10w v m=-1.0x10°
=)
-
x
¢ 0900
Q
<
el
@ 0.800 A
o
©
{5
=

0.700

0.600 T T T T

4.0 9.0 14.0 19.0 240 29.0

Age (years)

Figure 4.3m— Trace/3 ADC trends for the cortical gray matter surrounding S gyri (superior frontal gyrus, right
supra marginal gyrus, right middle occipital gyrus, left superior temporal gyrus and the left postcentral gyrus).
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4.3.2 - Fractional Anisotropy

Fractional anisotropy shows more complex trends with age than does Trace/3 ADC. All
structures were fitted for natural logarithmic and linear regression lines. A lower p value
determined which trend was more statistically significant. In the case of the same p value,
a higher r value was used to determine which trend was more significant. The majority of

structures appear logarithmic in nature (Table 4.1). Plots are shown in Figure 4.4.

Table 4.1 — Logarithmic and Linear Trends of FA with Age (5 — 27 years)'2

Region Linear Logarithmic
slope r p r p
White Matter
genu of corpus callosum’ 0.002 0.29  0.0006 0.27 0.001
splenium of corpus callosum’ 0.002 040 <0.0001 038  <0.0001
anterior limb of internal capsule” 0.003 0.30  0.0003 036  <0.0001
posterior limb of internal capsule® 0.002 0.31  0.0002 0.31 0.0001
external capsule” 0.003 0.50 <0.0001 0.53  <0.0001
corona radiata” 0.002 031 00002 027  0.001
centrum semiovale --- 0.02 0.81 0.03 0.69
subcortical WM of gyri” 0.003 032 <0.0001 035  <0.0001
Gray Matter
thalamus” 0.003 0.57 <0.0001 061  <0.0001
globus pallidus” 0.004 0.58 <0.0001 0.62  <0.0001
putamen” 0.002 0.44 <0.0001 046  <0.0001
caudate nucleus” 0.003 047 <0.0001 048 <0.0001
cortical GM 0.001 0.18 <0.0001 0.22  <0.0001

12 While the plot may be suggestive of either a logarithmic or a linear curve, our data is not good enough to
differentiate between linear or logarithmic trends.

* more closely fits a linear trend, # more closely fits a logarithmic trend
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Figure 4.4a — FA trends for the genu of the corpus callosum.
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Figure 4.4f — FA trends for the corona radiata.
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Figure 4.4g — FA trends for the centrum semiovale. Note that there is no increase of FA for this structure.
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Figure 4.4h — FA trends for the subcortical white matter of the gyri (superior frontal gyrus, right supra
marginal gyrus, right middle occipital gyrus, left superior temporal gyrus and the left postcentral gyrus).
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Figure 4.4i — FA trends for the thalamus.
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Figure 4.4j — FA trends for the globus pallidus.
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Figure 4.4k — FA trends for the putamen.

© e o o o

= i N oW W

o o o o o
I 1 Il

Fractional Anisotropy
o
=)

0.05 -

0-00 T T T T
4.0 9.0 14.0 19.0 24.0 29.0

Age (years)

Figure 4.41 — FA trends for the caudate nucleus.
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Figure 4.4m — FA trends for the cortical gray matter surrounding the gyri (superior frontal gyrus, right supra
marginal gyrus, right middle occipital gyrus, left superior temporal gyrus and the left postcentral gyrus).

4.3.3 — Gender Differences

Female and male FA and Trace/3 ADC were compared visually, by plotting the male and
female data sets on one graph, and drawing trend lines for both sets independently (linear
trend lines for Trace/3 ADC, and linear or logarithmic, as determined in Table 4.1 for FA).
The trend lines were nearly perfectly aligned in Trace/3 ADC for all 13 structures (plots not

shown). For FA, however, there were some marked differences.

Three white matter regions showed obvious gender differences for FA (i.e. separation
between regression lines): the anterior limb of the internal capsule, the posterior limb of the
internal capsule and the corona radiata. The gray matter regions did not have perfectly
overlapping trend lines; however, the differences were not as marked as the plots shown
(Figure 4.5). Perhaps with the inclusion of all subjects, gender differences, if any, will

become clearer.
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4.4 — Discussion

4.4.1 - Signal-to-Noise in the Brain with Age

One concern with using such a large age range of subjects is potential systematic variations
in the signal to noise ratio (SNR). This is because it has been shown that for lower values
of SNR, the eigenvalues quickly diverge from their “true” values (Pierpaoli and Basser,
1996). This is especially true of SNR < 20 (Bastin et al., 1998). At low values of SNR, A,
is higher than expected and A3 is lower than expected, causing an over-estimation of FA.
However, since we are dealing with SNR values much greater than 20, we can be quite

confident in our measurements of FA and Trace/3 ADC with age.

SNR was measured on the bO images, by taking an average signal of gray and white matter
from approximately Y4 of the brain, in the posterior left portion of the image, on a central

slice. No CSF was sampled. This average signal is divided by the standard deviation of
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the noise. Note that the noise is measured such as to avoid any areas of ghosting along the
phase encode direction. Younger brains tend to show higher SNR (Figure 4.6). Over 5 —
27 years, SNR shows a power function decrease (SNR o age (years) *'®, r = 0.71).
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Figure 4.6 — SNR decreases with age.

There are a few potential reasons for this variation of SNR with age. Transverse relaxation
time (T2) shortens with age (Kreis et al., 1993) which potentially would cause lower signal
at older ages. However, by the age of 5 years, T2 has reached close to adult values (for
example, using the bi-exponential fitting values of Ding, et al, T2 = 113 ms at 5 years, and
109 ms at 20 years), and would not account for the degree of change we are seeing (Ding et
al., 2004). Another possibility is the fact that the water content of the brain decreases by 14
— 18% between birth and young adulthood (Mukherjee et al., 2001). This has been shown
by MR Spectroscopy (Kreis et al., 1993), as well as by a decrease in proton density signal
intensity (Autti et al., 1994). Again, this would decrease the total amount of signal
available from the older brains. Any additional SNR differences, not accounted for by
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proton density differences can be attributed to the difference in noise created by the varied
volume exposed to the RF coil due to the systematic variation in size from 5 years to 27

years.

4.4.2 — Analysis Methods

More sophisticated statistical analysis techniques are required to determine a true fit to our
data. From this, we hope to be able to determine at what age we see the greatest increases
of FA (i.e. at what point the slope is the greatest). Potentially, SPM analysis of FA could
be performed on this entire age range although a linear correlation analysis is likely to

underestimate the changes, due to the observed non-linearity of the data.

4.5 — Conclusions

With the group results of Chapters 2 and 3, we hypothesized that Trace/3 ADC would
decrease and FA would increase over the teenage years, however, the time course of their
changes with brain development is not known. Our preliminary results show that Trace/3
ADC continues to decrease linearly with age until the mid- to late 20s. However, FA
shows much more complicated mathematical trends. The true nature of these trends will
not be completely elucidated until all 196 (or greater) subjects have been analyzed. This
will fill in the sparse data in the middle teenage years, and make clear what is happening in

those formative years.
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Chapter S ¢ Diffusion Tensor Imaging and
Neurodevelopment — Implications for the Future

5.1 - Comments on Neurodevelopment

5.1.1 - Postmortem studies

Early post-mortem neurodevelopment studies show continued myelination into adulthood
(Yakovlev and Lecours, 1967; Benes et al., 1994). In this study we have confirmed these
findings using diffusion tensor imaging between the ages of 5 — 27 years. Increases of FA
with age were seen in the corpus callosum, many association fibres such the inferior
longitudinal fasciculus, and the thalamus. Increases of FA were also seen in the fornix and
possibly the cingulum. Yakovlev and Lecours saw continued myelination in these areas as
well, with the exception of the fornix, where they were unclear as to when the development
of the fornix completed (Yakovlev and Lecours, 1967). We saw increases throughout the
brain stem and cerebellum, which could correspond to the reticular formation. The
reticular formation is composed of tiny structures of the brain stem, specifically in the
medulla, pons and midbrain and their respective connections, which is known to be highly
organized. The medullary and pontine areas send fibres down the spinal cord to motor
neurons, including the motor control of breathing. The midbrain sends fibres up into the
cerebral hemispheres and while not much is known about their function, they are known to
control consciousness. Injury to this area results in a coma (Lindsley and Holmes, 1984).
Therefore, it is likely that the developing white matter tracts we are detecting in the brain

stem are likely the connections of the highly organized reticular formation.

5.1.2 — DTI Studies

Quite a few DTI studies have been done on the subject of neurodevelopment. Each study
comes to the same general conclusions that mean diffusivity decreases with development,
and that anisotropy increases with development. However, the specific regional results

seem to vary based on the age range of the subjects studied, the number of subjects and the
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analysis method employed. When using an ROI based analysis, we are limited by the
number of regions measured, and when using a voxel based analysis technique we are
limited by the ability to properly normalize the images to a common stereotactic space.
While each study may give a different answer as to what parts of the brain are developing,
each study on its own is not the entire story (Table 5.1). Perhaps each study offers
complementary information about the normal development of the brain. Recurring
structures are the corticospinal tracts, internal capsule, and frontal white matter. However,
the specifics of each study are slightly different. All these DTI studies see more regions
than previous T1- weighted studies (Paus et al., 1999) who reported that only the posterior
limb of the internal capsule and the left arcuate fasciculus changes over 4 — 17 years
(N=111). Our results do agree in general with previous studies. However, we have found a

much larger number of structures showing increases in anisotropy with age.
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Table 5.1 — Summary of DTI Studies of the Developing Brain

Study Ages

Analysis

Regions of Anisotropy Changes

Klingberg et al., 1999
Mukherjee et al., 2001

8-12 & 20-31 yrs
1 day — 11 years

Schmithorst et al., 2002 5 —18 years

Suzuki et al., 2003 1-10 & 18-34 yrs

Schneider et al., 2004 1 day — 16 years

Bamea-Goraly et al.,
2005

6 — 19 years

Snook et al., 2005 8-12 & 21-27 yrs

Chapter 3 — To be
published

8-12 & 21-27 yrs

VoI~
ROI

SPM

ROI

ROI

SPM

ROI

SPM

frontal white matter

corpus callosum, internal
capsule, basal ganglia, thalamus

internal capsule, corticospinal
tract, arcuate fasciculus (L),
inferior longitudinal fasciculus

®R)

parietal white matter, frontal
white matter

pons, crus, centrum semiovale,
subcortical white matter

arcuate fasciculus, motor areas,
internal capsule, prefrontal
regions, corpus callosum, basal
ganglia, thalamocortical
connections, ventral-visual
pathways

corpus callosum, internal
capsule, external capsule,
corona radiata, cortical white
matter, thalamus, basal ganglia

cerebellum, brain stem, frontal
white matter, inferior
longitudinal fasciculus, inferior
fronto-occipital fasciculus,
internal capsule, external
capsule, corpus callosum,
cingulum, superior fronto-
occipital fasciculus, superior
longitudinal fasciculus, corona
radiata

" Volume of interest, defined on T1-weighted images
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5.2 — Implications for Cognition

While it is well know that the largest neurodevelopment changes occur in the first four
years of life, the continued development of various regions of the brain has several

implications for behavioural and cognitive development.

5.2.1 — Motor Development

SPM analysis showed continued development of the cerebellum, brainstem, internal
capsule, external capsule, corona radiata, and centrum semiovale. The combined
development of these tracts suggests that the corticospinal tracts are developing through the
teenage years, as they are all projection fibres leading out of the brain stem. Also, ROI
analysis showed continued development of the basal ganglia (globus pallidus, putamen and
caudate) which are thought to be motor in function (Lindsley and Holmes, 1984). Anyone
who has spent a substantial amount of time with teenagers would not find this surprising.
From the age of 5 years, motor coordination improves in leaps and bounds. As a child, it is
learning fine motor skills, such as holding a pencil and learning proper handwriting. In
teenagers, the brain needs to deal with large growth spurts, essentially needing to
recalculate the body’s center of gravity, until we finally hit young adulthood, and motor

coordination seems to be fairly stable.

5.2.2 — Learning and Memory

Several of our findings implicate those parts of the brain that are in charge of memory and
learning. The limbic system is well known to be involved in these processes. As well, the
long association fibres, the superior longitudinal fasciculus and the associated arcuate
fasciculus, are thought to connect Wernicke’s and Broca’s language areas of the brain
(Dronkers and Baldo, 2001). This implies that childhood and adolescence are the ideal

time for education.
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Interestingly, the development of the corpus callosum early in life (generally in the second
year) is thought to contribute to one’s ability to read and write. This is suggested due to the
fact that the language areas are thought to be on the left side of the brain and the perception
areas on the right side of the brain. Thus, to be able to put words and meanings together,
we must have a good integration of left and right brain (Kagan and Baird, 2004). This
integration is entirely provided by the left-right connections of the corpus callosum. One
could see that this would be important for more than just reading and language, but for all
aspects of learning. Thus, the continued development of the corpus callosum through
adolescence is logical. It allows for better integration of the different learning and

perception centers of the brain.

5.2.3 — Discussion

The biggest jumps in development occur in the early years of childhood (as do the largest
changes of FA and Trace/3 ADC (Schneider et al., 2004)), however; there is continued
white matter development into adolescence (Barnea-Goraly et al., 2005) and even young
adulthood (Snook et al., 2005), as evidenced by DTIL. This continued brain development is
also known to occur in cortical gray matter (Sowell et al., 2004). There are several logical
reasons for brain development during adolescence, mainly a refinement of the cortical
connections as we become more specialized, and hormonal releases that are known to
occur during puberty. It has been well documented that the adolescent years are a time of
cortical pruning; a process thought to increase brain functionality by eliminating irrelevant
connections. As well, it is a time of great change in both hormone and neurotransmitter
levels in the brain (Walker and Bollini, 2002). While we may expect the biggest changes
to be occurring very early in life, these post-pubertal physiological changes match up well

with neuroimaging studies.
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5.3 — Future Work

Our lab is currently undertaking several projects involving DTI, including advanced
analysis techniques, as well as comparative clinical studies, using the 196 subjects of this

body of work as the healthy controls.

5.3.1 — Advances in DTI Analysis Techniques

Several advances in DTI analysis techniques are currently emerging. Mainly, these are
ways to automate the current analysis techniques. While ROI analysis is a tried and true
method, it has some limitations, mainly in the amount of time one needs to dedicate to

manually drawing each region.

5.3.1.1 — Atlas Based Region of Interest Analysis

This technique of ROI analysis is almost fully automated. A brain atlas is created by
imaging a brain several times and then averaging the images to create a template.
Alternatively, an atlas could be created from an average of the subjects of the study itself,
creating a template brain based on the subjects to be analyzed. Each of the subject brains is
normalized to this template brain, creating a unique transformation matrix for each
individual subject. An ROI is then drawn on the atlas. The transformation matrix is
applied for each subject, respectively, transforming the ROI back to the native imaging
space for each subject. The advantages of this method are clear: if there are 200 subjects in
a study, and a minimum of 30 ROIs to be drawn per subject, that means 6,000 ROIs, but
with the atlas based method, only 30 ROIs need to be drawn. With this method, ROIs will
often span two or more slices, depending on the orientation of the raw DTI images.
Therefore, it is not equivalent to a standard ROI analysis. However, this can be an
advantage because most native images are not going to be aligned in exactly the same way
from one subject to the next. In these cases, with a standard ROI technique, the portion of

the structure to be sampled may not be the same from one subject to the next.
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Similar methods have been applied to PET imaging (Ohyama et al., 2000), in a 3D

volumetric MRI analysis (Mega et al., 2005) in the assessment of dementia.

5.3.1.2 — Tractography Based ROIs

A recent extension to DTI is diffusion tractography (Jones et al., 1999; Mori et al., 1999;
Conturo et al., 1999; Basser et al., 2000). By following the direction of fastest diffusion
(generally, the eigenvector associated with A;), and assuming that water will preferentially
diffuse in a direction parallel to white matter fibres, the white matter tracts can be
reconstructed and visualized 3 dimensionally. This method offers a big advantage over 2
dimensional methods. If we take, for example, the cingulum and try to draw an ROl on a
2D FA image, it will be indistinguishable from the body of the corpus callosum (although it
will appear green on a 2D colour map, allowing for easier identification (Hermoye et al.,
2006)). However, based on our knowledge of basic neuroanatomy, we can place a seed
point so that we can follow the cingulum (which runs anterior posterior) instead of the
corpus callosum (which runs left-right). Thus smaller structures, and structures that are

hard to identify on 2D images are easily drawn with tractography (Figure 5.1).
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Figure 5.1 — Fibre tracking of the cingulum of a 7 year old male subject, shown on the central slice of a

normalized FA map.

ROIs can then be defined along a tract, and multiple ROIs can be drawn in one tract to
show regional changes within one structure. A recent study on newborns has shown that
not only is this possible, but that it provides much improved reproducibility than a manual,

2D ROI method (Partridge et al., 2005).

5.3.2 — Normative Database for Comparison to Disorders Affecting Brain
Connectivity

With nearly 200 subjects, over the ages of 5 — 27 years, we have a small gold mine of
normative data. Because of DTD’s ability to probe the microstructure of the brain’s white
matter, it is the most logical current method of studying many white matter related diseases

and disorders. Our data set can be used as a control group for many of these disorders.
5.3.2.1 — Dyslexia and other Literacy Based Disorders

It has long been known that there is a neurologic basis to language. Over a century ago,
Broca discovered lesions in the inferior part of the frontal lobe in a patient with a severe
speech disorder (Dronkers and Baldo, 2001). This area of the cortex is now known as
Broca’s area. Thus, it is believed that language is produced in both Broca’s area and in
another part of the cortex named Wernicke’s area. Therefore, it is logical to assume that
there is a connection (white matter fibre tract) between these areas that is important for the
proper development of literacy. In fact, a subset of our subjects (8§ — 12 years, N=32) has
been used for a reading study (Beaulieu et al., 2005) in which reading ability as measured
by the Word Identification (Word ID) subtest of the Woodcock Reading Mastery Test-
Revised (WRMT-R, American Guidance Service) is correlated with FA using SPM. This
study found a region of significant correlation in the left temporo-parietal white matter.
These results are in agreement with the results of 2 other studies of dyslexia, one in adults
(N=6 poor readers, with 11 controls) (Klingberg et al., 2000) and the other in 7 — 13 year
old children (N=14) (Deutsch et al., 2005). We are currently analyzing another subset of
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our subjects (5 — 8 years, N = 48) who have had both DTI scans and cognitive assessments

to see if the correlative results can be confirmed in even younger children.

5.3.2.2 — Prader-Willi Syndrome

Prader-Willi Syndrome (PWS) is a genetic disorder that involves a deletion of a band of the
paternal chromosome 15 (and occasionally a maternal uniparental disomy of this region).
It is characterized by hypotonia, polyphagia, obesity, hypogonadism, mental retardation
and characteristic facial features, as well as an insatiable appetite. Abnormalities of the
central nervous system, including poor myelination have been reported in neuropathologic
investigations of humans with PWS (Hayashi et al.,, 1992). A recent study of PWS
observed anatomical defects including irregular projections of axons, and dystrophic axons
in prenatal mice (Pagliardini et al., 2005). Evidence of these defects of myelination in an

animal model makes PWS of particular interest for a DTI study.

While a few MRI studies have been performed on patients with PWS with various findings
such as enlarged ventricles, cortical atrophy, small brain stem and small pituitary glands
(Miller et al., 1996; Hashimoto et al., 1998; Yoshii et al., 2002; Shapira et al., 2005), only
one abstract has been presented using DTI to study PWS. With selective ROIs they found
significantly reduced FA in the posterior limb of the internal capsule and the splenium of
the corpus callosum of PWS subjects compared to age matched controls (Yamada et al,,
2005), indicating that DTI is a tool capable of detecting the developmental differences of

white matter between controls and PWS patients.

At the NMR Facility at the University of Alberta, we have scanned 11 PWS subjects (7 —
41 years) who will be gender and age matched to controls from our normative database of

DTI data.
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5.4 — Concluding Remarks

Diffusion tensor magnetic resonance imaging is a very powerful tool, which has many
possible uses in medical research. It is a powerful tool for determining the time course of
white matter development beyond the early developmental years, but into adolescence and
even young adulthood. By truly understanding the course of normal development, we can
hope to better understand abnormal development caused by various diseases and disorders.
Above and beyond the suggestions made here, DTI could be useful in the study of autism,
fetal alcohol spectrum disorder, Tourette’s syndrome, and stuttering. There is so much
about the brain that we do not know. Being able to elucidate information about the vital
connections between brain areas, and how they malfunction in certain diseases and
disorders can teach us so much about what is happening in our own brains. It can lead not
only to a better understanding of how our brains function and develop, but can also lead to
better interventions for cognitive impairments like dyslexia, or clinical treatments for the

symptoms of disorders such as Prader-Willi Syndrome.
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