The most beautiful thing we can experience is the mysterious. It is the source
of all true art and all science. He to whom this emotion is a stranger, who
can no longer pause to wonder and stand rapt in awe, is as good as dead: his

eyes are closed.

— Albert Einstein

The more that you read, the more things you will know. The more that you

learn, the more places you’ll go.

— Theodor Geisel (Dr. Seuss)
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Abstract

Structural brain changes occur in a complex manner throughout life, and un-
derstanding healthy brain development is crucial for the study of brain abnor-
malities in various conditions. Diffusion tensor imaging (DTI) is an advanced
magnetic resonance imaging technique that provides information about tissue
microstructure not accessible via conventional imaging methods. In this dis-
sertation, DTT is used to assess typical brain development, brain abnormalities
in fetal alcohol spectrum disorder (FASD), and relationships between cognition
and brain structure in both populations.

Cross-sectional and longitudinal DTI studies were used to measure brain
maturation from childhood to adulthood. Significant, nonlinear changes of
diffusion parameters were noted across the brain, with regional variation in
the timing and magnitude of development. Most regions experienced rapid
maturation during childhood and adolescence, reached a developmental peak
during adulthood, and then, during senescence, underwent a reversal of struc-
tural changes that occurred more gradually than the initial development. The
genu and splenium of the corpus callosum had the earliest development, while
frontal-temporal connections and the corticospinal tracts showed the most pro-
longed maturation trajectories.

DTI was also used to examine brain abnormalities in children with FASD,
an acquired brain disorder associated with numerous cognitive, behavioural,
and emotional difficulties. DTI revealed widespread differences in children
with FASD when compared to healthy controls, suggesting extensive structural
brain damage.

Finally, significant relationships between cognitive abilities and brain struc-

ture were observed in both populations. Brain lateralization of a frontal-



temporal pathway correlated with two specific cognitive abilities in typically-
developing children. Additionally, a significant relationship between brain
structure and mathematical ability was observed in the left parietal lobe of
children with FASD. Preliminary results demonstrating reading-brain struc-
ture correlations in both healthy and FASD groups are also presented.

In conclusion, DTT has shown significant age-related changes in the typically-
developing human brain, abnormalities in children with FASD, and correla-
tions between brain structure and cognition in both populations. Normative
DTI studies such as the ones presented here are important to establish healthy
milestones of brain development and degradation, which may then be used to

understand abnormalities in a variety of conditions, including FASD.
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Chapter 1

Introduction

Structural brain changes involve complex processes that occur throughout life,
and are linked to cognitive, behavioural, and emotional maturation. There are
many conditions considered developmental disorders (e.g., autism, attention-
deficit hyperactivity disorder, Williams syndrome) and others considered ag-
ing diseases (e.g., Alzheimer’s Disease, dementia) that are related to altered
brain structure. In order to properly study the progression of brain changes
in these abnormal diseases and conditions, there must first exist a thorough
understanding of healthy or “normal” brain development. Several key au-
topsy studies provided early insight into healthy brain changes (Benes, 1989;
Yakovlev and Lecours, 1967), but it was the advent of in vivo neuroimag-
ing methods that allowed for investigation of much larger and more diverse
populations.

Diffusion tensor imaging (DTI), in particular, is an advanced, quantitative
magnetic resonance imaging (MRI) technique for measuring the microstruc-
tural properties of tissues. DTI is sensitive to the Brownian motion of water
molecules and is thus able to probe tissue microstructure, providing mea-
sures typically associated with myelination and axonal packing of white mat-
ter structures. Furthermore, diffusion tractography is a D'TT analysis tool that
allows for virtual reconstruction, visualization and assessment of white matter
connections in vivo.

DTTI is an attractive method for investigating age-related brain changes be-

cause it provides a more sensitive measure than conventional imaging methods



(Basser et al., 1994; Beaulieu, 2002; Le Bihan, 2003). DTI has been widely
used to study brain abnormalities in various diseases and conditions, including
obsessive-compulsive disorder (White et al., 2008), autism (Alexander et al.,
2007a), schizophrenia (Kyriakopoulos et al., 2008), Alzheimer’s disease (Chua
et al., 2008), and many more. DTI has also been used by multiple studies
to investigate age-related changes in healthy subjects, demonstrating devel-
opment through infancy, childhood, and adolescence (Barnea-Goraly et al.,
2005b; Dubois et al., 2006; Hermoye et al., 2006; Schmithorst et al., 2002),
and demonstrating opposite trends occurring later in life during the aging
process (Hsu et al., 2010; Ota et al., 2006; Pfefferbaum et al., 2000).

When this thesis was started, most studies examining healthy brain devel-
opment had small sample sizes, limited age ranges, and/or only analyzed a few
brain structures. One of the original goals of this thesis was to address these
issues by generating a large sample of healthy subjects across a wide age range,
and performing a comprehensive analysis of age-related structural changes in
the brain. Chapters 5, 6, 7, and the ongoing work presented in Section 11.1
attempt to address these issues by examining development across wide age
ranges in large numbers of subjects. Chapter 5 focuses on cross-sectional de-
velopment from childhood to adulthood (subjects aged 5-30 years), examining
20 different brain structures, and Chapter 6 extends this work to a longitudinal
study across the same age span. Development of the corpus callosum and its
subdivisions are described across a larger age range (5-59 years) in Chapter
7, and Section 11.1 details the development of 12 major white matter tracts
across most of the lifespan (5-83 years).

The secondary purpose of this thesis was to investigate brain develop-
ment under abnormal conditions, specifically fetal alcohol spectrum disorder
(FASD). FASD is a developmental disorder attributed to prenatal alcohol expo-
sure that can lead to many behavioural and neurological impairments, includ-
ing structural brain damage (Jacobson and Jacobson, 2002; Riley and McGee,
2005). At the time of conception of this project, only two previous studies had
used DTT to investigate FASD, both examining only the corpus callosum (Ma
et al., 2005; Wozniak et al., 2006). Therefore, the question remained: which



other brain structures are affected by prenatal alcohol exposure? Chapter 9
addresses this question by examining ten major white matter tracts and four
deep gray matter structures in children with FASD compared to a group of
healthy controls.

From these original goals came several additional projects exploring the re-
lationship between brain structure and cognition. Structural lateralization of
language has long been known (Broca, 1861; Wernicke, 1874), yet the relation-
ship between structural asymmetry and cognition remains poorly understood.
In 2007, another group published a paper outlining the effects of lateralization
of the arcuate fasciculus, a major white matter tract involved in language and
intelligence, on cognitive ability in adults (Catani et al., 2007). With our large
data set, including cognitive scores from many of the children aged 5-13 years,
we were able to complete a study exploring lateralization and its relationship
to cognitive abilities in children (Chapter 8).

Another secondary project that developed was related to mathematical
abilities in children with FASD. Although individuals with FASD have trouble
with many cognitive domains, mathematics is often considered a particular
difficulty (Howell et al., 2006). Mathematical disability is relatively common
in the general population, at approximately 5-6% (Shalev, 2004), but had only
been investigated by two previous DTI studies, one in a rare genetic disorder
(Barnea-Goraly et al., 2005a), and one in healthy children (van Eimeren et al.,
2008). Children with FASD provide an interesting group to study due to their
wide range of mathematical ability and brain abnormalities. Therefore, using
the mathematics scores obtained on the children with FASD, we examined
correlations between brain structure and cognitive performance in 21 subjects;
this work is presented in Chapter 10. Section 11.2 describes ongoing work
measuring correlations between reading ability and brain structure in children
and adolescents with FASD, as well as healthy controls. Preliminary results
and future directions with respect to this project are discussed.

Appendices A through E present a more detailed explanation of the meth-
ods used in this thesis than are given in each individual methods section.

Specifically, detailed instructions for both manual and semi-automated trac-



tography, as well as voxel-based analysis are provided.

As stated by Dr. Seuss in the quote provided at the beginning of this thesis,
“The more you read... the more places you’ll go”. Therefore, I have provided
over 250 pages for your reading pleasure and any world-traveller aspirations
you may have. The last chapter, Appendix F, has some stereograms (like
Magic Eyes) for added enjoyment, so if you get bored, just skip straight to the
pretty pictures.



Chapter 2

Diffusion Imaging

2.1 Diffusion

Diffusion refers to the constant, random motion of particles suspended in a
liquid or a gas. Although there are several earlier reports describing diffusion,
the discovery of this irregular motion is typically attributed to observations
made by Robert Brown in 1827, and this type of motion now bears his name
— Brownian motion (Brown, 1828, 1829; Lemons, 2002; Nelson, 2001). Brown
observed and described the rapid, irregular movement of both pollen and dust
molecules in water, and illustrated the importance of this phenomenon to the
wider scientific community.

Almost 100 years later, in the early 20th century, Albert Einstein further
described and quantified molecular diffusion, representing Brown’s observa-
tions as a mathematical relationship between time and distance for diffusion
in a medium with no concentration gradient (Einstein, 1905). This relationship

in one dimension gives:

(r*) = 2Dt (2.1)

where (r?) represents the mean squared displacement, D is the diffusion
coefficient, and t is the time of diffusion. Therefore, in free space, particles
move an average distance of /2Dt in one dimension during time t. This
equation can be generalized to (r?) = 2Dtn for n dimensions, from which it

can be determined that average displacement in three dimensions is v6Dt.



Although the average distance travelled by molecules increases with time or
with the diffusion coefficient, it is important to note that the average displace-
ment remains constant at zero, since diffusion is equally likely to occur in all
directions.

If the time and mean distance are known, it is easy to solve for the diffusion
coeflicient, D. The diffusion coefficient varies with temperature, pressure,
and viscosity of the medium, as well as the size of the molecule diffusing;
however, for diffusion imaging, these are assumed constant for the duration
of the experiment. In the case of water, the medium and the molecule are
the same, and the process is technically known as self-diffusion, although it
is commonly referred to as diffusion. The diffusion coefficient of water at
25°C is approximately 2.4x107% mm?/s, and at body temperature (37°C) it
is 3.0 x 1072 mm?/s (Mills, 1973).

2.2 Diffusion Imaging
2.2.1 Diffusion Weighted Imaging

During a nuclear magnetic resonance (NMR) experiment, water diffusion re-
duces the signal available for measurement because molecules are moving
among different local fields. This effect was first noted by Hahn in his 1950
analysis of spin echoes (Hahn, 1950). In some cases, this phenomenon is a
nuisance, but in others, it is useful because it makes measurement of diffusion
coefficients possible using NMR. The effects of diffusion on the NMR signal
were further described by Carr and Purcell, who used NMR to measure the dif-
fusion coefficient of water in the early 1950s (Carr and Purcell, 1954). Around
the same time, Torrey added a diffusion term accounting for additional signal
loss to the Bloch equations, which describe the behaviour of magnetization in
an NMR experiment over time (Torrey, 1956). One problem with the early dif-
fusion measurements was the use of a constant field gradient, which increases
noise as one tries to measure smaller diffusion coefficients; this makes it dif-
ficult to distinguish signal loss due to diffusion from that due to transverse

relaxation.
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Figure 2.1: The Stejskal-Tanner pulsed gradient spin echo sequence uses two equal
gradients of strength G and duration ¢, separated by time A, on either side of the
180° refocusing pulse. These gradients fully refocus any spins that have not moved
in the same direction as the diffusion gradients during the diffusion time; any spins
that have moved are not completely refocused, resulting in signal loss.

In 1965, Stejskal and Tanner introduced a pulsed gradient spin echo method
for measuring diffusion that overcame the problems associated with the con-
stant gradient. Their approach uses the spin echo method, with two equal
diffusion-sensitizing gradients placed on either side of the 180° refocusing pulse
(see Figure 2.1). The gradients are of equal strength (G) and equal duration
(0), separated by time A, and can be applied in any Cartesian direction, as long
as the direction is the same for both gradients. The diffusion time is calculated
as A —§/3, which accounts for diffusion that occurs between the gradients and
while they are applied. Any spins that do not move in the direction of the
diffusion-sensitizing gradients during the diffusion time will be completely re-
focused by the equal gradient after the refocusing pulse. However, when spins
move in the direction of the diffusion gradient, they experience different fields
and will not be completely refocused. By assuming that local background gra-
dients are negligible and that applied gradients are linear, the Bloch-Torrey
equations can be solved to give an expression relating the measured signal (.S
for the diffusion-weighted image; Sy for the non diffusion-weighted image) to

the apparent diffusion coefficient (ADC):

In (E) = —*6%G? (A — é) ADC (2.2)
So 3

The diffusion coefficient measured in MRI is properly referred to as the ap-

parent diffusion coefficient rather than simply the diffusion coefficient, because



it is not measured directly, and the water molecules are not diffusing freely. In
fact, the measured ADC will vary depending on the interactions of the water
molecules with their local environment, thus providing valuable information
about the structure of the tissue being measured. Equation 2.2 is generally
simplified to:

S e tADC (2.3)

So
where the diffusion sensitivity, b, depends on the gyromagnetic ratio and the

sequence parameters according to:

b =v>G?*§? (A — g) (2.4)

Equations 2.2 and 2.4 show that diffusion sensitivity and the resulting
signal loss depend on G, 9§, the gyromagnetic ratio v, and the diffusion time
A — 6/3. With the exception of 7, which is constant for any species (7 =
42.6 MHz/T for protons), these parameters can be manipulated to change the
diffusion sensitivity of the sequence. Higher diffusion sensitivity of a sequence
will cause greater signal loss.

Due to barriers such as cell membranes, diffusion in the human brain does
not occur freely. Since the orientation and density of barriers varies within
the brain itself and depends on (among other things) tissue type, age, and
pathology, diffusion coefficients calculated at different locations within the
brain will be different. Since temperature and pressure are assumed constant,
differences in the ADC values calculated at various locations in the brain are
assumed to reflect differences of tissue microstructure.

Diffusion-weighted images of the brain can be achieved by using any type
of diffusion encoding gradients designed to decrease signal in proportion to
the amount of diffusion occurring. Measurements of ADC, however, require
a minimum of two images with different b-values (diffusion sensitivities) in
order to solve Equation 2.3 for ADC. Typically, one of these images will have
no diffusion weighting (i.e. b = 0 s/mm?) and the other will have a b-value

in the range of 700-1500 s/mm?. It is important to keep in mind when mea-



suring ADC using this type of sequence, that one is only measuring ADC in
the direction of the applied diffusion-sensitizing gradients; diffusion-weighted
images are insensitive to motion occurring in other directions. As explained

in Section 2.2.2, ADC may vary quite substantially with direction.

2.2.2 The Diffusion Tensor

Several definitive papers in the early 1990s demonstrated that the measured
diffusivity of water molecules in human brain white matter depends on the
direction of the applied diffusion sensitizing gradients (Chenevert et al., 1990;
Doran et al., 1990; Douek et al., 1991). It was noted in these studies that
diffusion was higher when diffusion-sensitizing gradients and nerve fibres were
oriented parallel to each other rather than when they were perpendicular. It
is easy to orient diffusion gradients parallel and perpendicular to fibres in ex-
cised nerves to measure anisotropy; however, it is much more difficult to orient
the diffusion sensitizing gradients parallel and perpendicular to in vivo human
brain neurons due to their complex orientations. Therefore, another method
is needed in order to fully assess anisotropy in vivo. This technique is diffusion
tensor imaging (DTI) (Basser et al., 1994), and it uses multiple diffusion en-
coding directions to estimate the diffusion tensor, which characterizes diffusion

in three dimensions. Equation 2.3 can be rewritten for three dimensions as:

In (S%) = - i i bi; ADC; (2.5)

i=1 j=1

which is expanded for x, y, and z to give:

n <S£> - <bm"ADsz + QbmyADCZy + 20, ADC
0

+b,,ADC,, + 2b,.ADC,. + b..ADC..) (2.6)

The tensor can now be calculated from the three-dimensional signal equa-
tion, and is represented mathematically by a 3 x 3 symmetric, positive definite

matrix of the form:



Figure 2.2: An example of an ellipsoid representing diffusion in all directions

ADC,, ADC,, ADC,,
ADC = |ADC,, ADC,, ADC,. (2.7)
ADC,, ADC., ADC..

An intuitive way to visualize the diffusion tensor is as an ellipsoid (see
Figure 2.2), which represents the diffusivity in each direction. Using DTI, we
are able to measure the diffusion tensor, and thus characterize diffusion in
every direction.

With six unique elements, at least six equations are needed to solve the
tensor, so diffusion must be measured using a minimum of six different gradient
directions. At least one non diffusion-weighted image (b = 0 s/mm?, often
referred to as “b0”) is also required. The diffusion sensitizing gradients may
be applied in any particular direction, but the multiple directions must be
non-collinear and non-coplanar in order to solve for the tensor. In practice,
DTTI is often performed with many more than six directions (even more than
100 in some cases), although six are sufficient. Studies have shown that with
signal-to-noise (SNR) ratios below approximately 15 (Jones, 2004), the use of
30 or more diffusion-encoding directions is beneficial for robust estimates of
diffusion parameters. However, the problems associated with fewer directions
diminish greatly with higher SNR values (approximately 30 or higher), and
there is likely little difference between studies using six directions or those using
more in terms of ability to detect group differences in diffusion parameters,

as long as SNR is high (Landman et al., 2007; Ni et al., 2006). Figure 2.3

10



Figure 2.3: Raw DTI Images acquired using 6 diffusion-sensitizing gradient direc-
tions and a b-value of 1000 s/mm?. The non diffusion-weighted image (b0) is shown
on top, with the 6 diffusion-weighted images below.

demonstrates the raw data acquired when 6 diffusion sensitizing gradients and
one b0 acquisition are used. The b0 image on top has no diffusion weighting,
while the six lower images all have a diffusion weighting of b = 1000 s/mm?
in six different directions. Because diffusion weighting reduces the signal in
proportion to the amount of diffusion occurring, areas with more diffusion
appear dark in the raw images, while bright areas have little diffusion in the
direction of that acquisition gradient. Note the directional dependence in the
images, particularly in white matter regions such as the corpus callosum and
internal capsule, which appears bright and dark in different images.

The images in Figure 2.3 may be used to calculate the tensor shown in
Figure 2.4. Recall that the tensor is a symmetric, positive definite matrix with
six unique elements. The diagonal elements of the tensor represent diffusivity

in the x, y, and z directions, respectively, according to the applied diffusion
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gradients. The off-diagonal elements of the tensor are the cross-correlation
terms between directions and they are symmetric. In the case of perfectly
isotropic diffusion, the off-diagonal elements are zero. Although slightly more
informative than the raw DTI images, the tensor is still difficult to interpret,
especially since the x, y, and z gradient directions are unlikely to line up
with the orientation of the tissues of interest. Diagonalization of the tensor,
however, gives a much more intuitive feel for diffusion. Diagonalization of the
tensor involves solving for the eigenvectors and eigenvalues of the tensor, and is
equivalent to rotating the axes of the reference frame to match the orientation
of the ellipsoid for each voxel. Through this process, the off-diagonal elements
become zero, and the diagonal elements now represent diffusion in the primary
diffusion direction (the longest axis of the ellipsoid, A;), the second largest
diffusion direction orthogonal to the first (the second axis of the ellipsoid, As),
and the final orthogonal direction (A3). The new diagonal elements are termed
the diffusion eigenvalues; the eigenvectors resulting from diagonalization give
the primary, secondary, and tertiary directions of diffusion. Since the tensor is
calculated separately for each voxel, the eigenvectors and eigenvalues will also

vary by voxel. The diagonalized tensor now has the form:

MO0
ADC =10 X 0 (2.8)
0 0 A

In addition to the eigenvalues obtained by diagonalization of the diffusion
tensor, several measures may be used to assess DTI data; mean diffusivity
(MD) and fractional anisotropy (FA) are by far the most common. MD is
simply the average of the three diagonal elements of the tensor (before or after
diagonalization) and is given by:

(ADC,, + ADC,, + ADC,.)

3

MD =

MD tends to be relatively uniform across the brain parenchyma (both white
and gray matter have MD values in the range of 0.7-0.9x 1072 mm?/s), while
cerebrospinal fluid (CSF) has much higher values of MD, at approximately
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Figure 2.4: The diffusion tensor: images from each tensor element are shown. The
diagonal elements are the diffusion-weighted images for the x, y, and z directions.
The off-diagonal elements are symmetric and represent the covariance terms.
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Figure 2.5: Several slices of a mean diffusivity (MD) map are shown for a human
brain.

2.5-3 x1072 mm?/s. This can be seen on the MD maps from a human brain
shown in Figure 2.5.

FA is the first moment of the diffusion tensor and relates to the variance
of the eigenvalues. FA ranges from zero (completely isotropic diffusion) to 1

(highly anisotropic diffusion), and is calculated according to:

2 2 2
A \/§ (M — MD)* + (s — MD)* + (A; — M D) (2.10)
2 A2 4+ A2+ M\

Figure 2.6 shows FA maps of a human brain. It can be seen from the images
that FA, unlike MD, varies greatly across the brain. The high FA values (~0.4—
0.8) in white matter structures are evident on FA maps; deep gray matter
structures such as the thalamus, with lower values of FA, are still visible on
FA maps (but are not as bright as white matter structures), and the low FA
values make cortical gray matter and CSF appear mostly black.

Figure 2.7 shows FA and MD maps of the brain, as well as diffusion ellip-
soids and FA and MD values for several structures. It can be appreciated that
some structures, such as the corpus callosum and anterior limb (white matter),
have high FA values and elongated ellipsoids, while the thalamus and other
deep gray matter structures have lower FA values and less elongated ellipses.

The cortical gray matter and cerebrospinal fluid (CSF) have very low FA, and
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Figure 2.6: Several slices of a fractional anisotropy (FA) map are shown for the same
individual as in Figure 2.5.

‘L  Cortical gray matter
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Fractional Anisotropy (FA) Map Mean Diffusivity (MD) Map
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Figure 2.7: A fractional anisotropy (FA) map and mean diffusivity (MD) map from
the same slice of the same brain are shown along with diffusion ellipsoids and FA
and MD values for several brain regions.
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Figure 2.8: Several slices of a colour map coded by primary diffusion direction
(red=left-right, blue=inferior-superior, green=anterior-posterior) are shown for the
same individual as in Figures 2.5 and 2.6.

their diffusion ellipsoids appear almost as spheres. At the same time, MD is
relatively uniform across the brain parenchyma, with white and gray matter
structures having very similar MD values. CSF, however, has much higher
MD values than the rest of the brain, as can be appreciated by the size of its
ellipsoid.

In addition to FA and MD, the eigenvalues of the diffusion tensor can be
useful to examine diffusion properties, as they provide additional information.
The secondary and tertiary eigenvalues, Ay and A3, are often averaged to pro-
vide one measure called perpendicular or radial diffusivity (A, ), while primary
diffusivity (A1) may also be referred to as parallel or axial diffusivity (A)). In
white matter, \| represents diffusion along the length of the axon and is often
associated with neuronal integrity, while changes in A | are generally attributed
to myelination and axonal packing changes.

An additional way of looking at DTT data is using a colour map (see Figure
2.8). A colour map uses intensity to represent FA values and colour to show
the primary diffusion direction (given by the eigenvector) in each voxel. Blue
represents diffusion in the inferior-superior direction; green is the anterior-
posterior direction, and red represents left-right. Since intensity is determined

by FA values, only structures with relatively high FA (and thus one direction in
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which diffusion occurs preferentially) are brightly coloured; structures without
a dominant diffusion direction appear darker in the background due to low
FA values. The major advantage of colour maps is the information added by
the primary diffusion direction, which allows for easy delineation of structures
with similar FA values but different orientations (for example, the anterior and

posterior limbs of the internal capsule).

2.3 Interpretation of Diffusion Parameters

The two most commonly used diffusion parameters, FA and MD, are sensi-
tive to tissue microstructure changes, but they are not always specific. FA
is typically attributed to “white matter integrity”, and is generally lower in
patient populations than in controls. MD is related to the magnitude of diffu-
sion occurring, and is often, although certainly not always, higher in patients
than in controls. However, changes in these parameters do not necessarily
provide specific information about tissue changes, because they are influenced
by multiple factors.

The factors of greatest relevance to the work presented in this thesis are
axonal density and myelination. Anisotropic diffusion in nerves is primarily
driven by the presence of axonal membranes (Beaulieu, 2002), because the
membranes greatly hinder diffusion perpendicular to nerve fibres and result
in greater diffusion along the length of the axon rather than parallel to it.
Because of this important contribution from axonal membranes, anisotropy is
modulated by axonal packing, with denser and more coherent arrangements
of axons leading to higher anisotropy and lower diffusivity (Concha et al.,
2010; Golabchi et al., 2010). Myelination also modulates anisotropy values,
and higher anisotropy is found in myelinated nerves than non-myelinated ones
(Gulani et al., 2001). Interestingly, myelination affects almost exclusively per-
pendicular diffusivity (A, ), which increases or decreases with demyelination
and remyelination, respectively (Song et al., 2002, 2003, 2005). Increased or
decreased myelination will result in corresponding changes to FA (increases

and decreases, respectively) and MD values (decreases and increases, respec-
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tively). Brain water content is another factor that may influence diffusivity
values, with reduced brain water leading to reduced diffusivity during child-
hood (Mukherjee et al., 2002).

Although they are less relevant in normal, healthy brain tissue, numerous
other factors influence measurements of anisotropy and diffusivity. While A
is a marker of myelination, )| is a marker of axonal integrity. Axonal degrada-
tion leads to significantly reduced A, but leaves A, largely unchanged. Thus,
decreased axonal integrity will reduce both FA and MD values. Ischemia,
such as caused by stroke, typically leads to decreased diffusivity and increased
anisotropy immediately following insult; anisotropy drops and diffusivity be-
comes elevated in the chronic stages of ischemia (Sotak, 2002). Inflammation
and edema of tissue both cause increased diffusivity and decreased anisotropy

(Alexander et al., 2007b; Assaf and Pasternak, 2008).

2.4 Analysis Techniques for Diffusion Tensor
Images

There are three commonly used methods for analyzing diffusion tensor imaging
data: region-of-interest analysis, tractography, and voxel-based morphometry.
Each has inherent advantages and disadvantages, but all are widely used as
analysis techniques throughout the literature. These three methods are briefly

described in the following sections.

2.4.1 Region of Interest Analysis

Regions-of-interest (ROIs) are two-dimensional areas drawn on an image that
can be used to examine the diffusion parameters of various brain structures.
ROIs are generally drawn by hand on two-dimensional slices from colour maps,
FA maps, MD maps, or non diffusion-weighted (b0) images, whichever makes
the structure of interest most easily delineated from surrounding structures.
Once a region has been selected and traced, diffusion parameters (e.g., FA,
MD) from each voxel within the area are averaged to provide an overall value.

ROIs can be used to examine any structure that is readily visible on a two-
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Figure 2.9: Several examples of ROIs are drawn on an FA map: genu and splenium
of the corpus callosum (green, blue), anterior and posterior limbs of the internal
capsule (purple, yellow), thalamus (orange), and external capsule (red).

dimensional image, but they are particularly useful for assessing subsections of
structures or for measuring gray matter and subcortical white matter (which
are difficult to analyze using other methods because their FA values are low).
Figure 2.9 shows some examples of ROIs drawn on FA maps.

A major advantage of ROI analysis is that it does not require normaliza-
tion of images, but one of the problems is its user-dependence. To provide
consistency across subjects, all analysis should be done by the same rater, and
strict rules about where and how to draw ROIs should be followed for all sub-
jects; however, it is still difficult to keep the ROIs equivalent in all individuals.
The consistency is especially important for small ROIs, which are sensitive to
small changes in placement because every voxel within the ROI is counted.
Nonetheless, ROI analysis is a useful, simple technique that can be learned

and performed relatively easily.

2.4.2 Tractography

Diffusion tractography is an advanced method that allows for virtual recon-
struction and visualization of white matter pathways in vivo (Basser et al.,

2000; Conturo et al., 1999; Jones et al., 1999; Mori et al., 1999). Tractography
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Figure 2.10: Several examples of white matter tracts delineated using tractography
are shown: genu and splenium of the corpus callosum (red, blue), corticospinal tracts
(green), inferior longitudinal fasciculus (yellow) and cingulum (purple).

uses the primary diffusion direction and anisotropy within each voxel to trace
out white matter pathways. By following the primary diffusion direction from
voxel to voxel (essentially a sophisticated method of connect the dots), the
pathway of diffusion is traced and assumed to represent the actual trajectory
of a particular white matter tract in vivo. There are several algorithms for
tractography, but they can generally be grouped into two categories: deter-
ministic and probabilistic. Figure 2.10 shows examples of several white matter
tracts delineated using deterministic tractography. All of these tracts are eas-
ily traced using tractography, but are sometimes difficult to delineate using
other methods (e.g., there is overlap between the inferior longitudinal fascicu-
lus and the inferior fronto-occipital fasciculus so it can be difficult to tell which
is which on two-dimensional images using either ROI analysis or VBM).
Deterministic tractography (Basser et al., 2000; Conturo et al., 1999; Jones
et al., 1999; Mori et al., 1999) begins at a seed point in one voxel (or multiple
voxels at the same time) and follows the direction of the primary diffusion
vector from voxel to voxel, tracing the path that is likely to represent a white
matter fibre bundle. A specific FA threshold is set to ensure that pathways
are not tracked through areas of low FA where fibre tracts are unlikely to go
(generally approximately FA>0.2); an angle threshold (generally at least 30°)
is set to prevent unlikely turns from occurring. If the FA drops below the

threshold or the angle between adjacent vectors is too high, tracking stops.
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Resulting fibres can then be visualized in three dimensions, or used to form
volumes of interest for further analysis. Deterministic tractography can be
prone to errors, particularly in regions of crossing fibres, such as the pari-
etal region where the superior longitudinal fasciculus, corticospinal tracts, and
lateral projections of the corpus callosum intersect. In areas of crossing fibres
such as this, FA values become artificially low and fibre tracking may stop even
though the actual white matter pathways continue. Furthermore, determin-
istic tractography provides no estimate of the confidence in a given pathway,
but merely provides a reconstructed tract. Nonetheless, deterministic trac-
tography is an excellent method for tracing the trajectories of known fibre
bundles and for creating three-dimensional volumes of interest for assessing
white matter structures.

Probabilistic tractography attempts to deal with some of the shortcomings
of deterministic tractography using a bootstrapping method to estimate the
uncertainty in each voxel and to provide a range of possible pathways from
each voxel and their likelihood (Behrens et al., 2003; Jones and Pierpaoli,
2005; Lazar and Alexander, 2005). Probabilistic tractography can be especially
useful for exploring all possible connections between regions, and identifying
new pathways. Deterministic tractography, however, may be more useful for
measuring diffusion parameters along fibre pathways that follow well-known
trajectories.

Tractography overcomes some of the problems associated with ROI anal-
ysis, and has been shown to be more reproducible and less user-dependent
(Kanaan et al., 2006; Partridge et al., 2005). Semi-automated (see Appendix
C for details on the method used throughout this thesis) or atlas-based trac-
tography methods are even less user-dependent and are beginning to be more

widely used (O’Donnell and Westin, 2007; Zhang et al., 2008a).

2.4.3 Voxel Based Morphometry

Voxel based morphometry (VBM, or voxel based analysis) is a useful tech-
nique for analyzing data across the whole brain (Ashburner and Friston, 2000).

While ROI analysis and tractography segment the brain into specific structures
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and average diffusion parameters across a region, VBM allows for examination
of each voxel individually. The two main strengths of voxel based analysis
are that it is operator-independent (although it does depend on parameter
choices), and it examines the entire brain without any need for a priori hy-
potheses about which structures may be affected. Voxel based analysis can
detect small areas of correlation or differences between groups of subjects that
may not be apparent when examining a much larger portion of a structure
using tractography or ROlIs.

VBM is generally performed in three steps, the first of which is to normalize
data to a template. Several standard templates are available (for example the
ICBM-152 template), or one can create a template specific to the subject
group. With DTI data, either the FA maps or the b0 images are usually
normalized to a template. The goal of normalization is to align all subject
brains so that equivalent structures overlap among all individuals. However,
due to the great variation among subjects, normalization is never perfect, and
this is one of the difficulties associated with VBM.

The second step of VBM is smoothing, which helps to mitigate normal-
ization errors. Choice of an appropriate smoothing kernel is crucial, since the
use of different smoothing procedures has been shown to alter results (Jones
et al., 2005). The third step is analysis of each voxel for group differences or
correlation with a certain parameter such as age or a cognitive score. Gener-
ally, strict statistical thresholds are set for significance value and for cluster
size in order to avoid multiple comparison problems (since thousands of voxels
are being examined simultaneously).

Tract-based spatial statistics (TBSS) is a relatively new form of VBM
designed specifically for analysis of DTT data (Smith et al., 2006). With TBSS,
a white matter skeleton is used, representing only the central portion of white
matter pathways. After normalization of each subject’s FA map, the maximal
FA value within the tract perpendicular to each section of the skeleton is
projected onto the skeleton. Then, the skeleton is analyzed voxel-by-voxel
in the same way as VBM, except that only central white matter areas are

examined. TBSS addresses some of the problems associated with normal VBM
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by measuring only the central portion of the white matter tract, mitigating
some of the normalization issues and restricting the analysis to known white

martter areas.
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Chapter 3

Human Brain Development

The human brain undergoes remarkable changes across the lifespan. Brain
development begins in utero and continues during childhood and adolescence,
and even into young adulthood. During later adulthood and senescence, many
of the processes that occurred during development begin to reverse, and struc-
tural degradation and other changes associated with aging take place. In
order to understand the changes that are occurring, a basic overview of brain
anatomy and the important features of the brain is needed. The next section
outlines some of the key brain structures and their primary functions. Follow-

ing that, a basic description of brain development and aging is provided.

3.1 Important Brain Features

3.1.1 Brain Tissues

The human brain consists of many components, the three largest of which are
gray matter, white matter, and cerebrospinal fluid (CSF). The proportions of
these components change significantly with age, although total brain volume
remains relatively constant (usually in the range of 1-2 litres, depending on
the individual) after approximately 5 years of age (Giedd et al., 1999a; Good
et al., 2001b). Figure 3.1 shows the brain of a healthy 12 year old female in a
T1-weighted image, along with binary maps of the gray matter, white matter,
and CSF components.

The gray matter in the brain consists of the neuronal cell bodies and glial

cells in the brain, and is often considered to be the brain’s “computers”. Gray
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Figure 3.1: A raw T1-weighted image (far left) along with the segmentation results
showing probability maps for gray matter (middle left), white matter (middle right),
and CSF (far right) in the brain of a healthy 12 year old girl. Voxels with a high
probability of the listed tissue type are shown in white, while those with a low
probability are shown in black.

matter can be divided into cortical gray matter, which lines the outside of the
cerebrum and cerebellum, and deep gray matter structures, which are located
near the centre of the brain and serves as relay stations to integrate incoming
sensory and motor signals (see Section 3.1.8 for more on deep gray matter
structures). Gray matter forms more than 50% of the total brain volume at
birth, but decreases across the lifespan, and makes up approximately 40-45%
of brain volume during old age.

White matter is composed of the neuronal axons, and appears white (or
at least white-ish) on visual inspection (not necessarily on MRI) due to the
presence of the fatty myelin sheaths wrapped around the axons. Axons are
bundled together to form a variety of white matter connections throughout
the brain, which serve to transmit information between spatially segmented
brain regions. White matter connections are necessary for proper cognitive
function, and are often thought of as the brain’s “wiring”. The total volume
of white matter in the brain increases during childhood and adolescence, then
decreases during adulthood, but remains within the range of approximately
25-30% of total brain volume.

CSF is a protective fluid that fills the ventricles deep within the brain as
well as the subarachnoid space, providing a buffer between the brain and the
skull. CSF forms approximately 20% of total brain volume during childhood;

this proportion increases throughout life, and is in the range of 30-35% during

25



Ter\pporal

L
>
—\O

/2
e bellum
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above. The cerebellum is located just inferior to the cerebrum. Figure adapted from

Gray’s Anatomy (20th edition), public domain.
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old age.

3.1.2 The Cerebrum

The brain is divided into two main compartments: the cerebellum (see Section
3.1.3) and the cerebrum. The cerebrum can be further divided into four lobes
(each with a left and right component): the frontal, parietal, temporal, and
occipital lobes (see Figure 3.2). The frontal lobe, at the anterior end of the
brain, is primarily involved in executive functioning (higher cognitive processes
including reward, consequence, inhibition, etc.). The parietal lobe, located
behind the frontal lobe, deals with sensory information, while the occipital
lobe, at the posterior end of the cerebrum, contains the visual cortex and is
the primary vision processing center of the brain. The temporal lobe, located
beneath the parietal lobe on either side of the brain, is involved in a variety
of functions including memory, auditory perception, and semantic processing.
Although each lobe has processes that are typically associated with it, brain

function is complex and generally involves multiple brain regions.

26



3.1.3 The Cerebellum

The cerebellum is a structure located inferior to the cerebrum at the posterior
end of the brain (see Figure 3.2). It contains many folds and layers, and is
formed of both white and gray matter. Several white matter pathways link
the cerebellum to the cerebrum, including the inferior, middle, and superior
cerebellar peduncles.

The cerebellum was traditionally thought to be a fairly primitive struc-
ture responsible for regulating motor coordination and balance. Although it
is most certainly involved in those processes, recent studies suggest it also
plays a role in higher cognition. Cerebellar volume correlates positively with
intelligence in healthy young adults (Andreasen et al., 1993) and preterm ado-
lescents (Parker et al., 2008), cerebellar abnormalities are associated with a
variety of intellectual deficits (Steinlin, 2008), and the cerebellum is often ac-
tivated during cognitive tasks in functional imaging studies (Baillieux et al.,
2008). The cerebellum also plays an important role in learning processes, and
it is hypothesized that the earlier cerebellar abnormalities are present, the

more severe the cognitive deficits (Steinlin, 2008).

3.1.4 The Limbic System

The limbic system is a set of brain structures involved in emotion, memory,
and behaviour (among other tasks). It consists of deep gray matter structures
including the hippocampus, mammillary bodies, thalamus, and amygdala, ol-
factory bulb, and parahippocampal and cingulate gyrus, as well as the white
matter fibre tracts connecting these regions. The two hippocampi are located
one in each hemisphere in the medial temporal lobe, while the amygdala is
actually a group of nuclei located adjacent to the hippocampus in each hemi-
sphere.

Figure 3.3 shows two major white matter connections of the limbic system:
the fornix and cingulum. The fornix projects from the hippocampus on either
side of the brain to the mammillary bodies, by arching over the thalamus. At

the hippocampal end (the crus of the fornix), the fornix has two branches,
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Figure 3.3: Limbic system fibres: The fornix (purple) and the cingulum (green)
are two major limbic system white matter connections. Both can be difficult to
delineate using tractography, and may need to be tracked in several parts, as the
cingulum is shown here.

which come together as they approach the septal region (body of the fornix),
and may separate again as they reach the mammillary bodies (columns of the
fornix). The cingulum connects the temporal and frontal lobes by arching
around the corpus callosum. These two fibres are known to be abnormal in
epilepsy (Concha et al., 2005a), Alzheimer’s disease (Mielke et al., 2009), and

schizophrenia (Kubicki et al., 2005) among other diseases and conditions.

3.1.5 The Corpus Callosum

The corpus callosum (see Figure 3.4) is the largest white matter structure
in the human brain, and serves primarily, though not exclusively, to connect
homologous regions across hemispheres. It is a complex and heterogeneous
structure unique to placental mammals, and it undergoes important structural
changes throughout life (Aboitiz and Montiel, 2003; Doron and Gazzaniga,
2008; Pfefferbaum et al., 2000). Its structure is associated with motor skills
(Rademaker et al., 2004; van Kooij et al., 2008), numerous cognitive abilities
(Fine et al., 2007; Hutchinson et al., 2009; Westerhausen et al., 2006), and
the corpus callosum is often malformed and may even be absent in various
conditions (Bookstein et al., 2001; Egaas et al., 1995; Luders et al., 2009; Paul
et al., 2007; Walterfang et al., 2008).

The corpus callosum is such a large structure that it is often subdivided into
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Figure 3.4: The corpus callosum is the largest white matter tract in the human
brain. It is a commissural fibre, connecting homologous regions between the two
hemispheres. It is often subdivided into regions such as the genu, body, and sple-
nium.

anywhere from 2 to 8 different regions for analysis purposes. There are many
different methods of segmenting the corpus callosum, using 2-dimensional or 3-
dimensional landmarks and following various rules about length and distance
(Chao et al., 2009; Hofer and Frahm, 2006; Huang et al., 2005; Witelson,
1989). Most studies segment the corpus callosum into at least two or three
distinct sections; the genu (the most anterior portion, which projects to the
frontal lobe), splenium (the most posterior portion, projecting to the occipital
lobe), and body (the middle section, which projects upward into the frontal
and parietal lobes) are the most commonly analyzed. Although the corpus
callosum is by far the largest and most important of the commissural fibres,
the anterior and posterior commissures are additional white matter tracts that

provide connections between homologous regions in the two hemispheres.

3.1.6 Projection Fibres

Projection fibres are the white matter bundles that run from the cortex through
the brainstem to relay sensory and motor information between the brain and
the rest of the body. Projection fibres can be divided in many different ways,
which may include the external capsule, and the anterior and posterior limbs
of the internal capsule. The anterior limb of the internal capsule contains fi-

bres of the anterior thalamic radiation, and connects the frontal brain regions
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Figure 3.5: Projection fibres: The anterior limb of the internal capsule (teal green)
projects from the frontal lobe, while the corticospinal tracts (bright green) occupy
the posterior third of the posterior limb of the internal capsule and project from the
motor cortex. Other projection fibres include the corticobulbar tracts and thalamic
radiations (not shown).

with the brain stem, while the external capsule connects parietal regions, in-
cluding the motor cortex, to the brainstem. The posterior limb of the internal
capsule contains the corticospinal tracts, which occupy the posterior third,
as well as corticobulbar tracts and thalamocortical somatosensory radiations
(Kretschmann, 1988; Wakana et al., 2004). Figure 3.5 shows both the anterior
limb of the internal capsule and the corticospinal tracts. Projection fibres may
be affected in a variety of conditions, including cerebral palsy (Hoon et al.,

2009) and paraplegia (Hourani et al., 2009).

3.1.7 Association Fibres

Association fibres are the white matter bundles that connect separate brain
regions within a hemisphere. Short-range association fibres are the cortical
U-fibres that connect adjacent regions throughout the brain. Long-range asso-
ciation fibres include the superior and inferior longitudinal fasciculi, superior
and inferior fronto-occipital fasciculi, and the uncinate fasciculus (see Figure
3.6).

The superior longitudinal fasciculus is a well-studied tract that connects
Broca’s area in the frontal lobe with Wernicke’s area in the temporal lobe. It

is known to be involved in a variety of tasks including language, intelligence,
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Figure 3.6: Association fibres: The superior and inferior longitudinal fasciculi (pink
and orange, respectively), the superior and inferior front-occipital fasciculi (blue and
yellow, respectively), and the uncinate fasciculus (cyan) are all major white matter
association fibres.

and reasoning tasks (Ashtari et al., 2007; Breier et al., 2008; Jung and Haier,
2007; Schmithorst et al., 2005; Turken et al., 2008). The superior longitudinal
fasciculus is often subdivided into direct (a pathway connecting Broca’s and
Wernicke’s regions directly, also known as the arcuate fasciculus) and indirect
segments (connecting Broca’s and Wernicke’s regions via Geschwind’s area in
the parietal lobe). The inferior longitudinal fasciculus is an occipital-temporal
connection likely involved in secondary visual processing (Catani et al., 2003).

The superior and inferior fronto-occipital fasciculi are both very long range
tracts connecting the frontal and occipital lobes (surprise!). The inferior
fronto-occipital fasciculus connects auditory and visual areas in the posterior
brain to the prefrontal cortex (Kier et al., 2004). The superior fronto-occipital
fasciculus is the only association fibre that projects medially to the thalamus
and along the ventricle, and is not often mentioned in the literature, likely due
to the difficultly of delineating it with tractography through crossing fibre and
partial volume regions.

The uncinate fasciculus connects the anterior temporal lobe to the frontal
cortex. It has been implicated in schizophrenia (Kubicki et al., 2002), and is

involved in higher cognitive processes such as language (Parker et al., 2005).
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3.1.8 Deep Gray Matter Structures

Deep gray matter structures are distinct from the cortical gray matter in that
they are located within brain, subcortically. The deep gray matter structures
act as relay stations to integrate incoming sensory and motor information
before it passes to the cortex.

Deep gray matter structures include the hippocampus and amygdala, which
are part of the limbic system (see Section 3.1.4), as well as the thalamus and
the basal ganglia. The term basal ganglia refers to a group of deep gray
matter nuclei, consisting of the putamen and caudate nucleus (which together
make up the striatum), the globus pallidus, the subthalamic nucleus, and the
substantia nigra. Together, all of these structures are involved in emotion,
learning and memory, cognition, and motor control.

The deep gray matter structures are often disproportionately affected in
conditions and diseases, such as fetal alcohol spectrum disorder, in which
their volumes are considerably reduced, even compared to total brain volume
(Archibald et al., 2001), and in Alzheimer’s disease and Parkinson’s disease,
in which iron accumulates in specific deep gray matter structures (Brass et al.,

2006).

3.2 Brain Development Across the Lifespan

Throughout life, the brain undergoes marked changes. At birth, the brain is
only approximately 25-30% the size of an adult brain, but increases in brain
volume are nearly complete by age 5 years (Giedd et al., 1999a; Good et al.,
2001a). Despite this fact that total brain volume remains relatively constant
after approximately age 5 years, the individual brain structures themselves
change quite significantly across the age span, and this structural brain de-
velopment involves complex processes that are linked with behavioural, emo-
tional, cognitive, and overall maturation.

Myelination of white matter tracts begins in utero and progresses through-
out childhood and adolescence, even into the third decade of life (Benes, 1989;

Yakovlev and Lecours, 1967). Increases of “white matter density” have also
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been demonstrated during childhood and adolescence using T1-weighted MRI
(Paus et al., 1999). DTI studies provide further information about white mat-
ter changes, including indirect measures of myelination and axonal growth,
and they demonstrate increases of FA and decreases of MD in most brain
structures throughout infancy, childhood and adolescence, and even into the
twenties (Ashtari et al., 2007; Barnea-Goraly et al., 2005b; Ben Bashat et al.,
2005; Mukherjee et al., 2001; Schmithorst et al., 2002; Snook et al., 2005).
Later in life, DTT demonstrates a reversal of these trends, showing decreasing
FA and increasing MD (Bhagat and Beaulieu, 2004; Hsu et al., 2010; Pfeffer-
baum et al., 2000).

Significant cortical gray matter development occurs in utero (Neil et al.,
2002), and cortical gray matter thickness changes across the lifespan, with
distinct areas developing at different rates (Lerch et al., 2006; Sowell et al.,
2004; Whitford et al., 2007). Deep gray matter structures also undergo changes
in volume and microstructure, showing increased diffusion parameters during
childhood and adolescence (Snook et al., 2005), and decreases of these same
measures during old age (Pfefferbaum et al., 2000).

The volume of the brain tissue components changes throughout the life-
span, with gray matter volume decreasing, white matter volume increasing
then decreasing, and CSF volume steadily increasing throughout life (Giedd
et al., 1999a; Good et al., 2001b). Some changes, such as the amount of gray
matter, white matter, and CSF are even appreciable in Figure 3.7, which shows
T1-weighted images from three male subjects, aged 6, 27, and 51 years. Even
in these images, the decreased gray matter and increased white matter from 6
to 27 years can be observed and there is noticeably more CSF in the 51 year
old brain than in the younger two subjects.

Significant volume changes of different brain lobes and structures also oc-
cur, with considerable regional variation in the timing of these increases and
decreases (Giedd et al., 1999a). White matter structures tend to increase in
volume during childhood and adolescence. During later life, reductions in the
size of many brain structures are noted (Smith et al., 2007; Suganthy et al.,

2003).
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6 years 27 years 51 years

Figure 3.7: Tissue components change with age. During childhood and adolescence,
gray matter thins and white matter increases in volume. During the aging process,
the proportion of cerebrospinal fluid increases and the volume of gray and white
matter declines. These changes are evident on the three examples shown above.

34



Chapter 4

Fetal Alcohol Spectrum
Disorder

4.1 Characteristics

Fetal alcohol spectrum disorder (FASD) is an umbrella term referring to the
various developmental disorders associated with prenatal alcohol exposure.
FASD is the leading known cause of mental retardation, and is entirely pre-
ventable (Abel and Sokol, 1986). The most recognizable disorder falling under
the umbrella term FASD is fetal alcohol syndrome (FAS), a condition describ-
ing a specific set of brain, cognitive, behavioural and facial abnormalities at-
tributed to alcohol exposure in utero. FAS was first described in the late 1960s
and early 1970s (Jones and Smith, 1973; Lemoine et al., 1968). It is estimated
to affect anywhere from 0.3-3 individuals per 1000 live births in the general
population (Abel and Sokol, 1987, 1991; May and Gossage, 2001; Sampson
et al., 1997), and its incidence is often much higher in specific populations
(Astley, 2004). Individuals with FAS demonstrate characteristic facial abnor-
malities such as a smooth philtrum, short palpebral fissures, and a thin upper
lip (Astley, 2004; Sampson et al., 1997), as shown in Figure 4.1. Common
brain malformations revealed by postmortem studies include microcephaly,
ventriculomegaly, a small cerebellum, and malformations or agenesis of the
corpus callosum (Clarren et al., 1978; Jones and Smith, 1973; Peiffer et al.,
1979). Children and adults with FAS may also demonstrate a wide variety of

cognitive and behavioural problems including motor delays, and deficits of ex-
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Figure 4.1: Characteristic facial features of fetal alcohol syndrome (FAS) include
short palpebral fissures (eye openings), small head circumference, short nose, small
midface, smooth philtrum and thin upper lip. Facial abnormalities are always
present to some degree in FAS, but may or may not appear in other individuals
with prenatal alcohol exposure. Figure was adapted from the National Institute on
Alcohol Abuse and Alcoholism (public domain).

ecutive functioning, attention, memory, reading, and mathematics (Jacobson
and Jacobson, 2002; Kalberg et al., 2006; Mukherjee et al., 2006).

Not all children with prenatal alcohol exposure demonstrate the same ex-
tent of symptoms, and it is now known that there is a wide range of out-
comes beyond FAS associated with drinking during pregnancy (Astley, 2004).
Although poorly understood, the extent and timing of prenatal alcohol con-
sumption likely play major roles in creating this spectrum. In addition, there
are differences in genetic susceptibility that may affect outcomes (Streissguth
and Dehaene, 1993). Many individuals with known prenatal alcohol exposure
demonstrate some, but not all of the characteristics of FAS. FASD is the term
used to describe the full range of developmental disorders associated with pre-
natal alcohol exposure, and its prevalence is estimated at up to 1% of live
births in North America (May and Gossage, 2001; Sampson et al., 1997).

The cognitive, behavioural and emotional deficits associated with FASD
may change with time and manifest themselves in different ways, however, they
are often sufficient to reduce the quality of life of those with FASD and prevent
them from leading fully independent lives (Spohr et al., 2007; Streissguth et al.,
2004). Individuals with FASD are more likely to have mental health problems,
addictions, and trouble with the law than the non-FASD population (Astley
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et al., 2009b; Baer et al., 2003; Barr et al., 2006; Streissguth et al., 2004).
In Canada, the estimated lifetime cost per individual with FASD is over one
million dollars (Stade et al., 2009; Thanh and Jonsson, 2009), and this disorder
has serious consequences for the individuals diagnosed with it, their families,

communities, and society.

4.2 Diagnosis

Accurate assessment of individuals with FASD is important to ensure that
adequate treatment and necessary resources are provided. Therefore, a con-
sistent, objective diagnostic tool is highly desirable. Several methods exist for
assessing the effects of prenatal alcohol exposure and diagnosing the associated
disorders; however, the 4-digit diagnostic code is becoming an increasingly pop-
ular method due to its consistency and reliability (Astley, 2004). Diagnosis is
typically performed by a multidisciplinary team using the Diagnostic Guide for
Fetal Alcohol Spectrum Disorders: The 4-Digit Diagnostic Code (Astley, 2004)
to rank information in the areas of growth deficiency, facial phenotype, brain
dysfunction, and alcohol use. The magnitude of expression of each feature is
ranked independently on a 4-point Likert scale, with 1 reflecting complete ab-
sence of the typical FAS feature and 4 reflecting a strong “classic” presence of
the FAS feature. As part of the diagnostic process, individuals are given a 4-
digit code reflecting the growth, facial features, brain dysfunction and alcohol
use, respectively. Based on this code, possible results can vary from FAS to “no
physical findings or central nervous system abnormalities detected”. In order
for a diagnosis to fall under the umbrella of FASD, an individual must have
a brain code of 2 or higher (reflecting the presence of brain dysfunction) and
confirmed alcohol exposure, as indicated by alcohol use scores of 3 (some risk)
or 4 (high risk). Diagnoses falling under the FASD umbrella can be grouped
into four broad categories, which are (in order of most severe to least severe):
FAS, partial FAS (pFAS), static encephalopathy: alcohol-exposed (SE:AE),
and neurobehavioural disorder: alcohol-exposed (NBD:AE).

Individuals diagnosed with FAS, the most severe end of the FASD spec-
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trum, display serious, permanent, structural and functional brain abnormal-
ities (brain code of 3 or 4), growth deficiencies (rank 2-4), and the full FAS
phenotype of thin upper lip, smooth philtrum, and short palpebral fissures
(facial code of 4, see Figure 4.1). SE:AE (meaning permanent, unchanging
brain abnormalities) is the diagnosis given to subjects who have significant
structural and/or functional brain abnormalities at a level of 3 or 4, but are
lacking the growth deficiencies and facial features of FAS. When individuals
meet the criteria for static encephalopathy and display most, but not all, of
the growth deficiencies and facial features of FAS, they are given the diagnosis
of pFAS. Subjects with NBD:AE have confirmed brain abnormalities (brain
code of 2), but they are less severe than for those with static encephalopathy.
The term “sentinel physical finding(s)” is placed at the end of the diagnosis
if growth or facial abnormalities are present at rank 3 or 4; this term is omit-
ted for diagnoses of FAS or pFAS, since growth and facial abnormalities are
requirements for these diagnoses. There are many individuals with confirmed
prenatal alcohol exposure who do not meet the brain dysfunction criteria for
an FASD diagnosis; however, these individuals may still have cognitive, func-

tional, and/or structural brain abnormalities.

4.3 Common Brain Abnormalities

Early studies of children with prenatal alcohol exposure used autopsies to
identify several structural brain abnormalities caused by neuronal and glial
migration errors (Clarren et al., 1978; Jones and Smith, 1973; Peiffer et al.,
1979). These malformations include microcephaly, a small cerebellum, age-
nesis or severe malformations of the corpus callosum, and ventriculomegaly,
although no consistent abnormalities were identified by these early studies
(Roebuck et al., 1998). However, autopsy studies are limited by the number of
available subjects and represent a skewed sample, since only the most severely
alcohol-affected subjects die during infancy or childhood. Studies with much
larger sample sizes and a wider range of subjects have more recently been

made possible by brain imaging techniques such as MRI, which are able to
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non-invasively assess the teratogenic effects of alcohol in-vivo.

MRI and other neuroimaging studies have shown many different structural
brain abnormalities in individuals with FASD, some of which are relatively
consistent findings. The corpus callosum, the largest white matter structure
in the human brain, has been repeatedly implicated as abnormal across au-
topsy and imaging studies, with a variety of malformations reported, including
complete agenesis in some cases (Bookstein et al., 2001; Jones and Smith, 1973;
Peiffer et al., 1979). Individuals with FASD demonstrate total brain volume
reductions, as well as reductions of many major tissue components (Archibald
et al., 2001; Astley et al., 2009a). These volume reductions are particularly
prominent in the parietal lobe and in deep gray matter structures such as the
caudate nucleus (Archibald et al., 2001; Astley et al., 2009a; Cortese et al.,
2006; Mattson et al., 1996). Children with FASD tend to have thicker corti-
cal gray matter than healthy children, especially in the parietal and temporal
lobes (Sowell et al., 2008b).

Functional and metabolic abnormalities have also been noted in FASD.
Subjects with FASD demonstrate significant differences for metabolite ratios
of choline, creatine, and N-acetyl-aspartate (NAA) in frontal white matter, the
corpus callosum, and deep gray matter structures (Astley et al., 2009¢; Cortese
et al., 2006; Fagerlund et al., 2006). Furthermore, functional brain abnormali-
ties have been reported in children with FASD, with different patterns of brain
activation for a variety of tasks including spatial working memory, inhibition,
verbal learning, and arithmetic tasks (Santhanam et al., 2009; Fryer et al.,
2007; Sowell et al., 2007; Spadoni et al., 2009).

DTI, because of its increased sensitivity compared to conventional imaging
techniques, has added knowledge of brain damage in FASD. DTT studies have
demonstrated widespread brain abnormalities in children, adolescents, and
young adults with prenatal alcohol exposure (Fryer et al., 2009; Li et al., 2009;
Ma et al., 2005; Sowell et al., 2008a; Wozniak et al., 2006, 2009). One of the
most common abnormalities across DTT studies of prenatal alcohol exposure is
the corpus callosum, which has been shown to be abnormal in all previous DTI

studies of FASD. The posterior corpus callosum (splenium and isthmus) seems
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to be particularly affected. In addition to the corpus callosum, the temporal
lobes in both hemispheres and their associated white matter connections (su-
perior and inferior longitudinal fasciculi, cingulum, uncinate fasciculus) show
abnormally low white matter integrity in multiple DTT studies.

Some of the key abnormalities observed in FASD are highlighted in Fig-
ure 4.2. With many non-invasive imaging studies over the past few years, a
much clearer picture of brain abnormalities in FASD is emerging. Key areas
include the corpus callosum, which demonstrates a variety of malformations
and shows consistently reduced white matter integrity than in healthy sub-
jects (Bookstein et al., 2001; Jones and Smith, 1973; Ma et al., 2005), and the
temporal lobes, which are smaller (even when total brain volume is consid-
ered), have thicker cortices, and lower white matter integrity than in healthy
subjects (Archibald et al., 2001; Sowell et al., 2008a,b). The right hemisphere
also is more commonly abnormal than the left when compared to control sub-
jects, particularly in DTI studies. The deep gray matter structures show
particularly reduced volumes and have abnormal metabolite ratios compared
to healthy controls (Cortese et al., 2006; Fagerlund et al., 2006).

Studies of FASD are often complicated by several factors. It is usually
difficult (if not impossible) to obtain an accurate history of alcohol intake dur-
ing pregnancy, and there are often other substance exposures (e.g. cocaine,
methamphetamine, tobacco), which can lead to structural brain damage as
well (Warner et al., 2006; Cloak et al., 2009; Jacobsen et al., 2007). In some
cases, children may have suffered, in utero or after birth, from malnutrition,
neglect and /or abuse. Obtaining accurate histories is often further complicated
because many children diagnosed with FASD are in foster or adoptive families
and may not have continued contact with the birth mother. Comorbitidies
such as attention deficit hyperactivity disorder (ADHD), obsessive compul-
sive disorder (OCD), or oppositional defiant disorder (ODD) may also affect
children with FASD, further confounding the interpretation of brain abnormal-
ities. Therefore, it is important to consider that factors other than prenatal
alcohol exposure may be influencing any brain abnormalities noted in studies

of FASD.
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Figure 4.2: Several areas are consistently highlighted as abnormal in individuals with
FASD: the corpus callosum, which is often malformed and in some cases even absent;
the temporal lobes, which are particularly reduced in volume, have abnormal cortical
thickness and lower white matter integrity than in controls; the right hemisphere,
which shows up as abnormal more often than the left; and the deep gray matter
structures (e.g., thalamus, caudate nucleus, globus pallidus, putamen), which are
reduced in volume, show abnormal metabolite ratios and lower structural integrity
than in controls.
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Disorders falling under the FASD umbrella are serious, permanent condi-
tions that require lifelong treatment and adaptation, and have major conse-
quences. A more thorough understanding of the numerous brain abnormalities
in FASD, how they relate to each other, and how they relate to the diverse cog-
nitive, behavioural and emotional problems, may help lead to earlier identifica-
tion and better treatment of individuals with FASD, thus improving outcomes

for all involved.

42



Chapter 5

Normal Brain Maturation
During Childhood and
Adolescence!

Abstract

Brain maturation is a complex process that continues well beyond infancy,
and adolescence is thought to be a key period of brain rewiring. To assess
structural brain maturation from childhood to adulthood, we charted brain
development in subjects aged 5 to 30 years using diffusion tensor magnetic
resonance imaging, a novel brain imaging technique that is sensitive to ax-
onal packing and myelination and is particularly adept at virtually extract-
ing white matter connections. Age-related changes were seen in major white
matter tracts, deep gray matter, and subcortical white matter, in our large
(n=202), age-distributed sample. These diffusion changes followed an expo-
nential pattern of maturation with considerable regional variation. Differences
observed in developmental timing suggest a pattern of maturation in which
fronto-temporal connections develop more slowly than other regions. These
in vivo results expand upon previous postmortem and imaging studies and
provide quantitative measures indicative of the progression and magnitude of

regional human brain maturation.

LA version of this chapter has been published. C. Lebel, L. Walker, A. Leemans, L.
Phillips, and C. Beaulieu, 2008. Microstructural Maturation of the Human Brain from
Childhood to Adulthood. Neurolmage 40: 1044-55.
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5.1 Introduction

Brain development is a complex process linked with behavioural, emotional,
cognitive, and overall maturation that progresses throughout childhood, ado-
lescence, and into adulthood. A thorough knowledge of structural brain devel-
opment during adolescence is crucial for understanding the extensive cognitive
and behavioural advances that occur during the same period, and for linking
brain structure with brain function in both healthy and disease states. Post-
mortem studies have provided valuable insight into white matter development,
demonstrating continued myelination of white matter tracts into the second
and third decades of life (Benes, 1989; Yakovlev and Lecours, 1967). How-
ever, these studies are limited by the availability of young, previously healthy
subjects.

Magnetic resonance imaging (MRI) is a powerful tool that has made it
possible to investigate healthy brain development in vivo, demonstrating both
global brain development, as well as more specific brain maturation. MRI
has been used extensively to study brain and tissue volume changes, and has
demonstrated that though total brain volume remains approximately constant
after early childhood, the volume of the individual tissue components changes
throughout the life span (Giedd et al., 1999a; Good et al., 2001b). Studies
of cortical gray matter development have shown regional patterns of brain
maturation, with distinct areas developing at different rates (Lerch et al.,
2006; Sowell et al., 2004; Whitford et al., 2007).

Despite the fact that adolescence is considered a crucial period of brain
re-wiring, relatively little is known about the development of the white mat-
ter tracts that form this wiring or the deep gray matter structures that pro-
vide the relay stations. Previous studies using T1-weighted anatomical MRI
have shown various brain white matter changes during adolescence, includ-
ing an overall volume increase (Giedd et al., 1999a), and increases of “white
matter density” in the internal capsule and the left arcuate fasciculus (Paus
et al., 1999). Diffusion tensor MRI (DTI) is a non-invasive tool that provides

unique information about tissue microstructure, including indirect measures
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of myelination and axonal growth, and may be more sensitive than conven-
tional imaging (Basser et al., 1994; Beaulieu, 2002; Le Bihan, 2003). DTI
has demonstrated more widespread white matter and deep gray matter de-
velopment with age during childhood and adolescence (Ashtari et al., 2007;
Barnea-Goraly et al., 2005b; Ben Bashat et al., 2005; Mukherjee et al., 2001;
Schmithorst et al., 2002; Snook et al., 2005) than is observed on T1-weighted
scans. However, previous DTI studies of adolescence were limited by small
sample sizes (Eluvathingal et al., 2007; Morriss et al., 1999), limited brain re-
gions analyzed (Ben Bashat et al., 2005; McLaughlin et al., 2007), narrow age
ranges (Schneider et al., 2004; Snook et al., 2005), and /or assumptions of linear
development (Barnea-Goraly et al., 2005b; Giorgio et al., 2008; Schmithorst
et al., 2002). Since nonlinear patterns of development have been shown in
some cognitive abilities during adolescence (Kail, 1993; Luna et al., 2004), it
is probable that DTT measures of specific brain white matter and deep gray
matter structures may also deviate from a linear trajectory of development
through adolescence.

Here, we use DTT to characterize the trajectory of microstructural brain de-
velopment from childhood to adulthood, showing regionally specific changes in
both timing and relative magnitude. We measured fractional anisotropy (FA),
an indicator of white matter coherence and axonal organization, and mean
diffusivity (MD), the average magnitude of water diffusion, to assess brain
development in a large, age distributed sample. Subjects were 202 individuals
ranging from 5-30 years, with no history of neurological /psychiatric disease
or brain injury. Twenty distinct brain regions were analyzed, including major
white matter tracts, subcortical white matter in gyri, and deep gray matter.
Ten structures were examined using region-of-interest analysis, and ten struc-
tures were analyzed using diffusion tensor tractography, a novel method of
virtually reconstructing and visualizing white matter tracts in vivo (Basser
et al., 2000; Conturo et al., 1999; Jones et al., 1999; Mori et al., 1999). These
two complementary methods provide a means of assessing three dimensional
white matter tracts, as well as structures such as deep gray matter and sub-

cortical white matter in gyri, which cannot be examined using tractography.
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5.2 Methods

5.2.1 Subjects

This study included 202 healthy volunteers with no self-reported history of
neurological or psychiatric disease or brain injury. Subjects were aged 5.6 to
29.2 years (mean age + standard deviation: 15.2 £+ 6.1, 98 female, 104 male,
187 right-handed, 13 left-handed, 2 no preference). Subjects were approxi-
mately equally distributed across the age range, with a minimum of 3 males
and 3 females for each year from 6-22 years. Health was verified by asking
participants a series of questions to ensure there was no history of neurological
or psychiatric disease or brain injury. All subjects provided informed consent;
child assent and parent/guardian consent was obtained for volunteers under

18 years.

5.2.2 Image Acquisition

All data was acquired on the exact same 1.5 T Siemens Sonata MRI scanner
using identical methods. Total acquisition time was approximately 26 min-
utes and included anatomical imaging and both standard and cerebrospinal
fluid (CSF) suppressed DTI'. Standard DTI was acquired using a dual spin-
echo, single shot echo-planar imaging sequence with the following parameters:
40 3 mm thick slices with no inter-slice gap, TR=6400 ms, TE=88 ms, 6
non-collinear diffusion sensitizing gradient directions with b=1000 s/mm?, 8
averages, field-of-view 220x 220 mm?, matrix of 96x 128 zero-filled to 256 x 256.
Total DTI acquisition time was 6:06 minutes. CSF-suppressed DTI was also
acquired in 173 subjects and used a dual spin-echo, echo planar imaging se-
quence with inversion time=2200 ms, TR=8600 ms, TE=88 ms, with 26 slices,
and all other parameters the same as the standard DTI. Total acquisition time
for FLAIR DTT was 8:12 minutes. High resolution (1x1x1 mm?) T1-weighted
images were also acquired using MPRAGE with TE=4.38 ms, TR=1870 ms,

TI=1100 ms, and scan time of 4:29 minutes.

LCSF-suppressed DTI was acquired to facilitate tracking of the fornix, which is suscep-
tible to partial voluming with the neighbouring CSF (Concha et al., 2005b)
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5.2.3 Region-of-Interest Diffusion Measurements

Using the standard DTT scans, average mean diffusivity (MD) and fractional
anisotropy (FA) values were calculated for 10 brain regions using region-of-
interest (ROI) analysis by the same investigator (L.W.), including the anterior
and posterior limbs of the internal capsule, external capsule, corona radiata,
centrum semiovale, subcortical white matter in gyri (right superior frontal
gyrus, right supra marginal gyrus, right middle occipital gyrus, left superior
temporal gyrus, and the left postcentral gyrus), and four deep gray matter
structures (thalamus, globus pallidus, putamen, and head of the caudate nu-
cleus), according to previously described methods (Snook et al., 2005). A
previous intra-rater reliability study by the individual who performed all of
the ROI analysis in this paper showed good reliability of ROI measurements
(Snook et al., 2005). Three individuals were scanned on four separate oc-
casions, and FA was measured in four regions (genu of the corpus callosum,
corona radiata, thalamus and head of the caudate nucleus); standard devia-
tions were 0.02 or smaller for FA values within the same individual. Where
appropriate, left and right measurements were made separately and averaged
for further analysis, since although some regions showed significant asymmetry,
the absolute FA and MD differences were quite small (0.01 or less for FA and
less than 0.02x 1073 mm? /s for MD). The FA and MD values from each of the
five ROIs drawn in subcortical white matter in gyri were averaged to give one
value for each individual, in order to improve the fits of the subcortical white
matter in gyri. The five subcortical white matter regions had poor individual
fits, likely due to partial volume affects of averaging with CSF. Eigenvalues

were not analyzed for the regions measured using ROI analysis.

5.2.4 Fibre Tracking Diffusion Measurements

A novel, semi-automated tractography method was developed specifically for
this project to logistically permit the extraction of ten tracts in 202 individ-
uals. A template was created based on 20 scans of one 25 year old male.

The images from these 20 scans were normalized to each other using an affine
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transformation and averaged to create the template. Non diffusion-weighted
images (b=0 s/mm?) were registered to the template using an affine trans-
formation followed by tensor reorientation. For each tract, seeding, target,
and exclusion regions were selected manually on the template colour map and
automatically copied to each normalized brain. All voxels within the seeding
region were used as seed points for fibre tracking for each of the 202 subjects,
and the target and exclusion regions served to include or exclude fibres passing
through specific areas. Fibre tracking was performed in ExploreDTT using a
deterministic streamline method. FA thresholds were set to 0.25 to initiate
and continue tracking, while the angle threshold was set to 60 for the uncinate
fasciculus and the superior longitudinal fasciculus and 30 for all other tracts.
An FA threshold of 0.25 was chosen to avoid voxels that are not part of the
white matter tract (cortex has FA ~0.2), minimize the inclusion of voxels with
a higher degree of partial volume contamination, and limit the presence of spu-
rious tracts. Tractography was used to identify the genu and splenium of the
corpus callosum, the inferior and superior longitudinal fasciculi, the inferior
and superior fronto-occipital fasciculi, fornix, cingulum, uncinate fasciculus,
and corticospinal tract, according to a priori information on tract location
(Wakana et al., 2004). Standard DTT data was used to track all fibres except
the fornix, for which we used FLAIR-DTT data due to deleterious partial vol-
ume effects in the standard (non-CSF suppressed) DTI data (Concha et al.,
2005b). Where appropriate, left and right fibres were measured separately and
averaged for further analysis, since although some regions showed significant
asymmetry, the absolute FA and MD differences were quite small (0.01 or
less for FA and less than 0.02x1073 mm?/s for MD). Eigenvalues of the ten
tractography-derived tracts were measured to determine what was driving any
FA changes. Parallel diffusivity was measured by the first eigenvalue (A\j=X1),
while perpendicular diffusivity was calculated by averaging the second and

third eigenvalues (AL = (Mg + A3)/2).
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5.2.5 Automated Fibre Tracking Reliability

Validity of the semi-automated fibre tracking method was ensured by man-
ually tracking each of the ten white matter tracts in 15 randomly selected
individuals. The results of the paired t-tests comparing the manual and semi-
automated methods are shown in Table 5.1. While some tracts showed very
small significant differences (all differences of FA were less than 0.015 and dif-
ferences of MD were 0.02x 1073 mm? /s or smaller), these differences are smaller
than the standard deviation of ROI measurements made from multiple scans
of the same individual (Snook et al., 2005). All correlations between man-
ual and semi-automated methods were highly significant (all correlations were
greater than 0.836 with p<0.001). Furthermore, the semi-automated method
of tractography is fairly robust to errors of spatial normalization, because
the FA thresholds used for tracking help eliminate spurious fibres and allow
seeding and target regions to be larger than the actual structure of interest,

accommodating for misaligned structures due to poor normalization.

5.2.6 Curve Fitting

Average values of FA and MD for each ROI and over the entirety of each tract
for tractography were correlated with subject age using linear and non-linear
regression. Linear, monoexponential and biexponential fits were compared us-
ing F-tests and the Akaike information criterion (AIC). Negative values of the
AIC were considered to mean the exponential fit offered substantial improve-
ments over the linear fit, while a threshold of p<0.05 was used for the F-test
between mono- and bi-exponential fits. Exponential fitting equations of the
form FA (or MD) = C + Ae~%9¢/! yielded time constants (t) indicating the rate
of development, as well as correlation coefficients and asymptotic standard er-
ror values indicating the quality of the fits. To compare developmental timing
parameters, maximum development was defined as the FA and MD values at
the asymptotes of the exponential curves, and the time to reach 90% of this
maximum development from 5 years was calculated for each tract. Male and

female fits were calculated separately and the timing parameters were com-

49



Table 5.1: Validation of semi-automated tractography versus manual tracking of all
ten tracts in 15 individuals

Tract Measure || Correlation | Correlation | Difference® Paired
(R) p-value FA: unitless t-test
MD: 103mm? /s | p-value
Cingulum | FA 0.903 <0.001 -0.006 0.123
MD 0.983 <0.001 -0.001 0.639
CST FA 0.838 <0.001 -0.012 0.047
MD 0.839 <0.001 0.020 0.002
Fornix FA 0.836 <0.001 -0.013 0.007
MD 0.863 <0.001 -0.020 0.064
Genu FA 0.968 <0.001 -0.004 0.044
MD 0.957 <0.001 0.001 0.759
IFO FA 0.972 <0.001 0.014 0.000
MD 0.961 <0.001 0.012 0.001
ILF FA 0.935 <0.001 -0.011 0.000
MD 0.959 <0.001 -0.007 0.011
Splenium | FA 0.830 <0.001 -0.000 0.995
MD 0.874 <0.001 -0.020 0.004
SFO FA 0.836 <0.001 0.009 0.007
MD 0.871 <0.001 -0.015 0.004
SLF FA 0.939 <0.001 -0.007 0.003
MD 0.981 <0.001 -0.001 0.572
UF FA 0.861 <0.001 -0.000 0.940
MD 0.975 <0.001 -0.003 0.181

& Negative mean differences indicate that manual method has higher values than
automated method
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pared to see if they overlapped, given the standard error from the exponential
fits. For FA values, the timing parameter differences between genders were
less than one standard error and considered not to be significant. For MD val-
ues, the differences were larger, with five structures showing timing differences
greater than two standard errors of the fit. However, the fits for all structures
were considerably poorer when separated by gender, and no gender differences
of FA timing were present, so data was combined to simplify interpretation
and improve confidence in the fits; therefore, all data shown is combined male

and female data.

5.2.7 Volume Measurements

T1-weighted MPRAGE images were segmented using SPM5 (Wellcome Trust
Centre for Neuroimaging, London, UK), after normalization to the T1 tem-
plate provided as part of the software package. Total gray matter and white
matter volumes were measured, and total brain volume was calculated. CSF
was not included in total brain volume measurements. Linear regression was
used to determine whether significant age-related changes existed in gray mat-

ter, white matter, and total brain volume.

5.3 Results

5.3.1 FA Increases with Age

For almost all structures, an exponential curve best represented the cross-
sectional age-related increases of FA; only the uncinate fasciculus showed lin-
ear increases of FA. The increases occurred rapidly initially, then slowed and
reached a plateau; for most structures, the plateau was reached during the late
teens or twenties. FA increased significantly in 17 of 20 structures measured;
however, no significant age-related changes were observed in the fornix, corona
radiata or centrum semiovale. As shown in Figures 5.1 and 5.2, regional dif-
ferences in the rate of development were observed for FA, with some brain
regions, such as the corpus callosum and the inferior longitudinal fasciculus,

increasing in FA (and presumably developing) faster and earlier than other
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Figure 5.1: Considerable variation was seen in age-related fractional anisotropy (FA)
changes in nine of ten white matter tracts measured using fibre tractography. These
results suggest a hierarchical pattern of maturation in which areas with frontal-
temporal connections develop more slowly than others. Here, tracts are shown in a
23 year old male with corresponding FA-age plots (colour of tract matches colour
of curve in plot). Rapid development can be seen in the splenium and genu of
the corpus callosum, while the cingulum and uncinate fasciculus demonstrate more
gradual maturation. The fornix, a very basic tract involved in memory and emotion,
shows no age-related changes at all. These structures showed similar age-related
decreases of mean diffusivity, as shown in Fig. 5.4.
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Figure 5.2: Variation was seen in age-related fractional anisotropy (FA) changes for
8 of 10 structures measured using region-of-interest analysis; this data also suggests
hierarchical maturation. Here, regions are shown on the FA map of a 6 year old
male with corresponding FA-age plots (colour of ROI matches colour of curve in
plot). Considerable variation is seen in the amount of FA change, with deep gray
matter structures such as the thalamus and caudate head showing very large per-
cent changes and the white matter structures showing smaller, but still significant,
changes. These structures showed similar age-related decreases of mean diffusivity,
as shown in Fig. 5.5. Subcortical white matter curve was obtained by averaging FA
values from five separate regions; only one region is shown above.
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Figure 5.3: Parallel diffusivity (\|) remained constant or declined slightly in all
white matter tracts analyzed with tractography, while perpendicular diffusivity (A} )
declined more than parallel diffusivity, driving the age-related increase of fractional
anisotropy. The superior longitudinal fasciculus and uncinate fasciculus are shown
here as examples.

tracts that appear to mature more slowly, such as the fronto-temporal con-
nections. An analysis of the eigenvalues revealed a consistent pattern among
the white matter tracts measured with tractography, with perpendicular dif-
fusivity (A1) decreasing in all tracts, while parallel diffusivity () remained
the same or decreased only slightly. Figure 5.3 shows the age-related changes
of the eigenvalues for the superior longitudinal fasciculus and the uncinate

fasciculus, for example.

5.3.2 MD Decreases with Age

An exponential fit best represented the age-related decreases of MD for most
structures, with only the corticospinal tract demonstrating linear decreases
of MD. For most structures, rapid decreases of MD occurred at younger ages,
slowed, and gradually reached a plateau during the late teens or early twenties,
as shown in Figures 5.4 and 5.5. Significant differences of MD with age were
seen in all measured structures, including those that showed no age-related FA

changes. Like FA changes, regional differences of the timing of MD changes
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Table 5.2: Correlation (R) and time constant (t) of the exponential fits, as
well as absolute and relative increases of FA over the age span of 5-30 years.
Regions are sorted from earliest to latest developing

Region® R tP Absolute change | Percent change
(5-30 years) (5-30 years)
ILF 0.285 | 1.62 | 0.05 14
Splenium 0.382 | 2.57 | 0.06 13
Genu 0.355 | 2.58 | 0.05 9.0
SFO 0.453 | 3.47 | 0.05 12
Anterior limb 0.435 | 4.29 0.13 23
SLF 0.640 | 5.86 | 0.07 16
IFO 0.580 | 6.19 | 0.07 17
Subcortical WM || 0.593 | 6.20 | 0.07 27
External capsule || 0.543 | 7.20 | 0.10 23
Posterior limb 0.397 | 7.48 0.06 8.5
Thalamus 0.600 | 7.49 0.08 32
CST 0.591 | 7.70 | 0.08 17
Caudate head 0.511 | 7.97 | 0.07 47
Globus pallidus || 0.591 | 8.33 | 0.09 45
Putamen 0.488 | 8.79 0.06 41
Cingulum 0.560 | 9.86 | 0.08 19
UF 0.514 | -© 0.06 15

@ No fits for FA changes were obtained for the corona radiata, centrum
semiovale, and fornix, so no data is shown

b obtained from the exponential fit according to the equation FA=C +
Ae—age/t

¢ FA changes in the uncinate fasciculus were best represented by a linear
fit, so no t parameter is shown
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Figure 5.4: Significant decreases of mean diffusivity (mm?/s) were observed for all
ten structures measured using tractography. Here, all ten white matter tracts are
shown in a 23 year old male with corresponding mean diffusivity-age plots (colour
of tract matches colour of curve in plot). The rate of decrease varies regionally, with
frontal connections, such as the superior longitudinal fasciculus, superior fronto-
occipital fasciculus, cingulum and uncinate fasciculus tending to mature later than
other tracts such as the corpus callosum, fornix and inferior longitudinal fasciculus.
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Figure 5.5: Significant decreases of mean diffusivity (mm?/s) were seen in all struc-
tures measured using region-of-interest analysis. Here, regions are shown here on
the MD map of a 6 year old male with corresponding mean diffusivity-age plots
(colour of ROI matches colour of curve in plot). Regional variation can be seen in
the rate of the changes. Subcortical white matter curve was obtained by averaging
MD values from five separate regions; only one region is shown above.
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were observed; however, the range of exponential time constants was more

uniform for MD decreases than for FA increases.

5.3.3 Timing and Magnitude of Changes

Figure 5.6 shows the relative timing and magnitude of development in all
measured brain regions; these are also summarized in Tables 5.2 and 5.3. Error
bars in Figure 5.6 represent the standard error and indicate the reliability of
the timing parameter obtained from the exponential fit. As can be seen from
Figure 5.6 and Tables 5.2 and 5.3, by age 20, approximately half of measured
structures have reached 90% of their maximum FA values. At age 25, three
structures have still not reached their plateau, with the uncinate fasciculus
appearing to continue development beyond 30 years. MD decreases continue
slightly later than FA increases, with only one structure having reached the
90% mark by age 15. Two structures, the head of the caudate nucleus and the
corticospinal tracts, appear to continue undergoing MD changes past 30 years
of age. In addition, the greatest magnitude of changes occurs in the deep gray

matter, which shows up to 50% increases of FA and 16% decreases of MD.

5.3.4 Volume

Total brain volume, as well as white and gray matter volume, was measured
for each subject using T1-weighted images. As shown in Figure 5.7, total
brain volume is relatively constant throughout our sample, from age 5-30
years; however, the major tissue classes within the brain changed in opposite
directions. A significant linear decrease of total gray matter was observed with

a corresponding linear increase in total white matter volume.

5.4 Discussion

Although DTI has demonstrated that much of brain development occurs dur-
ing the first few years of life (Dubois et al., 2008; Hermoye et al., 2006; Proven-
zale et al., 2007), our results illustrate that this process continues well beyond

infancy. Tractography and ROI analyses have provided direct evidence that
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Table 5.3: Correlation (R) and time constant (t) of the exponential fits, as well as
absolute and relative reductions of MD over the age span of 5-30 years. Regions
are sorted from earliest to latest developing.

Region R t? Absolute Percent change
change (5-30 years)
(5-30 years)
Corona radiata 0.354 | 6.68 -0.07 -9.3
Centrum semiovale || 0.602 | 6.03 | -0.08 -10
Fornix 0.426 | 5.23 | -0.11 -11
ILF 0.592 | 5.88 | -0.09 -9.2
Splenium 0.350 | 4.87 | -0.08 -9.2
Genu 0.453 | 6.09 | -0.08 -9.3
SFO 0.625 | 9.31 | -0.07 -8.8
Anterior limb 0.633 | 6.69 | -0.10 -13
SLF 0.724 | 9.80 | -0.10 -11
IFO 0.560 | 3.15 | -0.09 -10
Subcortical WM 0.717 | 7.919 | -0.11 -13
External capsule 0.704 | 6.62 | -0.09 -11
Posterior limb 0.600 | 5.63 -0.07 -8.2
Thalamus 0.651 | 9.62 -0.08 -9.3
CST 0.723 | -P -0.07 -15
Caudate head 0.407 | 7.97 | -0.12 -8.6
Globus pallidus 0.575 | 8.49 | -0.07 -9.1
Putamen 0.729 | 6.81 -0.10 -12
Cingulum 0.673 | 9.28 | -0.09 -11
UF 0.697 | 7.82 | -0.10 -11

# obtained from the exponential fit according to the equation MD=C +

Aefage/t

b The MD changes in the corticospinal tract were best represented by a
linear fit, so no t parameter is shown.
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Figure 5.6: Magnitude and timing of development vary by brain region. The length
of the coloured bars indicates the age at which regions reached 90% of their devel-
opment plateau; the colour represents (a) the percent increase of FA or (b) decrease
of MD from 5-30 years. The small black bars show the standard error of the timing
parameter (error bars not included for regions with development extending beyond
25 years). The fornix, centrum semiovale and corona radiata showed no changes
of FA; data not shown. Note the tendency of fronto-temporal connections (e.g.,
cingulum, uncinate fasciculus) to mature later than other structures, and that deep
gray matter undergo the largest percent changes. FA increases for the uncinate
fasciculus in (a) and decreases of MD for the caudate head and corticospinal tract
in (b) extend beyond 30 years.
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Figure 5.7: Total brain volume from T1-weighted scans, excluding cerebrospinal
fluid, remains constant after age 5, despite major internal changes taking place
throughout adolescence. Total white matter volume increases significantly, while
total gray matter volume decreases over this age range of 5 to 30 years.

maturation of brain white matter and deep gray matter is widespread through-
out the brain and continues throughout adolescence and, in some structures,
into the twenties.

The putative rate of development, as implied by changes of diffusion pa-
rameters, can be obtained for each brain region from the exponential fit for
that particular structure. There is considerable variation in the development
curves, suggesting that white matter tracts with fronto-temporal connections,
as well as deep gray matter areas, tend to mature more slowly than other
regions. Brain structures can be categorized based on the age at which their
curve reached 90% of its limit, as measured from 5 years (see Fig. 5.6). The
fornix, a white matter connection involved in very basic processing such as
memory and emotion, showed no significant changes of FA with age. DTI has
demonstrated that, during infancy, the fornix appears to be more developed
than other brain regions (Dubois et al., 2006, 2008), suggesting that its de-
velopment may be complete by age 5. Two other areas, the corona radiata
and the centrum semiovale, also showed no age-related FA changes; however,
these are complex crossing fibre regions that are difficult to measure using the

standard tensor model. The splenium and genu of the corpus callosum, crucial
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left-right hemispheric connections, and the inferior longitudinal fasciculus, an
important occipital-temporal tract involved in visual processing (Catani et al.,
2003), show the earliest and most rapid changes of FA with age, all reaching
90% of their maximum FA value by 11 years of age. Most association fibres,
such as the superior longitudinal fasciculus, the superior and inferior fronto-
occipital fasciculi, and the anterior limb of the internal capsule reach the 90%
milestone between 13 and 20 years of age. The external capsule, posterior
limb of the internal capsule, corticospinal tract, all three of which are projec-
tion fibres, as well as two deep gray matter structures, the thalamus and the
caudate head, all reach the 90% mark between the ages of 21 and 24 years.
The globus pallidus and putamen, two deep gray matter structures, as well as
the cingulum and uncinate fasciculus, important fronto-temporal connections,
matured much later, reaching 90% of development only after 25 years of age.

Reductions of mean diffusivity demonstrate less timing variation amongst
regions, and the changes, in general, occur later than the increases of FA. Vi-
sual and hemispheric connections, such as the inferior longitudinal fasciculus,
and genu and splenium of the corpus callosum, undergo 90% of their MD de-
velopmental changes by 20 years of age. According to the MD time course,
most frontal connections, gray matter structures, and the corticospinal tracts
do not mature to this extent until age 24 or later. Although differences exist
in the order of development, patterns of change similar to those observed with
FA were seen, with the commissural fibres developing early and the fronto-
temporal and gray matter structures maturing later. All structures showed
significant decreases of MD, including the three structures that failed to show
significant changes of FA with age. Although the FA development profiles for
the posterior limb and the corticospinal fibres were quite similar (see Figure
5.6), the MD profiles differed substantially, with the corticospinal tract lev-
eling off much later than the posterior limb. While the posterior limb of the
internal capsule contains the corticospinal tract, it also contains fibres belong-
ing to the corticobulbar fibres and thalamocortical somatosensory radiations,

with the corticospinal tract occupying only the posterior third (Kretschmann,

1988).
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Analysis of the eigenvalues for the tractography data revealed that the FA
increases are due to age-related decreases of perpendicular diffusivity accom-
panied by either a modest decrease or no change at all in the parallel diffusivity
for each tract (see Fig. 5.3). Remyelination in the mouse brain is character-
ized by decreases of perpendicular diffusivity without corresponding changes of
parallel diffusivity (Song et al., 2005), suggesting that increasing myelination
with age may be the cause of the drop of perpendicular diffusivity in our pop-
ulation. Other studies have also shown that developmental increases of FA are
primarily driven by decreasing perpendicular diffusivity (Giorgio et al., 2008;
Snook et al., 2005).

Absolute changes of FA and MD varied across the brain, as shown in Ta-
bles 5.2 and 5.3, with deep gray matter regions and frontal association fibres
showing slightly larger increases of FA and decreases of MD than other re-
gions. The percent changes of FA and MD, however, reveal large differences,
and the greater magnitude of age-related diffusion parameter differences in the
brain is interpreted as regions undergoing more development during childhood
and adolescence. The deep gray matter structures examined, i.e., the thala-
mus, caudate nucleus, putamen, and globus pallidus, showed by far the largest
percent changes of FA| increasing between 30-50% from 5 to 30 years of age.
These large differences, particularly with respect to more moderate changes
across the white matter, likely indicate that tracts emanating from or arriving
at these gray matter structures are becoming better organized or more myeli-
nated, perhaps undergoing so-called “rewiring”. Similarly, white matter may
be extending into the deep gray matter structures from which they originate or
terminate, resulting in an increase of FA. The subcortical white matter in gyri
also showed relatively large age-related increases of FA of approximately 25%,
and this suggests that as the brain develops, myelinated axons extend further
into the cortex, causing this rise of FA of subcortical white matter. Major
white matter tracts showed smaller increases of FA, between approximately
8-19%, indicating that myelination is still occurring during adolescence, but
the changes are not quite as dramatic as in the subcortical white matter and

deep gray matter. One interpretation of these marked differences in relative
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changes, as well as timing, could be that the white matter wiring is laid down
earlier, followed by “reprogramming” of the deep gray matter relay stations.
Despite total brain volume remaining constant after age 5 (see Fig. 5.7),
major internal remodeling is occurring within the brain. Total gray matter
volume declines, while white matter undergoes a corresponding increase in
volume. Adolescence is thought to be a time of cortical pruning (Toga et al.,
2006), and previous studies of cortical gray matter volume have shown inverted
U-shaped curves representing age-volume changes, with age of peak volume
depending on brain region (Giedd et al., 1999a). The timing parameters for
maturation seem to indicate that white matter development (i.e. myelination
and/or axonal packing) and deep gray matter reorganization occur in tandem
with cortical changes, although cortical gray matter was not measured in this
study. Total gray matter volume decreases in a linear manner across our age
range while total white matter volume increases; one possible explanation is
that increased myelination and advancing axons are causing tissue previously
classified at gray matter to be newly classified as white matter and accounting
for the tissue volume changes that occur despite constant total brain volume.
During infancy and early childhood, the brain undergoes rapid microstruc-
tural changes; between birth and 5 years of age, FA values increase by up to
200% and MD values decrease by approximately 40%, with the bulk of these
changes occurring during the first 24 months of life (Dubois et al., 2006, 2008;
Hermoye et al., 2006; Mukherjee et al., 2001; Partridge et al., 2005). These
relative FA and MD changes are much larger than the ones reported in our
study. Nonetheless, although the most rapid development occurs in infancy,
we show that brain maturation continues well beyond that period, and most
brain wiring is not fully established until the teenage years and even the twen-
ties. By age 12, only three of 20 structures measured have undergone 90% of
their FA changes (recall 90% relative to age 5); by age 20, an additional five
structures have reached this 90% milestone, including most of the association
tracts and subcortical white matter. By age 25 years, only the cingulum and
the uncinate fasciculus, two important fronto-temporal connections, have yet

to reach a plateau.
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In agreement with our findings, previous studies have consistently reported
brain maturation during adolescence in the internal capsule, arcuate fascicu-
lus, and corticospinal tracts (Barnea-Goraly et al., 2005b; Ben Bashat et al.,
2005; Paus et al., 1999; Schmithorst et al., 2002). Developmental changes have
also been reported in a large number of other brain areas where we also found
age-related changes, including the corpus callosum and subcortical white mat-
ter (Ben Bashat et al., 2005), occipital pathways (Barnea-Goraly et al., 2005b)
and the inferior longitudinal fasciculus (Schmithorst et al., 2002). We observed
more widespread brain maturation, however, with all brain regions measured
demonstrating decreases of MD, and most areas demonstrating FA increases
during adolescence. Timing parameters of non-linear development have been
previously reported in only one study of adolescents (Ben Bashat et al., 2005);
however, their cohort included much younger subjects (as young as 4 months),
making comparisons difficult due to the rapid development of infant brains.
Our observations of exponential brain maturation during adolescence may be
a continuation of the exponential patterns of development that are observed
during infancy and early childhood in many of the same structures (Hermoye
et al., 2006; Mukherjee et al., 2001), or they may represent different and sepa-
rate developmental time courses; further studies over the entire age range with
the same imaging parameters and analysis methods may be able to settle this
question.

Several postmortem studies (Benes, 1989; Yakovlev and Lecours, 1967)
have described a general pattern of posterior to anterior myelination. The
opposite pattern was observed in the corpus callosum using sophisticated im-
age processing of anatomical MRI scans as a rostral to caudal wave of growth
(Thompson et al., 2000). Using DTI, we observed the splenium developing
slightly before the genu, as evidenced by MD changes; however, the timing
of FA increases in these two structures is similar. More generally, our data
seem to indicate that some frontal connections, particularly fronto-temporal
connections such as the uncinate fasciculus and the cingulum, mature later
and more slowly than other connections, such as the commissural connections

of the corpus callosum. Some frontal connections, however, such as the inferior
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and superior fronto-occipital fasciculi, display relatively early maturation com-
pared to other structures. In addition, the deep gray matter structures and
the projection fibres seem to exhibit relatively slow maturation, perhaps indi-
cating the ongoing development of these structures. These patterns are also
similar to DTI studies of preterm infant brain maturation that show frontal
areas tend to mature later than others (Deipolyi et al., 2005; McKinstry et al.,
2002). The temporal lobe demonstrates later maturation than other regions,
as evidenced by continued cortical thickening into the thirties and later volu-
metric changes than other cortices (Giedd et al., 1999a; Sowell et al., 2003),
supporting our findings of slow maturation of fronto-temporal connections.

Our large, age-distributed sample relative to previous studies allows for in-
creased sensitivity to non-linear developmental changes, and our findings chal-
lenge earlier DTT findings suggesting a linear increase (Barnea-Goraly et al.,
2005b; Schmithorst et al., 2002). These two studies used voxel-based analysis
methods, which assume linear development. Our observed non-linear pattern
of maturation was consistent across the brain, with only the uncinate fasci-
culus showing linear development of FA with age and the corticospinal tract
demonstrating a linear reduction of MD with age. Given a larger age range,
these tracts would likely show non-linear changes that level off during the thir-
ties or later. For most brain areas, the exponential model was superior to the
linear model, indicating the robustness of these non-linear findings.

While several studies have observed asymmetry of brain anisotropy (Buchel
et al., 2004; Gong et al., 2005) and sex differences during development (Giedd
et al., 1999a; Lenroot et al., 2007; Schmithorst et al., 2008; Schneiderman
et al., 2007), we observed only very small asymmetries and gender differences
in our cohort, and elected to combine all data for the final analysis. Asym-
metry of anisotropy has been reported in the cingulum (Gong et al., 2005)
and the superior longitudinal fasciculus (Buchel et al., 2004), both showing
left greater than right asymmetry. While we also observed leftward asymme-
try in both of these white matter tracts, the actual differences of FA were
very small, only 0.01 for each tract. Asymmetry was observed in several other

structures, but in all cases asymmetry of FA was 0.01 or less, and differences

66



of MD were smaller than 0.02x107% mm?/s. Since these differences are very
small and separating them would add unnecessary complexity, all values from
left and right hemispheres were averaged in this paper. Similarly, male and
female data were combined, due to only minor differences in developmental
trajectories. Since we were interested in the relative timings of development,
we looked for differences between male and female timing parameters, rather
than absolute FA or MD differences. For age-related FA changes, all gen-
der differences of the timing parameter were smaller than the standard error
of the measurement. Furthermore, fits were greatly improved by combining
males and females (effectively doubling the data set). Therefore, males and
females were combined for all of our analyses, as has been done in many devel-
opmental studies (Barnea-Goraly et al., 2005b; Mukherjee et al., 2001; Snook
et al., 2005; Sowell et al., 2003).

Deterministic tractography methods require threshold values of FA to de-
fine each tract, although this practice may influence the resulting FA values
calculated from the tract. For this study, the threshold was set to voxels with
FA values greater than 0.25, to minimize inclusion of voxels with a high de-
gree of partial volume contamination, and to avoid spurious tracts. Choosing a
threshold is unlikely to substantially affect the age-related FA and MD changes
with respect to the relative differences between structures. FA values derived
from tractography are, in general, lower than FA values derived from ROI anal-
ysis due partly to this floor value, but primarily to variability of FA along the
tracts themselves. ROI analysis defines structures on two-dimensional maps
and generally includes the areas of higher FA in a particular tract. Tractogra-
phy, however, include a much larger portion of the tract, including the lower
FA values near the ends, and obtains values that are lower overall. This vari-
ability in FA measures means that values obtained using identical methods
can be compared, while it is difficult to compare absolute FA measures from

different procedures.
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5.5 Conclusion

We used diffusion parameters as surrogate markers for microstructural devel-
opment to extract the magnitude and timing of developmental changes in 20
brain regions that included major white matter tracts, subcortical white mat-
ter, and deep gray matter. We examined maturation of these structures over
a wide age range of 5 to 30 years in a large sample of 202 healthy subjects.
Both ROI analysis and tractography revealed development trajectories for all
structures which, if compared to those in a patient population, could high-
light the presence and timing of specific brain abnormalities associated with a

particular disease.
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Chapter 6

Longitudinal Diffusion Tensor

Imaging of Human Brain
Maturation from Childhood to
Adulthood!

Abstract

Brain development is a complex process that begins in utero and continues
during childhood and adolescence. Longitudinal studies provide increased sen-
sitivity over cross-sectional studies and the ability to measure changes within
individuals, yet there have been very few looking at healthy brain develop-
ment. We examined longitudinal brain maturation using diffusion tensor trac-
tography in 103 healthy subjects initially aged 5-29 years. Each volunteer
was scanned at least twice, with an average age gap of 3.8 years. Fractional
anisotropy (FA) and mean diffusivity (MD) were assessed in eleven different
white matter pathways. All tracts showed significant changes of both FA and
MD across the age range, with most tracts demonstrating non-linear increases
of FA that slowed and, in some cases, reversed at the upper end of the age
range; most tracts also showed non-linear decreases of MD. Average changes

within individuals ranged from 1-5% increases of FA and 0-4% MD decreases

LA version of this chapter has been published. C. Lebel and C. Beaulieu, 2009. Longitu-
dinal Diffusion Tensor Imaging of Healthy Brain Development in Children, Abstract #3421.
Proceedings of the International Society for Magnetic Resonance in Medicine, 17th Annual
Meeting, Honolulu, Hawaii, USA.
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in the youngest subjects to changes ranging from -2 to +2% for FA and -1 to
+1% for MD in the oldest subjects. Overall, the frontal-temporal connections
(uncinate fasciculus, cingulum, superior longitudinal fasciculus) had the most
prolonged development, while the genu and splenium of the corpus callosum

demonstrated the earliest changes.

6.1 Introduction

Childhood and adolescence are periods of significant change, with behavioural,
emotional, hormonal and cognitive processes undergoing maturation. Brain
structure is no different, and brain development progresses throughout child-
hood and adolescence and into young adulthood. Longitudinal studies are
valuable because they can measure structural changes within individuals and
have increased sensitivity over cross-sectional studies. Longitudinal brain de-
velopment studies using conventional magnetic resonance imaging (MRI) have
shown regional variation in development trajectories of white and gray matter
volume (Giedd et al., 1999a,b; Giorgio et al., 2010; Lenroot et al., 2007), as
well as gender differences (Giedd et al., 1999a; Lenroot et al., 2007).
Diffusion tensor imaging (DTI) is an excellent way of studying structural
brain changes as it provides a more sensitive measure of tissue microstructure
than conventional imaging. Many cross-sectional studies have used DTI to in-
vestigate age-related changes of brain structure during childhood, adolescence
and young adulthood. These studies consistently show increasing fractional
anisotropy (FA), a measure of white matter integrity, and decreasing mean
diffusivity (MD), a measure of the overall water diffusion (Ashtari et al., 2007;
Barnea-Goraly et al., 2005b; Bonekamp et al., 2007; Eluvathingal et al., 2007;
Lebel et al., 2008b; Mukherjee et al., 2001; Schmithorst et al., 2002). Although
informative, cross-sectional studies are limited because they cannot provide
information about change within individual subjects. Longitudinal studies,
with increased sensitivity, are needed to more accurately examine gender and
hemispheric differences of white matter development. Only one DTI study

has examined longitudinal FA changes during adolescence, using voxel-based
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analysis to show significant age-related increases of FA throughout most of the
brain white matter in 24 adolescents (Giorgio et al., 2010). However, this study
had a relatively small sample size and used voxel-based methods that assume
linear FA changes. While age-related changes can be approximated as linear
over small age ranges, they are non-linear over larger ranges (Ben Bashat et al.,
2005; Lebel et al., 2008b; Mukherjee et al., 2001), and nonlinear development
models provide additional information about relative timing of development
and regional variations throughout the brain.

The goal of this study was to extend previous cross-sectional work by exam-
ining longitudinal development of brain white matter using DTT tractography
in a large group of 103 healthy subjects from childhood to adulthood (5-32
years). Longitudinal studies, especially with this many subjects, provide a
large amount of data that can be examined in many different ways. In this
study, we measure the trajectories of FA and MD with age, but also closely

look at brain development within individual subjects.

6.2 Methods

6.2.1 Subjects

Subjects for this study were 103 healthy volunteers with no self-reported his-
tory of neurological or psychiatric disease or brain injury. Subjects were ini-
tially aged 5.6 to 29.3 years (mean age + standard deviation: 14.8 4+ 6.4, 52
female/51 male, 97 right-handed/6 left-handed). A total of 221 scans were ob-
tained on these subjects: 92 volunteers were scanned exactly twice, 7 subjects
received three scans, and 4 subjects were scanned four times. The mean age
gap between first and second scans was 3.8 years. The first scans for many of
these subjects (94) were included in a previous cross-sectional study of brain
development from age 5-30 years (Lebel et al., 2008b). All subjects gave in-
formed consent; child assent and parent/guardian consent was obtained for

volunteers under 18 years.
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6.2.2 Image Acquisition

All data was acquired on the same 1.5 T Siemens Sonata MRI scanner with
identical methods. DTI acquisition used a dual spin-echo, single shot echo-
planar imaging sequence with the following parameters: 40 3 mm thick slices
with no inter-slice gap, TR=6400 ms, TE=88 ms, 6 non-collinear diffusion
sensitizing gradient directions with b=1000 s/mm? 8 averages, field-of-view
220% 220 mm?, matrix of 128x 128 with 75% phase partial Fourier, zero-filled
to 256x256. Total DTI acquisition time was 6:06 minutes. Cerebrospinal
fluid (CSF)-suppressed DTI was acquired for at least two time points in 80
subjects and used a dual spin-echo, echo planar imaging sequence with inver-
sion time=2200 ms, TR=8600 ms, TE=88 ms, 26 slices, all other parameters
the same as standard DTI. CSF-suppressed DTI was not successfully acquired
in other subjects due to time constraints or motion artifacts. High resolu-
tion (1x1x1 mm3) Tl-weighted images were acquired using MPRAGE with
TE=4.38 ms, TR=1870 ms, TI=1100 ms, scan time was 4:29 minutes. T1-
weighted images were successfully acquired for 215 of the 221 scans; there were

99 subjects with MPRAGE images at multiple time points.

6.2.3 Tractography

A previously described semi-automated tractography method (Lebel et al.,
2008a) was used to delineate eleven major white matter tracts in each individ-
ual, according to a priori information on tract location (Catani et al., 2002;
Wakana et al., 2004). The tracts delineated were the genu, body, and splenium
of the corpus callosum (CC), superior and inferior longitudinal fasciculi, su-
perior and inferior fronto-occipital fasciculi, uncinate fasciculus, corticospinal
tracts, cingulum, and the fornix. Fibre tracking was performed using Matlab
code modified from ExploreDTI (A. Leemans, Utrecht, Netherlands), using a
deterministic streamline method. FA thresholds were set to 0.25 to initiate
and continue tracking, while the angle threshold was set to 60° for the un-
cinate fasciculus, superior longitudinal fasciculus, and fornix and 30° for all

other tracts. An FA threshold of 0.25 was chosen to avoid voxels that are
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not part of the white matter tract (cortex has FA ~0.2), minimize the inclu-
sion of voxels with a higher degree of partial volume contamination, and limit
the presence of spurious tracts. Where appropriate, left and right fibres were

measured separately.

6.2.4 Diffusion Measurements

Fractional anisotropy (FA) and mean diffusivity (MD) were measured for each
individual scan for each tract by averaging all voxels along the tract; each
voxel was counted only once. Eigenvalues were also measured to determine
what was driving any FA or MD changes. Parallel diffusivity was measured by
the first eigenvalue (A\j = A1), while perpendicular diffusivity was calculated

by averaging the second and third eigenvalues (A} = (A\y + A\3)/2).

6.2.5 Inter-Scan Reliability

To test the inter-scan reliability of FA and MD measurements, seven individ-
uals aged 7, 9, 10 (2 subjects), 17, 21 and 23 years were scanned 3—4 times
each within six months. FA and MD values were calculated for each tract ac-
cording to the semi-automated methods described above. The mean, standard
deviation, and spread of FA and MD values were calculated for each individ-
ual, and the average spread and standard deviation of values for each tract
were computed to provide estimates of accuracy of the longitudinal FA and
MD measurements. CSF-suppressed DTI was not acquired in these reliability

subjects.

6.2.6 Statistical Analysis

Age-related changes of FA and MD were analyzed using linear mixed models
to account for the repeated measurements on each individual. The following
equation was fit to the data: FA (or MD) = A*age? + B*age + C + D*sex. If
terms were not significant, they were eliminated and a new fit was calculated.
For fits where the quadratic term was significant, age of peak FA value and

minimum MD value was calculated. Initially, separate fits were calculated for
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the left and right hemisphere tracts, where appropriate. If the age and age?
fitting parameters were not significantly different between hemispheres (using
F-tests), average values were computed and one fit was done for both left and
right sides combined.

To further evaluate changes, subjects were divided into 6 groups according
to age: 5b—11 years (15 subjects initially aged 5-8 years and aged 7—11 years
at their final scan), 8-15 years (810 years to 12-15 years; n=23), 11-18 years
(11-14 years to 15-18 years; n=16), 15-22 years (15-18 years to 19-22 years;
n=18), 19-25 years (19-21 years to 22-25 years; n=16), and 22-32 years (22—
29 years to 24-32 years; n=15). For subjects with only two scans, the change
of FA or MD within each region was measured as the value at the second scan
minus the value at the first. For subjects with more than two scans, best fit
lines were calculated, and the total diffusion parameter changes were measured
as the difference between the best fit line at the final age and the initial age.
Within each age group, the number of subjects who had FA or MD increases
or decreases greater than the average standard deviation for that tract (as
computed by the reliability tests described above) were tabulated. Subjects
who had FA or MD changes within one standard deviation were considered not
to change. As CSF-suppressed DTI was not acquired in the reliability subjects,
the mean standard deviation from the other tracts was used for the fornix. In
addition, percent changes were calculated for each subject and averaged across

each age group.

6.2.7 Diffusivities

To investigate the causes of any changes of FA or MD across the age span, the
parallel ()), and perpendicular (A, ) diffusivities (eigenvalues) were examined
using a mixed models approach in the same way as FA and MD values, using

an equation of the form X (or A;) = A*age* + B*age + C.

6.2.8 Brain Volume

Gray matter and white matter volume, as well as total brain volume were

measured using FreeSurfer (Athinoula Martinos Center for Biomedical Imag-
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Figure 6.1: FA and MD values are shown in 7 individuals for several tracts (each
individual is marked with a different symbol). All 7 individuals were scanned 3—4
times over a period of less than 6 months. Overall, diffusion parameter measure-
ments from tractography were fairly stable across these short periods of time, with
some small variation due to random error (approximately 1-3% on average).

ing, Charlestown, Massachusetts). Total brain volume did not include cere-
brospinal fluid (CSF). Changes in brain volumes were modeled using the same

linear mixed models methods described above for FA and MD changes.

6.3 Results

6.3.1 Inter-scan Reliability

There was variation in FA and MD values measured within seven individu-
als across time points (as seen in Figure 6.1). However, this variation was

relatively small: the average standard deviations across all 7 subjects for the
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Table 6.1: Seven subjects were scanned 3—4 times each over a period of less than
six months. Their FA and MD values were measured for 10 major white matter
tracts and the spread and standard deviation calculated. The average spread and
standard deviation of values across subjects are given below for each tract.

Tract FA spread | FA standard | MD  spread | MD  standard

deviation (x1073 deviation(x 1073
mm?/s) mm?/s)

bCC 0.0251 0.0125 0.0215 0.0421

Cingulum 0.0316 0.0160 0.0242 0.0118

CST® - - 0.0502 0.0253

Left CST® 0.0368 0.0287 - -

Right CST®* | 0.0373 0.0187 - -

gCC 0.0248 0.0121 0.0339 0.0173

IFO 0.0223 0.0109 0.0226 0.0118

ILF 0.0143 0.0069 0.0252 0.0117

sCC 0.0251 0.0115 0.0487 0.0237

SFO 0.0180 0.0090 0.0234 0.0112

SLF 0.0180 0.0085 0.0209 0.0104

UF 0.0221 0.0104 0.0248 0.0119

@ The CST was assessed separately for each hemisphere for FA measures,
where there were significant differences in the age and age? parameters; for
MD there were no significant differences, so hemisphere were combined.
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Table 6.2: Fitting parameters for age-related changes of fractional anisotropy (FA) and
mean diffusivity (MD) for all tracts are given, with significance values in parentheses.
*p<0.001; n.s.=not significant

|

\ Fractional Anisotropy

| Mean Diffusivity (mm?/s)

Intercept| Age Age? Sex® Intercept | Age Age? Sex®
(x1072)| (x1073)| (x1072)|| (x1073) | (x107®)| (x1076)| (x1072)
bCC 0.48 * 0.60 * | -0.14* | n.s. 0.97 * -0.97* | 0.16 n.s.
(0.004)
Cing 0.43 * 0.33 * -0.07 -1.4%* 0.88 * -0.94 * 0.17 * 0.89
(0.038) 0.021
CSTP 0.86 * -0.20 n.s 1.2
(0.007)
L CSTP| 0.43 * 1.03* [-0.24* [-09
(0.004)
R CSTP| 0.46 * 0.60 * |-0.13* |-1.1
(0.001)
Fornix | 0.37 * 0.15 n.s. -1.4% 1.00 * -1.24 0.30 n.s
(0.001) (0.003) | (0.007)
gCC 0.52 * 051 * |-0.13%*% | n.s. 0.88 * -0.87* | 0.18 * n.s.
IFO 0.45 * 0.68 * -0.13 * | n.s. 0.88 * -0.68 * 0.15 * n.s.
ILF 0.41 * 0.47 * 0.01 n.s. 0.93 * -0.79 * 0.16 * n.s.
(0.001)
sCC 0.53 * 0.52 -0.11 1.3 0.93 * -1.36 * 0.31 * n.s
(0.001) | (0.013) | (0.001)
SFO 0.41 * 0.53 * -0.13 * | n.s. 0.82 * -0.62 * 0.11 0.81
(0.002) | (0.017)
SLF 0.42 * 0.67 * -0.14* | -0.5 0.85 * -0.89 * 0.17 * n.s.
(0.027)
UF 0.37 * 044 * | -0.08 -0.9 0.90 * -0.58 * | 0.10 * n.s
(0.011) | (0.002)

& Positive values for sex differences indicate higher FA or MD values in females.
b The CST was assessed separately for each hemisphere for FA measures, where there were
significant differences in the age and age? parameters; for MD there were no significant
differences, so hemisphere were combined.

tracts were less than 0.019 for FA and less than 0.026x10* mm?/s for MD

values. The average spread of values was approximately double the standard

deviation for most tracts (Table 6.1). The superior and inferior longitudinal

fasciculi, superior and inferior fronto-occipital fasciculi, and the uncinate fas-

ciculus had the lowest standard deviations for FA and MD values, while the

corticospinal tracts, and corpus callosum had higher standard deviations.
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Figure 6.2: All eleven tracts showed significant age-related changes of fractional
anisotropy (FA); all but the fornix demonstrated quadratic trends with increases
of FA during childhood which slow during adolescence and young adulthood. The
fornix showed linear increases of FA.
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6.3.2 FA Increases with Age

There were significant age-related increases of FA in all eleven tracts measured
(see Figure 6.2, Table 6.2). All tracts except the fornix had significant age
and age? terms, indicating non-linear development, with the most rapid FA
increases at the youngest ages, slowing and in some cases reversing at the
upper end of the age range. The fornix had linear increases of FA across the
age range. The corticospinal tracts had significant differences between left
and right sides, and therefore they were kept separate; fits for both sides were
significant. The uncinate, cingulum, superior longitudinal, inferior fronto-
occipital fasciculus, and fornix had the most prolonged increases of FA, while

the genu, and superior fronto-occipital fasciculus had the earliest FA peaks.

6.3.3 MD Decreases with Age

All eleven tracts measured showed significant age-related decreases of MD: ten
had significant nonlinear trajectories and one, the corticospinal tract, had a
linear trajectory (see Figure 6.3, Table 6.2). The non-linear trends showed de-
creasing MD at first, then slowed and sometimes reversed, with small increases
of MD at the upper end of the age range. The corticospinal tracts had signifi-
cant linear decreases of MD across the age range. The genu, splenium, fornix,
and inferior fronto-occipital fasciculus showed the earliest reversals of MD tra-
jectories; most of the other tracts with significant non-linear fits showed more
gradual decreases at the upper ages rather than MD increases. None of the

tracts showed differences in trajectories between hemispheres.

6.3.4 Sex Differences

Six tracts had significant gender differences in the FA parameters, while only
three showed sex differences of MD values (two tracts had sex differences of
both FA and MD values; see Table 6.2). Females had significantly higher
FA values in the splenium of the corpus callosum, while males had signifi-
cantly higher FA in the cingulum, fornix, corticospinal tracts (both left and

right sides), superior longitudinal fasciculus, and uncinate fasciculus. In terms
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Figure 6.3: All eleven tracts measured showed significant age-related decreases of
mean diffusivity (MD); the corticospinal tract had a linear decrease, while the other
tracts showed quadratic changes.
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of MD, females had higher values in the cingulum, corticospinal tracts, and

superior fronto-occipital fasciculus.

6.3.5 Group Analysis of Age-Related Changes

The total FA or MD change for each subject between their first and last
scans was calculated and compared to the standard deviation value (from
the reliability analysis) for that particular tract. If the change was greater
than the standard deviation in either direction, the subject was considered
to have an “increase” or a “decrease” between scans. If the change was less
than the standard deviation, the subject was considered not to change. The
number and percent of subjects increasing, decreasing, and staying the same
are shown in Figure 6.2 for FA and Figure 6.3 for MD values. The majority
of tracts showed a pattern in which the proportion of subjects with increasing
FA started high, at 50-75%, and decreased steadily across groups such that
in the oldest age group, most subjects had decreases (20-30%) or no change
(30-70%) and only 10-30% were showing increasing FA. The superior and
inferior longitudinal fasciculi, and the inferior fronto-occipital fasciculus had
more steady patterns, with 40-70% of young subjects and 20-55% of older
subjects showing increased FA values. The fornix had a unique pattern in
which most of the youngest (60%) and oldest (40%) subjects had decreases,
but more were increasing (25-45%) than decreasing (10-30%) in the middle
age groups.

In terms of MD, most subjects in the youngest group (50-75%) and still
many in the oldest group (20-50%) had decreasing MD values. The corti-
cospinal tract and superior fronto-occipital fasciculus had relatively consistent

numbers of subjects with increasing and decreasing MD across the age range.

6.3.6 Magnitude of FA and MD changes

Figure 6.4 shows the percent changes of FA and MD in each age group for
each tract. In the two youngest age groups, all tracts except the fornix have
increases of FA. For the third and fourth age groups, most tracts are still in-

creasing, but to a lesser extent, and in the oldest two age groups, approximately
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half of the tracts are increasing and half are decreasing. The largest increases
are observed in the inferior fronto-occipital fasciculus, inferior longitudinal fas-
ciculus and the cingulum, while the smallest increases/largest decreases are in
the splenium of the corpus callosum, uncinate fasciculus, and corticospinal
tracts.

For MD, most regions have decreasing values in the youngest groups (the
corticospinal tracts and the uncinate have slight increases in the youngest
and second youngest groups, respectively). In the oldest four groups, ap-
proximately half of the tracts are increasing and half are decreasing. Across
all groups, the fornix, uncinate, and inferior longitudinal fasciculus have the
smallest decreases/largest increases, and the cingulum, body and splenium of

the corpus callosum have the largest decreases.

6.3.7 Diffusivities

Out of the eleven white matter pathways examined, ten had significant age-
related changes of parallel diffusivity (A). The cingulum, superior longitudinal
fasciculus, fornix, and genu and splenium of the corpus callosum had nonlin-
ear trends for A\, with significant decreases at first, followed by a slowing,
a minimum, and then increases. The body of the corpus callosum, inferior
longitudinal, superior fronto-occipital, and uncinate fasciculi had significant
linear decreases of A\ across the range. Interestingly, the corticospinal tract
had significant increases of A at first; however, it a significant quadratic term,
and demonstrated decreasing of A across the second half of the age range.
The inferior fronto-occipital fasciculus had no significant changes of A (linear
or quadratic).

For perpendicular diffusivity (AL), all eleven tracts displayed significant
quadratic trajectories, which decreased initially, slowed, reached a minima
and in some cases, had slight increases at the upper end of the age range.

The diffusivity results can be divided into two main categories: tracts with
linearly decreasing A, and a quadratic trajectory of A, (body of the corpus
callosum, inferior longitudinal fasciculus, superior fronto-occipital fasciculus,

fornix, and uncinate fasciculus); and those that have quadratic trajectories for
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Figure 6.4: The average percent change between first and last scan is shown for
each tract in each age group for FA (A) and MD (B). Note that in the youngest age
group, all tracts have increasing FA and decreasing MD (except for a very slight
MD increase in the corticospinal tract). In the oldest age group, approximately half

of the tracts have decreasing FA and increasing MD.
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Figure 6.5: Examples of the two main different diffusivity patterns are shown, as
well as the two exceptions. The inferior longitudinal fasciculus (shown), body of the
corpus callosum, superior fronto-occipital fasciculus and uncinate fasciculus all had
similar patterns with linear decreases of parallel diffusivity and quadratic decreases
of perpendicular diffusivity. The superior longitudinal fasciculus (shown), cingulum,
fornix, and genu and splenium of the corpus callosum all had quadratic decreases
of both parallel and perpendicular diffusivity. The corticospinal tract exhibited a
significant quadratic increase in parallel diffusivity at first, followed by decreasing
parallel diffusivity, and a quadratic decrease of perpendicular diffusivity; the infe-
rior fronto-occipital fasciculus had no significant changes of parallel diffusivity, but
significant quadratic decreases in perpendicular diffusivity.

both A, and A, (cingulum, genu and splenium of the corpus callosum, supe-
rior longitudinal fasciculus). Two pathways did not fit these categories: the
inferior fronto-occipital fasciculus, which had no significant changes in A, but
quadratic trajectories of A ; and the corticospinal tract, which showed initial
increases of A\ followed by decreases, and a quadratic trajectory of A\, with
decreases than small increases. Figure 6.5 shows examples of each category of
diffusivity changes. In all cases, the changes of A\| were the primary cause of
the observed FA changes. The MD changes in all tracts are a combination of

both Ay and \.

6.3.8 Brain Volumes

White matter increased significantly across the age range, with the rate of

increase slowing at the upper end and showing a significant quadratic trend
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Figure 6.6: White matter volume increased significantly across the age range, and
gray matter volume decreased. The white matter volume increase had a significant
quadratic term, indicating slower increases at the upper end. The gray matter
volume decreases, however, occurred linearly. Total brain volume did not change
significantly at all.

(see Figure 6.6). Gray matter volume decreased linearly across the age range;
its quadratic age term was not significant. Total brain volume (not including

CSF) did not change significantly.

6.4 Discussion

Diffusion tensor tractography has demonstrated significant age-related changes
of both FA and MD in all eleven white matter areas measured in this longitu-
dinal study of 103 children, adolescents and young adults. Most changes were
nonlinear, with FA increases occurring rapidly during childhood, and slowing
during adolescence and young adulthood. In some cases, small decreases of FA
were observed at the upper ends of the age range. MD changes occurred in an
opposite pattern to those of FA, with most areas showing nonlinear trajecto-
ries with more rapid decreases at the beginning of the age range, then slower
decreases or even increases at the upper end. The trajectories of both FA and
MD (Figures 6.2 and 6.3) are in excellent agreement with many cross-sectional
studies of children and adolescents (Ashtari et al., 2007; Barnea-Goraly et al.,
2005b; Ben Bashat et al., 2005; Bonekamp et al., 2007; Eluvathingal et al.,
2007; Mukherjee et al., 2001; Schmithorst et al., 2002), and one longitudinal
study of adolescent development (Giorgio et al., 2010) showing robust FA in-
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creases and MD decreases. In terms of the developmental trajectories, the
relative timing of tract changes in this study supports timings obtained using
exponential fits obtained in our previously published study, which was cross-
sectional and included 94 of the current subjects (Lebel et al., 2008b). In
both studies, the fronto-temporal connections (cingulum, uncinate fasciculus,
superior longitudinal fasciculus) showed later development than other regions,
while regions such as the genu and splenium of the corpus callosum had the
earliest development. Unique to this study, however, is the significant FA
increase observed in the fornix.

The group analysis of longitudinal changes within individuals revealed in-
teresting results not necessarily evident in the mixed models trajectories. Al-
though in most tracts, a progressively smaller portion of subjects had FA
increases in each age group and subsequently more subjects experienced FA
decreases (see Figure 6.2), some tracts showed very high proportions of sub-
jects with increasing FA even in the older age groups. In the inferior longitu-
dinal and fronto-occipital fasciculi, over 40% of subjects had increasing FA in
the oldest group (22-32 years). For MD, the superior and inferior longitudi-
nal, the superior fronto-occipital, and the cingulum had more than 40% of the
oldest subjects with decreasing MD. Although the peaks in the longitudinal
and fronto-occipital fasciculi seem to indicate early or intermediate develop-
ment, the large proportion of subjects still changing in their 20s indicate that
there is still considerable development after adolescence. Examination of Fig-
ure 6.4, with the average percent changes by group by tract also demonstrates
considerable development in the oldest groups of the inferior longitudinal and
fronto-occipital fasciculi. Changes within individuals were relatively small,
averaging 2-5% for the youngest subjects and 0-2% in the oldest age group
(Figure 6.4). Given that the majority of brain development occurs before the
age of 5 years (Dubois et al., 2008; Hermoye et al., 2006), these fairly small
changes are not surprising; however, they clearly indicate that significant brain
changes occur within individuals throughout childhood and adolescence.

Examination of age-related parallel and perpendicular diffusivity trajecto-

ries revealed that changes of FA and MD were primarily driven by perpendicu-
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lar diffusivity (Figure 6.5). Most tracts followed one of two diffusivity patterns:
linearly decreasing parallel diffusivity with quadratic decreases of perpendic-
ular diffusivity, and quadratic decreases of both parallel and perpendicular
diffusivity. The corticospinal tract and inferior fronto-occipital fasciculus had
slightly different trajectories for A\ (quadratic increases then decreases, and
no change, respectively), but followed the same quadratically decreasing per-
pendicular diffusivity pattern of the other tracts. In all tracts, the changes of
perpendicular diffusivity were driving the FA increases, and contributing to
the slowing and eventual FA decrease observed in some tracts. MD changes
appear to be influenced by both A\ and A;. While most previous DTT de-
velopment studies describe decreasing perpendicular diffusivity as the driving
force behind increasing FA (Bonekamp et al., 2007; Eluvathingal et al., 2007;
Giorgio et al., 2008), some attribute FA increases to increased parallel diffusiv-
ity (Ashtari et al., 2007; Giorgio et al., 2010). Our results, with significantly
decreasing perpendicular diffusivity in all regions except the fornix, suggest
increasing myelination or fibre density during the childhood and adolescent
periods.

Sex differences were observed in seven of eleven measured tracts; however,
these differences were small. In the corticospinal tracts (left and right), su-
perior longitudinal fasciculus, uncinate fasciculus, fornix and cingulum, males
had significantly higher FA than females by 0.005-0.014 units. Females had
higher FA in the splenium. These results support earlier findings of greater
FA in boys in associative tracts including the superior longitudinal fasciculus,
and higher FA in girls in the splenium of the corpus callosum in a study of
105 subjects aged 5-18 years (Schmithorst et al., 2008). MD values were sig-
nificantly higher in females in the cingulum, corticospinal tracts, and superior
fronto-occipital fasciculus (ranging from 0.008-0.012x 1072 mm?/s). Although
significant, these sex differences were all less than 2.6%, compared to changes
of 2-5% between scans within individuals. Furthermore, when compared to the
standard deviations in the reliability analysis, the sex differences are smaller
in all cases except the splenium. Perhaps the most convincing differences are

those in the cingulum and corticospinal tracts, which have significantly dif-
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ferent values for both FA and MD by 1.2-2.6%. A previous longitudinal DTI
study of adolescents did not observe significant sex differences of FA; however,
their small sample size of 24 subjects limits the power (Giorgio et al., 2010).
Volumetric longitudinal studies suggest marked differences between boys and
girls during adolescence (Giedd et al., 1999a; Lenroot et al., 2007), although
the differences observed here by DTI are not as pronounced.

Previous studies report hemispheric asymmetry in several white matter
pathways, including the cingulum (Bonekamp et al., 2007; Gong et al., 2005;
Wilde et al., 2009), superior longitudinal fasciculus (Buchel et al., 2004; Lebel
and Beaulieu, 2009; Niogi and McCandliss, 2006; Nucifora et al., 2005; Parker
et al., 2005; Powell et al., 2006), uncinate fasciculus (Hasan et al., 2009a; Parker
et al., 2005), inferior fronto-occipital fasciculus (Rodrigo et al., 2007), and
superior fronto-occipital fasciculus (Bonekamp et al., 2007). In general, even
significant lateralization findings are small compared to individual variation
within the study or repeatability of measures between scans (Bonekamp et al.,
2007). Here, we measured not absolute lateralization differences, but rather
differences in developmental trajectories, which were only significantly different
for FA values in the corticospinal tract, with the left increasing more than the
right, and peaking slightly earlier. MD changes were not significantly different
between hemispheres in the corticospinal tract or any other pathway.

Although overall brain volume did not change significantly, white matter
volume increased and gray matter volume decreased significantly across this
age range (Figure 6.6). Such volumetric changes are directly in line with many
previous studies, both cross-sectional (Good et al., 2001b; Sowell et al., 2003)
and longitudinal (Giedd et al., 1999a; Lenroot et al., 2007).

A potential limitation of this study is the use of deterministic tractography,
which can be prone to error in low FA areas, such as regions with crossing fi-
bres. This concern is mitigated, however, by the analysis of large, well-defined
white matter pathways. Furthermore, the use of automated tractography for
this study ensures an absence of operator bias during fibre tracking. The
quadratic equation used to model development changes in this study may

not be ideal for the non-linear FA and MD trajectories, and more complex
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models (e.g., exponential, bi-exponential, Poisson) may provide improved fits.
However, the quadratic model was used because it is compatible with a mixed
models analysis, as was necessary for these longitudinal changes. Furthermore,
a linear model is not appropriate since white matter development during ado-
lescence is known to be nonlinear (Lebel et al., 2008b). Another potential
issue is partial volume effects, especially in the fornix, which is directly above
the CSF-filled ventricles. For this study, CSF-suppressed DTI was used to

measure the fornix to alleviate these problems.

6.5 Conclusion

This large, longitudinal DTT tractography study of white matter development
demonstrates robust, nonlinear increases of FA and decreases of MD during
childhood and adolescence. Minor gender and hemispheric differences were
present, but were smaller than the 2-5% changes observed within individuals
over time. These diffusion parameter changes are driven primarily by per-
pendicular diffusivity, suggesting increasing myelination and axonal packing

through the childhood and adolescent periods.
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Chapter 7

Age-Related Regional Variation
of the Corpus Callosum

Identified by Diffusion Tensor
Tractography'

Abstract

The corpus callosum is the largest white matter connection in the human
brain, and an understanding of its evolution with age in healthy individuals is
one crucial aspect for determining its role in cognition and disease. Diffusion
tensor imaging (DTI) allows for investigation of age-related callosal changes
since tractography can both virtually reconstruct the segments of the corpus
callosum in vivo based on unique target cortical regions, and provide quanti-
tative diffusion parameters reflecting tissue microstructure. DTT tractography
was used to subdivide the corpus callosum into seven distinct sections based
on unique target areas (i.e., orbital frontal, anterior frontal, superior frontal,
superior parietal, posterior parietal, temporal, and occipital) in a very large
number of healthy volunteers (n=315) across a wide age range (5-59 years).
Both fractional anisotropy (FA) and mean diffusivity (MD) changes with re-
spect to age were fit with Poisson curves, showing increasing FA and decreasing

MD during childhood and adolescence and slightly slower decreases of FA and

LA version of this chapter has been published. C. Lebel, S. Caverhill-Godkewitsch, and
C. Beaulieu, 2010. Age-Related Regional Variations of the Corpus Callosum Identified by
Diffusion Tensor Tractography. Neurolmage 52: 20-31.
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increases of MD at older ages. Age at peak FA values and minimum MD values
varied from 21-44 years, and an overall “outer-to-inner” trend was observed
in which the anterior and posterior regions peaked earlier than central areas.
In addition to these maturational trends of diffusion parameters reflecting the
microstructural changes in the healthy corpus callosum over a large age range
spanning childhood to older adulthood, these results can provide a baseline for
identifying the presence and timing of callosal abnormalities in various brain

disorders.

7.1 Introduction

The corpus callosum, the largest white matter structure in the human brain,
consists of millions of myelinated fibres and serves primarily to connect ho-
mologous regions across hemispheres. It is a complex, heterogeneous struc-
ture containing axons of different diameters and densities that vary by region
(Aboitiz et al., 1992). Autopsy and neuroimaging studies have demonstrated
important structural changes in the corpus callosum throughout life. During
childhood, it undergoes myelination, increases in fibre density, and alterations
of size and shape (Aboitiz et al., 1996; Giedd et al., 1999b; Kim et al., 2007;
Rajapakse et al., 1996; Yakovlev and Lecours, 1967). Through adulthood and
the aging process, reductions in size are noted (Allen et al., 1991; Smith et al.,
2007). Furthermore, callosal size and area are associated with motor skills
and numerous cognitive abilities (Fine et al., 2007; Hutchinson et al., 2009;
Rademaker et al., 2004; van Kooij et al., 2008), and the corpus callosum is
often malformed or absent in various conditions (Jeret et al., 1987).
Diffusion tensor imaging (DTI), a more sensitive measure of white mat-
ter microstructure than conventional imaging, has demonstrated increases of
fractional anisotropy (FA) and decreases of mean diffusivity (MD) in the cor-
pus callosum during childhood and adolescence (Barnea-Goraly et al., 2005b;
Ben Bashat et al., 2005; Dubois et al., 2006; Hermoye et al., 2006; Lebel et al.,
2008b; Mukherjee et al., 2001). The opposite trends occur during later adult-
hood, with MD rising and FA dropping (Abe et al., 2002; Bhagat and Beaulieu,
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2004; Hsu et al., 2010; Ota et al., 2006; Pfefferbaum et al., 2000; Zhang et al.,
2008b). DTT has also clearly shown relationships between callosal microstruc-
ture and cortical activation (Putnam et al., 2008), motor skills (Johansen-Berg
et al., 2007), reading ability (Dougherty et al., 2007), and intelligence (Kontis
et al., 2009).

Two previous groups used DTT to investigate diffusion parameter changes
in the healthy corpus callosum across large age ranges (6-79 years) with sample
sizes of 77-121 (Hasan et al., 2008a,b, 2009b; McLaughlin et al., 2007). These
studies demonstrated age-related changes in diffusion parameters, with FA
increasing and MD decreasing during childhood and adolescence, and then
a reversal of trends during the aging process. Three of the previous studies
segmented the corpus callosum into subregions based on geometric measures
of length and distance, such as the Witelson method (Witelson, 1989); one
study examined the corpus callosum as a whole without subdivision. Of these
studies, three made diffusion measurements using two-dimensional regions of
interest at or near the midline; one used tractography to examine the entire
corpus callosum. To complicate matters, the corpus callosum is highly variable
among individuals in terms of its size and shape, and has no characteristic
anatomical landmarks, and thus these geometric parcellations may not reflect
functionally distinct regions. Indeed, tractography studies have shown that
geometric subdivisions of the corpus callosum do not always correspond to
the functional subdivisions delineated based on the cortical areas to which
the callosal fibres project, and have thus proposed a variety of tractography-
based parcellation methods (Chao et al., 2009; Hofer and Frahm, 2006; Huang
et al., 2005) that are more likely to relate to functionality. The purpose of this
study was to use tractography-based segmentation of the corpus callosum to
thoroughly examine its microstructural changes across a wide age range (5-59

years) in a very large number of healthy subjects (n=315).

92



7.2 Methods

7.2.1 Subjects

Subjects in this study were 315 healthy individuals (165 female/150 male, 292
right-handed /20 left-handed /3 no preference) aged 5-59 years (mean + stan-
dard deviation = 22.4 + 13.6 years). The distribution of subjects was: 129
individuals from 5-15 years old, 82 subjects from 16-25 years, 53 subjects
between 26-35 years, 23 individuals 36-45 years, and 28 subjects from 46-59
years. Subjects had no self-reported history of neurological or psychiatric dis-
ease or brain injury. Informed consent was obtained from all subjects 18 years
of age or older; parental consent and child assent were obtained from volun-
teers younger than 18 years. Of the 315 participants, 202 were included in a
previous study of development limited from 5-30 years of age, in which devel-
opment of only the genu and splenium of the corpus callosum was analyzed
with semi-automated diffusion tractography, but not using manual cortical

parcellation (Lebel et al., 2008b).

7.2.2 Image Acquisition

All scans were performed on the same 1.5T Siemens Sonata MRI scanner
(Siemens, Erlangen, Germany) using identical methods. The imaging protocol
included anatomical imaging as well as DTI and was approximately 26 minutes
long. DTT was collected using a dual spin echo single shot echo-planar imaging
sequence with forty 3 mm slices (no inter-slice gap), image matrix 128x128
with 75% phase partial Fourier zero-filled to 256 x256, field-of-view 220x 220
mm?, TE=88 ms, TR=6400 ms, b=1000 s/mm?, 8 averages, 6 directions. Total
DTT acquisition time was 6:06 minutes. This DTT sequence yielded excellent

quality FA maps, with average b0 image SNR=73.

7.2.3 'Tractography

Deterministic streamline tractography of the corpus callosum was performed
by manually drawing regions-of-interest in DTIStudio 2.4 (Jiang and Mori,
Baltimore, MD) by the same operator (SCG) for each individual. The operator
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Tractography Region
Placement

Resulting Tracts

Figure 7.1: The corpus callosum was subdivided into seven separate sections using a
two region-of-interest fibre tracking approach with one common area on a midsagit-
tal slice, and seven distinct target regions, drawn bilaterally according to a priori
determined rules and specific anatomical landmarks (Huang et al., 2005). The seven
subsections are, in order from anterior to posterior: orbital frontal (OF), anterior
frontal (AF), superior frontal (SF), superior parietal (SP), posterior parietal (PP),
temporal (Temp) and occipital (Occ). All regions are shown here in a 9 year old
male with the resulting tracts.
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was blinded to subject age, gender, and handedness. FA thresholds to initi-
ate and continue tracking were set to 0.25; the maximum angle threshold was
70°. Tractography was performed using the two region-of-interest approach
(see Figure 7.1, top). One region was drawn on a midsagittal slice encompass-
ing the entire corpus callosum, and seven separate regions-of-interest spanning
both sides of the midline were used as target regions to segment the corpus
callosum into distinct sections. All regions-of-interest were drawn according
to specific anatomical landmarks and guidelines that were followed carefully
and consistently for each individual; the tracking methods used were a modi-
fication of methods described by Huang et al. (2005). Ordered from front to
back the seven sections delineated were: orbital frontal (OF), anterior frontal
(AF), superior frontal (SF), superior parietal (SP), posterior parietal (PP),
temporal (Temp), and occipital (Occ). As seen in Figure 7.1, one coronal slice
was selected at approximately one third of the distance from the genu of the
corpus callosum to the front of the head, and the OF and AF target regions
were drawn on this slice, distinguished from each other using an axial slice at
the level of the inferior edge of the splenium. The SF and SP target regions
were drawn on either side of the central sulcus on the most inferior axial slice
on which the central sulcus was still clearly visible. A coronal slice at the edge
of the parietal-occipital sulcus was used to draw both the PP and occipital
regions on either side of the parietal-occipital sulcus. Finally, the temporal
target region was drawn on a coronal slice anterior to the splenium on which
the temporal part of the corpus callosum (also known as the tapetum) could be
clearly seen. Target regions for other tracts were used as exclusion areas (e.g.,
when tracking the AF portion, the OF and SF regions were used as exclusion
regions). Other exclusion regions were rarely needed, but were used if neces-
sary to eliminate fibres that were not part of the corpus callosum, according to
a priori anatomical knowledge. This led to tracts identified for each subregion
of the corpus callosum (shown in Figure 7.1, bottom) although the emphasis
is on the medial aspects of the tracts as the lateral corpus callosum projec-
tions are not identified due to the limitations of deterministic tractography for

crossing fibre areas.
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Voxels were assigned to a particular callosal region based on tractography;
voxels containing tracts from two or more callosal segments were not assigned
to any section and were removed from further analysis. FA and MD were
calculated for each region by averaging all voxels over the entire tract, counting

each voxel only once.

7.2.4 Tract Volume

To check the consistency of segmentation techniques across the age range,
the number of voxels in each subdivision and the total number of voxels
were counted for each subject. Significant differences of volume between age
groups were tested using a multivariate analysis of variance (MANOVA), with

Bonferroni-corrected post-hoc tests for group differences.

7.2.5 Curve Fitting

Several types of curves were tried initially to model the age-related changes of
FA and MD: linear, quadratic, exponential, bi-exponential, and Poisson. For
all fits, the Poisson-type curve gave the best fits and parameter estimates in
terms of R? values and parameter significance. Furthermore, the Poisson fits
had a minimal number of variables to fit (3) and allowed for different slopes
on either side of the peak, permitting faster changes on the younger side of
the peak and slower changes on the older side. Therefore, Poisson curves were
used to represent changes of diffusion parameters with respect to age according
to the following equation: FA (or MD) = A*age*eB*a9¢+C. Age of peak FA
values and minimum MD values were calculated using the best fit equations
for each tract in order to determine when a reversal of trends occurred (i.e.
when FA increases changed to decreases, and when MD decreases changed
to increases). Standard error intervals for each peak/minimum age were cal-
culated using the standard errors of the initial fitting parameters. Significant
differences between age at peak FA /minimum MD between regions were tested
for using a t-test compensating for the correlations between regions. T-tests
were also used to test significant differences between FA peak age and MD

minimum age within regions.
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7.2.6 Parallel and Perpendicular Diffusivity

To provide more information about what was driving any changes of FA or
MD values, parallel (A| = A;) and perpendicular (A} = (Ao +A3)/2) diffusivity
were calculated for each corpus callosum subregion. Poisson curves were fit to
the diffusivity data in the same way as for FA and MD, and the age at which

minimum diffusivity was reached was calculated for each subdivision.

7.2.7 Gender and Handedness

Sex was included as an additional term in the original curve fitting equation:
FA (or MD) = A*age*e 5*9¢+ C + D*sex. However, if the sex term was not
significant (according to a t-test), it was removed from the equation for further
analysis. There were not enough left-handers (20 of 315 were left-handed, 3 no
preference) to reasonably include handedness as an additional term for curve

fitting.

7.2.8 Midline Corpus Callosum DTI Analysis

Many other studies examine callosal diffusion parameters at or near the midline
using two-dimensional regions of interest, or segmented tractography (Bhagat
and Beaulieu, 2004; Dougherty et al., 2007; Hasan et al., 2008b). Therefore,
to compare with other studies and to determine whether various parts of the
corpus callosum were driving the age-related FA changes, at least coarsely,
each callosal subregion was further divided into the midline (midsagittal slice
plus 5mm on either side) and non-midline areas (the rest of the tract). These
sections were analyzed separately in the same manner as previously described,
using Poisson curve fitting. As MD is much more uniform across the brain,

MD values were not analyzed in this way.
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Figure 7.2: The midsagittal slice for 5 individual subjects across the age span is
shown, with the seven subdivisions colour-coded (voxels with more than one tract
are considered “overlap” and marked in white; these were not included in the anal-
ysis but are included in the total voxel count). The number of voxels contained
in each callosal subdivision (for the entire tract) averaged across each age group
is given, with the standard deviation shown as error bars. Significant differences
between groups (corrected) are marked. The number of voxels in each region is
significantly smaller for the youngest age group for five regions, while the older
adults have significantly smaller orbital frontal regions. The total number of voxels
is significantly smaller in the youngest group, but stable for the other ages.

98



7.3 Results
7.3.1 Tract Volume

Although tractography performance was qualitatively consistent across the
wide age range in terms of tract shape, location, and ease of tracking, volume
changes within each region were investigated. Figure 7.2 shows the mean and
standard deviation for the number of voxels in each callosal subdivision for
different age groups. In addition, examples of midsagittal slices with voxels
colour-coded by tract are shown. For five of these regions (anterior frontal,
superior parietal, posterior parietal, temporal, occipital), the youngest group
(515 years) had a significantly smaller volume than one or more other groups.
For the orbital frontal region, the oldest age group (46-59 years) has signif-
icantly smaller volume than three other age groups. The total volume of all
corpus callosum regions was smaller in the youngest age group, but stable for

the rest of the age range.

7.3.2 Fractional Anisotropy Changes with Age

Overall, the Poisson equation modeled the age-related FA changes well and
the parameter estimates were stable, although the fit for FA versus age in the
posterior parietal region did not reach significance (see Table 7.1, Figure 7.3A).
Other than the posterior parietal area, all terms (linear term, exponential term
and intercept) in each Poisson equation were highly significant (p=0.004 for
the temporal region intercept; p<0.001 for all other terms) and R values were
quite reasonable in the range of 0.21-0.37. As Figure 7.3A shows, FA increases
during childhood and adolescence, peaks during early adulthood, and then
decreases through later adulthood at a slightly slower rate than the increases
during childhood and adolescence. Ages at which peak FA values were reached
varied from 21 years for the orbital frontal region to 29 years for the temporal
region (see Fig. 7.4). Significance values of differences between peak ages are
shown in Table 7.2. Based on the peak ages and their significance values, the
callosal regions can be divided into two groups: an early-peaking group (orbital

and anterior frontal, occipital, peak at 20-23 years) and a later-peaking group
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Table 7.1: Parameters for Poisson equations are shown, including intercept, linear
and exponential terms for all seven regions of the corpus callosum (p value in
parentheses). All terms were highly significant, except for the linear term for
the posterior parietal area (the posterior parietal fit was not significant overall,
either). The sex term, where significant, is also shown. Note that a positive sex
term indicates higher values for males, where a negative term indicates lower values
for males. MD units are x107% mm?/s.

FA Intercept | Linear Exponential | Sex R p-value
(x1072) | (x1071) (x1072)

Orbital 0.49 0.74 0.48 n.s. 0.34 <0.001
Frontal

Anterior 0.50 0.57 0.44 n.s. 0.29 <0.001
Frontal

Superior 0.49 0.43 0.36 0.78 0.37 <0.001
Frontal

Superior 0.50 0.38 0.38 n.s. 0.23 0.001
Parietal

Posterior 0.52 n.s. n.s. n.s. n.s. 0.253
Parietal

Temporal || 0.52 0.42 0.35 n.s. 0.21 <0.001
Occipital 0.52 0.50 0.43 n.s. 0.24 0.002
MD Intercept | Linear Exponential | Sex R p-value

(x1073) | (x107%) | (x107%) (x107%)

Orbital 0.91 -0.12 0.37 n.s. 0.44 <0.001
Frontal

Anterior 0.85 -0.08 0.30 n.s. 0.53 <0.001
Frontal

Superior 0.93 -0.10 0.25 -0.14 0.66 <0.001
Frontal

Superior 0.90 -0.07 0.23 n.s. 0.36 <0.001
Parietal

Posterior 0.90 -0.11 0.33 n.s. 0.31 <0.001
Parietal

Temporal || 1.03 -0.18 0.33 n.s. 0.53 <0.001
Occipital 0.92 -0.12 0.42 n.s. 0.39 <0.001
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(temporal, superior frontal and parietal, peak at 26-29 years). Overall, the
age of peak FA values occurred earliest in the more anterior and posterior
regions of the corpus callosum and latest in the more central portions. Mean
FA values for each region ranged from 0.53-0.56; they are lower than those
obtained by measuring only the midline (which are 0.65-0.76), because the
outer portions of the callosal tracts are also included in the averages. At the
upper end of the age range, the frontal regions undergo a marked FA drop
(0.027 and 0.021 units in the orbital and anterior frontal regions, respectively,
over the last 30 years), much larger in magnitude than the drops experienced

by other regions (which decrease by 0.002-0.018 units).

7.3.3 Mean Diffusivity Changes with Age

All Poisson fits of MD values versus age were excellent and yielded robust
parameter estimates (see Fig. 7.3B, Table 7.1), even for the posterior parietal
region whose FA fit was not significant. Significance values for all MD pa-
rameters were very low (p<0.002), and R values ranged from 0.31-0.66. MD
followed a curve opposite to that of FA values, with MD decreasing through
childhood, adolescence and young adulthood, reaching a minimum, and then
increasing at a slower rate than its initial decreases (see Fig. 7.3B). Minimum
MD values were reached between ages 24—44 years (see Fig. 7.4 and Table 7.2
for peaks and significance values). Overall, MD followed a similar pattern to
FA values, with the outer portions of the tract (orbital frontal and occipital;
minima at 24-27 years) reaching a minimum at younger ages than the central
callosal areas (temporal, superior parietal, posterior parietal, anterior frontal,
and superior frontal; minima at 30-44 years). Average MD values for each

region varied from 0.77-0.86x 1072 mm?/s.

7.3.4 DTI Parameter Timing Differences

The differences between age at peak FA and age at minimum MD were sig-
nificant within the four most anterior regions (orbital frontal, anterior frontal,
superior frontal, superior parietal), where FA peaks were reached 6-18 years

prior to MD minima (see Table 7.2). The differences in peak FA values and
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Figure 7.3: Fractional anisotropy (FA) (A) and mean diffusivity (MD) (B) versus
age plots for all seven corpus callosum regions demonstrate FA increases followed
by decreases, and conversely decreases of MD followed by increases. Best fit Poisson
curves are given by the solid line. The FA vs. age fit for the posterior parietal region
was not significant and is not shown; all other fits were highly significant. Gender
and handedness are shown separately.
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Figure 7.4: Poisson curves are shown for each section of the corpus callosum for
both (A) fractional anisotropy (FA) and (C) mean diffusivity (MD). Ages of peak
FA values and minimum MD values from the Poisson fits are listed (B) for all
regions. The FA-age fit for the posterior parietal region was not significant, so it
is not shown. The outer regions (orbital and anterior frontal, occipital) reach their
peak FA values and minimum MD values earlier than more central regions such
as the superior frontal and superior parietal regions; alternatively, peak values at
younger ages can be seen as earlier degradation. Notably, the two most frontal
regions (orbital and anterior frontal) show the steepest FA drops after the peak.
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Table 7.2: Ages at peak FA value and minimum MD value are given for each region
(upper/lower standard error bounds are in parentheses). The third line of the table
presents the significance values for the t-test of differences between FA peak age and
MD minimum within each region. The bottom section of the table lists p values for
t-tests of the differences between FA peak age values and minimum MD ages among
the seven regions. OF=orbital frontal, AF=anterior frontal, SF=superior frontal,
SP=superior parietal, PP=posterior parietal, Temp=temporal, Occ=occipital.

Region OF AF SF SP PP Temp Occ
Age at || 20.7 22.5 27.6 26.5 n.s. 28.8 23.2
peak  FA || (19.6, (21.2, (25.8, (24.2, (25.7, (21.6,
(yrs) 21.9) | 24.0) |29.8) |29.2) 32.8) | 25.1)
Age at min || 26.9 33.9 40.7 44.4 29.9 30.3 24.1
MD (yrs) (26.7, (31.8, (37.9, (37.2, (27.5, (28.9, (23.0,
28.2) | 36.2) |43.8) |552) |329) |318) |253)
p-value <0.000 | <0.000 | <0.000 | 0.002 -2 0.629 0.671
(peak FA
VS. min
MD)

Significance differences between callosal subregions for age at
peak FA (top) and age at minimum MD (bottom)

OF - 0.072 <0.001 | 0.003 -20.164 | 0.002 0.092
<0.001 | <0.001 | <0.001 | 0.164 0.008 0.008
AF - 0.001 0.062 -2 0.019 0.688
0.003 0.087 0.156 0.037 <0.001
SF - 0.603 -2 0.712 0.056
0.574 0.002 <0.001 | <0.001
SP - -2 0.486 0.177
0.012 0.018 <0.001
PP . _a _a
0.887 0.003
Temp - 0.049
<0.001
Occ -

& Because the posterior parietal FA fit was not significant, t-tests were not per-
formed for the posterior parietal area’s peak FA vs. minimum MD
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minimum MD values between regions were also tested (Table 7.2). The cen-
tral tracts had the largest gaps between FA peak ages and MD minimum ages
(superior frontal=13 years, superior parietal=18 years), while the two most an-
terior regions had slightly smaller gap, but still significant separation (orbital
frontal=6 years, anterior frontal=11 years), and the two posterior regions did
not have significant separation between FA and MD peak/minimum ages. The

posterior parietal did not have a significant FA peak, so differences between

FA and MD could not be tested.

7.3.5 Diffusivities

The results for parallel and perpendicular diffusivity are presented in Figure
7.5. All fits followed Poisson curves similar to MD, decreasing initially, then
reaching a minimum and then increasing. For the three frontal regions (occip-
ital, anterior and superior), perpendicular diffusivity reached its minimum 8-
11 years earlier than parallel diffusivity (p<0.001). This discrepancy between
perpendicular and parallel diffusivity minima is the cause of the significant
differences between FA peak age and MD minimum age for these regions. No-
tably, differences between perpendicular and parallel diffusivity minima were

not significant for the four more posterior regions.

7.3.6 Sex Differences

A sex term was initially included in the equation to account for differences
of FA or MD between males and females; this term was only significant in
the superior frontal region. In that region, males had significantly higher FA
values (0.008 higher, standard error=0.002, p=0.002) and lower MD values
(0.014x 1073 mm? /s lower, standard error=0.004x 1072 mm?/s, p=0.004) than
females. The sex term was retained in the equation for the superior frontal

area, but removed from all other fits.
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Figure 7.5: Parallel and perpendicular diffusivity vs. age plots are shown for each
callosal subregion. The age at minimum diffusivity value is shown as a line, with the
standard error of this estimate shown as a bar. Note that for all the frontal regions
and even the superior parietal region, the minimum for perpendicular diffusivity
occurs several years prior to the minimum for parallel diffusivity. In contrast, the
more posterior regions such as the posterior parietal, temporal, and occipital regions,
show minima for parallel and perpendicular diffusivity that occur at similar ages.
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Figure 7.6: Best fit Poisson curves are shown for the whole tract (green solid curve),
midsagittal slice £ 5 mm on either side shown as the white region on the tract
insert (red dashed curve), and the non-midline area (whole tract except the midline
+ 5 mm; blue dotted curve). The peak age + standard error is shown as a shaded
box. Fits for the posterior parietal region were not significant. As expected, the
FA values for the midline area are higher than those averaged over the remainder of
the tract. Note that the fits for the midline follow those for the entire tract at the
younger ages, but do not always show the same extent of declines at older ages.

7.3.7 Midline Corpus Callosum DTI Analysis

To determine whether changes of FA across the whole tract were similar to
those of the more compact midline region (midsagittal slice £ 5 mm) alone,
FA was measured in the midline region and the non-midline area, and fit to
a Poisson curve for each callosal subdivision (Figure 7.6). All FA-age curves
were significant, except that of the posterior parietal region. As can be seen in
Figure 7.6, the midline curves follow the same trajectory as those of the whole
tract nicely at the younger ages. At the older ages, however, the midline fits
do not as closely follow the whole tract and do not demonstrate as large drops

of FA as the whole tract.
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7.4 Discussion

DTI tractography has demonstrated nonlinear trajectories of diffusion param-
eters within the corpus callosum across a wide age range of 5-59 years. The
ages at peak FA value and minimum MD value for each region show an outer-
to-inner pattern of trend reversal over this time frame, with peaks/minima
reached between 21-44 years, depending on the callosal region and DTI pa-
rameter. FA values were modeled well with a Poisson curve, increasing during
childhood, adolescence, and early adulthood, peaking, and then decreasing
during later adulthood at a rate slower than that of the initial increases. MD
follows a curve opposite to FA, although not necessarily in parallel timing, de-
creasing until middle adulthood and then increasing thereafter. The up/down
trajectories are in general agreement with previous DTI studies of the corpus
callosum showing U-shaped trajectories over 6-79 years using geometric parcel-
lation of the corpus callosum (Hasan et al., 2008a,b, 2009b; McLaughlin et al.,
2007); in our study, segmentation of the corpus callosum was based on tar-
get cortical regions, which provides subdivisions more likely to be functionally
distinct and allows clearer separation of the posterior regions which otherwise
would be difficult to identify individually. A previous DTI tractography study
using geometric segmentation of the corpus callosum in 99 right handed 7-59
year olds showed significant quadratic fits in only 1 of 8 regions for FA and 4 of
8 regions for perpendicular diffusivity (Hasan et al., 2009b), making it impos-
sible to draw meaningful conclusions about relative timing among regions. In
contrast, our larger sample (n=315) and the use of a Poisson equation, which
permits differential slopes on either side of the peak/minimum, provided very
robust fits and highly significant parameter estimates for 6 of 7 regions for FA
(the posterior parietal region was not significant) and all 7 regions for MD,
and A, despite the inter-subject scatter clearly evident in Figure 7.3.
Previous non diffusion MRI studies have demonstrated a general anterior-
to-posterior trend of maturation of the corpus callosum in children using mid-
sagittal area measurements of the corpus callosum in 139 subjects (some with

repeat scans) (Giedd et al., 1999b) and sophisticated tensor mapping of the
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corpus callosum in 6 subjects scanned at multiple time points (Thompson
et al., 2000). During the aging process in older adults, many DTI studies
report larger FA declines in frontal regions (Bucur et al., 2008; Davis et al.,
2009; Salat et al., 2005), and suggest that even more substantial decreases in
the anterior corpus callosum are related to cognitive impairment and demen-
tia (Chua et al., 2008). Although it is difficult to comment on maturation
rates in a cross-sectional study, examining only the childhood or only the
aging portions of the best fit FA-age curves appears to demonstrate similar
anterior-to-posterior trends in this data. However, when the full age range is
considered, an overall “outer-to-inner” trend is observed in terms of ages of
peak FA and minimum MD (i.e. presumably when the brain is at its ‘best’
as far as DTI parameters are concerned). It must be noted that this trend
results from two processes: development and degradation. Therefore, the FA
peaks and MD minima may be dominated by either process, and longitudinal
studies of diffusion parameter changes within the corpus callosum are needed
to fully explore the question of maturation rates.

FA values drop off more sharply in anterior regions at older ages than in
the posterior regions. The anterior regions of the corpus callosum had the
lowest FA values at the upper end of the age range due to a sharp drop off,
while more posterior regions showed higher FA values and a more gradual
decline (see Fig. 7.4A). This marked drop in the anterior corpus callosum
is in good agreement with previous studies reporting larger FA differences in
the anterior corpus callosum than in the posterior region between younger
and older adults (Bucur et al., 2008; Davis et al., 2009; Salat et al., 2005),
and may suggest a gradient of change within the frontal lobe itself, as the
orbital frontal region drops off most steeply, followed by the anterior and then
superior frontal regions. The orbital frontal region is also the only region which
had significantly smaller volume in the oldest subjects (see Figure 7.2), an
observation noted by previous volumetric studies (Good et al., 2001b). The
decreasing volume may potentially affect FA values in this region; however,
given the stable volumes in other regions with decreasing FA, this concern is

somewhat mitigated.
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In the four most anterior callosal regions, MD minima lag significantly
behind FA peaks, with minimum MD values occurring 6-18 years after FA
peaks. An investigation of the eigenvalues revealed that the time lag is due
to a prolonged decrease of parallel diffusivity ())), even after perpendicular
diffusivity (A1) has begun to increase (see Figure 7.5). Initially, both parallel
and perpendicular diffusivities decrease, although A, decreases more sharply
than Aj; this causes the increasing FA and decreasing MD values. Then, the
perpendicular diffusivity reaches a minimum and begins to increase before the
parallel diffusivity. This period of time, while A is decreasing but A, is in-
creasing, causes both FA and MD values to decline. Then, once A\ begins to
increase (but not to the same extent as A; increases), FA values continue to
fall and MD values being to rise. These various patterns of diffusivity may
reflect different phases of physiological change (e.g., fibre organization, mem-
brane proliferation, myelination), as proposed for infants (Dubois et al., 2008),
although without histological evidence in this sample, it is impossible to be cer-
tain of the biological basis causing the diffusion changes. Nonetheless, animal
studies indicate that increasing myelination and axonal packing would lead to
decreased A; (Beaulieu, 2002; Song et al., 2005), and the subsequent increase
of FA observed during childhood and adolescence , while the decreasing A that
contributes to decreasing MD could be caused by reduced brain water content
or increased prevalence of isotropic membranes (Neil et al., 2002; Song et al.,
2003). At older ages, loss of myelinated fibres and decreased axonal density
would lead to increasing A and lower FA values (Moseley, 2002; Scheltens
et al., 1995), while greater water content associated with atrophy in the aging
brain could cause increased A and thus increasing MD (Moseley, 2002).

Notably, the three most posterior areas did not have significant differences
between peak FA and minimum MD. From looking at the diffusivities (Figure
7.5), it is clear that the minima for parallel and perpendicular diffusivity occur
almost at the same time (no significant differences), and the prolonged decline
of A evident in the anterior corpus callosum does not occur in the posterior
parietal, temporal, and occipital areas. As discussed above, the longer pe-

riod of A decline in the frontal areas may be due to increased prevalence of
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membranes or decreased water content that does not occur for as long in the
posterior corpus callosum.

Sex differences were significant only in the superior frontal region for both
the FA and MD curves; however, the absolute differences in this region were
very small. Previous DTI studies of the corpus callosum have found mixed
results with respect to gender differences; some studies observe higher FA in
men (Sullivan et al., 2010; Westerhausen et al., 2003), another found higher
FA in girls (Schmithorst et al., 2008), and many report no differences at all
(Dougherty et al., 2007; Hasan et al., 2008a,b; Zarei et al., 2006).

Three of four previous corpus callosum lifespan DTT studies have measured
diffusion values at or near the midline (Hasan et al., 2008a,b; McLaughlin et al.,
2007). Many other DTI studies also measure only the medial portion of the
corpus callosum (Bhagat and Beaulieu, 2004; Dougherty et al., 2007). There-
fore, to facilitate comparisons and to determine whether there were differences
between the central corpus callosum and the non-midline areas, additional
analyses of FA versus age were conducted after further subdividing the cal-
losal regions into midline and non-midline sections, containing the midsagittal
slice plus 5 mm on either side and the rest of the tract, respectively. Figure 7.6
shows the best fit curves for the midline and non-midline regions, as well as
fits for the whole tract (same as the curves in Figure 7.3A). The three poste-
rior parietal curves were non-significant; all other fits were significant. During
childhood and adolescence, the three curves follow very similar increasing tra-
jectories, although FA is higher at the midline. For the orbital frontal and
temporal regions, the midline and non-midline curves also look similar to that
of the entire tract at older ages. For other regions, however (anterior and su-
perior frontal, superior parietal, occipital), the declines at older ages are less
in the midline section than in the whole tract or non-midline region. Since the
midline data is averaged over approximately 200-1100 voxels (depending on
the region) per subject, while the non-midline data contained approximately
2000-5000 voxels, the non-midline data is expected to more closely follow the
whole tract curves since it has more overlapping voxels. The less substantial

drops and earlier peaks in the midline data compared to the whole tract curves
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suggest that it might be the more outer sections of the corpus callosum that
are driving the declining FA at older ages, a fact that would be missed by stud-
ies measuring only midline data. The method of collapsing the data across an
entire tract is advantageous because it reduces the numbers one must fit and
report (which with this many subjects is already high), provides results that
are robust across the entire tract, and improves the SNR; the disadvantage
of this is ignoring the range of DTI parameters (particularly FA) along the
tract and possibly missing regional differences. The more traditional measure-
ment at the midline has its own limitations of assuming that mid-line results
measured there are actually transferable to the entire tract and poorer SNR,
although the FA is much higher.

Previous studies used quadratic models (Hasan et al., 2008a,b, 2009b) or
interpolation (McLaughlin et al., 2007) to represent age-related diffusion pa-
rameters changes in the corpus callosum. While the quadratic model simplifies
statistical testing, it is not necessarily the best model for age-related changes,
as it assumes equal slopes on either side of the peak. However, a more rapid
upslope for FA (or downslope for MD) has been suggested by previous studies
examining diffusion changes during childhood and adolescence (Ben Bashat
et al., 2005; Hermoye et al., 2006; Lebel et al., 2008b) than is predicted by a
quadratic model. We originally used quadratic fits for this study, and obtained
the same results in terms of development trends (outer-to-inner), although the
ages at peak FA values and minimum MD values were approximately 6 years
later with quadratic curves (Caverhill-Godkewitsch et al., 2009). The older
peak ages obtained by quadratic fits are likely due to the constraints imposed
by the quadratic that the development and the degradation slopes be the same;
a constraint not present with Poisson fits. The Poisson fit was chosen for this
study because it allowed for different rates of development and degradation
(which would be expected due to different biological processes that occur),
while maintaining the number of parameters quite low (only 3). It provided
robust and significant parameter estimates and fits (which would not have
been obtained using a fit with more parameters), but it is not necessarily the

only model that could fit the DTT data. A model with separate “development”
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and “degradation” terms may be ideal; however, the scatter in this data was
too great to allow for fitting such a model, which would have at least 5 param-
eters. Furthermore, the largest developmental FA increases and MD decreases
in the human brain occur before 5 years of age (Dubois et al., 2006; Hermoye
et al., 2006), while the largest FA declines and MD increases occur after age 59
years (Hsu et al., 2010; Pfefferbaum et al., 2000). Although we demonstrate
here that changes continue to occur between these two extremes, future stud-
ies with even larger sample sizes, wider age ranges and longitudinal data may
be better able to assess the development and aging trends with more complex
models.

Some limitations of this study must be acknowledged. First, DTT acquisi-
tion was performed using a six-direction diffusion encoding scheme with multi-
ple averages. The use of more directions can provide more robust estimates of
anisotropy (Jones, 2004); however, this is primarily a concern at low SNR val-
ues (such as 15 as presented in that paper), but SNR values were very high for
our DTI scans (mean SNR was 73 on b0 images). Furthermore, the effects of
different encoding schemes are minimal compared to the impact of SNR, and
with SNR levels above ~30, FA estimates and power to detect group differ-
ences are comparable between acquisitions with six directions and those with
more (Landman et al., 2007). Second, deterministic tractography, as used in
this study, can be prone to error in areas of crossing fibres where FA values are
often artificially low. This is evident is the lack of lateral projections present
in the reconstruction of the corpus callosum, and in the sparseness of fibres
in certain regions (e.g., the superior parietal region). Our data is therefore
limited to the more medial projections of the corpus callosum, which provide
reliable data. All tractography for this study was performed by the same in-
vestigator, blind to subject age and gender, according to a priori defined rules,

to ensure consistency across subjects.
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7.5 Conclusion

DTT and tractography in a very large group of 315 healthy subjects have
shown that the various subregions of the corpus callosum undergo specific and
significant age-related micro-structural changes reflecting development towards

an apex and then subsequent degradation.
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Chapter 8

Arcuate Fasciculus

Lateralization and Cognition’

Abstract

The arcuate fasciculus is a major white matter tract involved in language
processing that has also been repeatedly implicated in intelligence and reason-
ing tasks. Language in the human brain is lateralized in terms of both func-
tion and structure, and while the arcuate fasciculus reflects this asymmetry,
its pattern of lateralization is poorly understood in children and adolescents.
We used diffusion tensor imaging (DTI) and tractography to examine arcu-
ate fasciculus lateralization in a large (n=183) group of healthy right-handed
volunteers aged 5-30 years; a subset of 68 children aged 5-13 years also under-
went cognitive assessments. Fractional anisotropy and number of streamlines
of the arcuate fasciculus were both significantly higher in the left hemisphere
than the right hemisphere in most subjects, although a small number of sub-
jects (10%) were right-lateralized. Age and gender effects on lateralization
were not significant. Children receiving cognitive assessments were divided
into three groups: a “left only” group in whom only the left side of the arcu-
ate fasciculus could be tracked, a left-lateralized group, and a right-lateralized
group. Scores on the Peabody Picture Vocabulary Test (PPVT) and NEPSY

Phonological Processing task differed significantly among groups, with left-

LA version of this chapter has been published. C. Lebel and C. Beaulieu, 2009. Lateral-
ization of the Arcuate Fasciculus from Childhood to Adulthood and its Relation to Cognitive
Ability in Children. Human Brain Mapping 30: 3563-73.
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only subjects outperforming the right-lateralized group on the PPVT, and the
left-lateralized children scoring significantly better than the right-lateralized
group on Phonological Processing. In summary, DTI tractography demon-
strates leftward arcuate fasciculus lateralization in children, adolescents, and
young adults, and reveals a relationship between structural white matter lat-

eralization and specific cognitive abilities in children.

8.1 Introduction

It has long been known that language function in the human brain is lateral-
ized, ever since Broca in 1861 and Wernicke in 1874 demonstrated that brain le-
sions associated with loss of language function are most often located in the left
hemisphere (Broca, 1861; Wernicke, 1874). Many recent studies have reported
functional language lateralization in adults (Binder et al., 2000; Wood et al.,
2004), children (Balsamo et al., 2002; Gaillard et al., 2001; Spironelli et al.,
2008), and infants (Dehaene-Lambertz et al., 2002). Structural lateralization
of language areas, although not as well characterized as functional lateraliza-
tion, also exists in the human brain. Several consistent structural asymmetries
have been reported, including leftward lateralization of the planum tempo-
rale and the auditory cortex (Galaburda et al., 1978; Galuske et al., 2000;
Geschwind and Levitsky, 1968; Good et al., 2001a; Penhune et al., 1996; Pujol
et al., 2002), and white matter volume asymmetries in the frontal, parietal and
temporal lobes (Galaburda et al., 1978; Good et al., 2001a; Gur et al., 1980;
Pujol et al., 2002). Lesion, tumor, and epilepsy studies provide further evi-
dence of left-lateralized language function and structure in humans (Davtian
et al., 2008; Dronkers et al., 2007; Gazzaniga, 1995; Matsumoto et al., 2008;
Rodrigo et al., 2008; Toga and Thompson, 2003).

The arcuate fasciculus, a subdivision of the superior longitudinal fasciculus,
is a major white matter tract that is one of the primary fibre bundles involved
in human language processing (Dejerine, 1895; Geschwind, 1970). This tract
connects Broca’s area in the frontal lobe, a region mainly involved in speech

production (Broca, 1861), with Wernicke’s area in the temporal lobe, a region
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related to speech comprehension (Wernicke, 1874). The arcuate fasciculus is
not only important in language function (Ashtari et al., 2007; Breier et al.,
2008; Marslen-Wilson and Tyler, 2007), but it is also part of a network that
has been repeatedly implicated in reasoning and intelligence tasks (Hoeft et al.,
2007; Jung and Haier, 2007; Jung et al., 2005; Schmithorst et al., 2005; Turken
et al., 2008). Structural asymmetry of the arcuate fasciculus has been reported
in children, with the left arcuate demonstrating higher “white matter density”
than the right side, based on T1-weighted MRI scans (Paus et al., 1999).
Furthermore, the volumetric white matter asymmetries observed in adults
(Galaburda et al., 1978; Good et al., 2001a; Gur et al., 1980; Pujol et al., 2002)
suggest volumetric asymmetries of underlying white matter fibre bundles such
as the arcuate fasciculus.

Diffusion tensor imaging (DTI) is an advanced MRI technique that is more
sensitive to tissue microstructure than conventional imaging and is especially
adept at virtually reconstructing white matter pathways in vivo, via tractog-
raphy (Basser et al., 2000; Conturo et al., 1999; Jones et al., 1999; Mori et al.,
1999). Using tractography, DTI parameters such as fractional anisotropy (FA),
an indirect measure of myelination and /or axonal density within white matter
(Beaulieu, 2002), can be measured along specific white matter tracts, including
the arcuate fasciculus (Catani et al., 2002). DTI studies of the arcuate fascicu-
lus have demonstrated leftward asymmetry in most adults for both structure
(Glasser and Rilling, 2008; Hagmann et al., 2006; Parker et al., 2005) and
diffusion parameters (Buchel et al., 2004; Nucifora et al., 2005; Powell et al.,
2006; Upadhyay et al., 2008; Vernooij et al., 2007); however, these studies
were generally small in size (n=4-43), and focused solely on adults. One DTI
study of 31 children aged 6-17 years reported overall leftward asymmetry of
FA values across the group, and absence of the right arcuate in 29% of sub-
jects (Eluvathingal et al., 2007). Further studies of children and adolescents
are needed to get a full picture of lateralization during development and to
investigate possible age or gender differences. Furthermore, a relationship
between arcuate fasciculus asymmetry and language ability was reported in

40 young adults (Catani et al., 2007), but it is not known if a similar rela-
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tionship exists in children. A thorough understanding of arcuate fasciculus
asymmetry throughout childhood, adolescence, and young adulthood would
help address the question of whether the structural asymmetry seen in adults
develops over time or is present early in life, as well as providing further in-
formation about the relationship between lateralization and cognition. Here
we use DTI and tractography to explore arcuate fasciculus asymmetry in a
large group of healthy subjects (n=183) ranging from 5-30 years of age. The
goal of this study was to characterize lateralization of the arcuate fasciculus
in children, adolescents and young adults, including an investigation of age-
and gender-related changes, and to explore the relationship between arcuate
fasciculus asymmetry and cognitive ability in a subgroup of children aged 5-13

years (n=68).

8.2 Methods

8.2.1 Subjects

Subjects were 183 healthy, right-handed individuals (86 female/97 male) aged
5-30 years (mean =+ standard deviation: 16.3 £ 6.8 years). Health was verified
by asking participants a series of questions to ensure there was no history of
neurological or psychiatric disease or brain injury. Subjects with a wide range
of reading ability were recruited, as a broad spectrum of abilities was desired
in order to better detect relationships between reading skill and brain struc-
ture. Subjects were not formally screening for reading disabilities, but were
administered cognitive assessments associated with reading ability (Woodcock
Word ID and Word Attack). Informed consent was obtained from all adult
volunteers; child assent and parent/guardian consent were obtained for each

subject under 18 years.

8.2.2 Cognitive Assessment

Cognitive assessments were performed on a subset of 68 children aged 5-13
years (mean + standard deviation: 9.442.0 years, 30 female/38 male). NEPSY
Phonological Processing, Word Identification and Word Attack (subtests of the
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Table 8.1: Age-standardized score means, standard deviations, and ranges
for cognitive assessments performed on a subset of 68 children aged 5-13

years.
Cognitive Assessment n Mean | Standard | Range
Score | Deviation
Phonological Processing || 66 10.8 2.7 3-18
PPVT 67 116 13 90-154
TONI 65 112 14 82-142
Word Attack 66 107 13 74-134
Word 1D 67 107 14 71-145

Woodcock Reading Mastery Test-Revised), the Peabody Picture Vocabulary
Test (PPVT-III), and the Test of Nonverbal Intelligence (TONI) were used,
although not all subjects completed all tests (see Table 8.1).

8.2.3 Image Acquisition

All imaging data was acquired on the exact same 1.5 T Siemens Sonata MRI
scanner (Siemens, Erlangen, Germany) using identical methods. Total acquisi-
tion time was approximately 26 minutes and included anatomical imaging and
DTI. DTT was acquired using a dual spin-echo, single shot echo-planar imaging
sequence with the following parameters: 40 3 mm thick slices with no inter-slice
gap, TR=6400 ms, TE=88 ms, 6 non-collinear diffusion sensitizing gradient
directions with b=1000 s/mm?, 8 averages, field-of-view 220x220 mm?, ma-
trix of 128x 128 with 75% phase partial Fourier, zero-filled to 256 x256. Total
DTI acquisition time was 6:06 minutes. Although anisotropic voxel size may
be of some concern, a comparison of this sequence with an isotropic voxel
size acquisition (2x2x2 mm?® with the same 6 directions and 8 averages) in
four volunteers demonstrated no differences of lateralization grouping and only
minimal variation in key parameters derived from tractography of the arcu-
ate fasciculus (standard deviation of FA=0.016 for each hemisphere, standard
deviation of lateralization index=0.08). The SNR of b0 images in this study
was quite high (average SNR=76, range 53-93), which should help mitigate

concerns about the use of 6 directions as opposed to more.
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8.2.4 Fibre Tracking Diffusion Measurements

Fibre tracking was performed in ExploreDTI (A. Leemans, Antwerp, Belgium),
using a deterministic streamline method. FA thresholds were set to 0.25 to
initiate and continue tracking, while the angle threshold was set to 60°. An
FA threshold of 0.25 was chosen to avoid voxels that are not part of white
matter tracts (cortex has FA of approximately 0.2), minimize the inclusion
of voxels with a high degree of partial volume contamination, and limit the
presence of spurious tracts. The arcuate fasciculus was delineated manually
in each hemisphere for each subject. Semi-automated tracking, as we used in
a previous study to delineate the superior longitudinal fasciculus (Lebel et al.,
2008b), was not appropriate for this study due to the difficulty of isolating the
fronto-temporal arcuate fasciculus from the frontal-parietal fibres of the supe-
rior longitudinal fasciculus. Superior longitudinal fibres (both fronto-temporal
and frontal-parietal) can be obtained using seeding and target regions on coro-
nal slices, a method well-suited to semi-automated tractography. However, ob-
taining only the arcuate fibres requires a target region on an axial slice in an
area much more sensitive to small differences of region placement. Therefore,
manual tracking was used to ensure accurate delineation of the entire arcuate
fasciculus alone. The operator was not blind to left/right, but was blind to
cognitive scores. In order to ensure accurate and unbiased tracking, a specific
set of pre-defined rules was followed in the same way for each hemisphere. One
seeding region was selected in each hemisphere on a coronal slice on which the
arcuate fasciculus — appearing as a green (indicating anterior/posterior ori-
entation) triangular shape — was seen to be largest (see Figure 8.1). Great
care was taken to ensure that the seeding region was large enough in each
hemisphere to encompass all possible fibres belonging to the arcuate fascicu-
lus, and a margin of at least 5 mm around the tract on all sides was included.
A target region was used on an axial slice through which the arcuate fasciculus
passes in the inferior/superior direction (appears in blue/purple); again, this
target region was drawn larger than the visible region corresponding to the

tract to ensure that no fibres were missed. The seeding region was used to
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initiate tracking, while the target region selected only fibres passing through
both areas. Exclusion regions were used as necessary to eliminate spurious
tracts, and were often required in the region of the internal capsules. Only
individuals with more than five streamlines (total across hemispheres) were in-
cluded in further analysis. Originally, 207 right-handed subjects were included
in the study; 24 were excluded due to either motion artifacts or having too
few streamlines. Average fractional anisotropy (FA) and number of stream-
lines were calculated for the arcuate fasciculus in each hemisphere for each
subject. FA values were calculated by averaging across all voxels in the tract;
it is important to note that each voxel was counted only once. Note that FA
values were not calculated in hemispheres with no streamlines (63 individuals

had no streamlines on the right; 6 had no streamlines on the left).

8.2.5 Statistical Analysis

Parametric tests were used for FA values; non-parametric tests were used for
number of streamlines. Differences of FA values between hemispheres were
tested in individuals having streamlines bilaterally (n=114) using a paired
t-test; hemispheric differences of number of streamlines were tested across
the population (n=183) using a Wilcoxon signed ranks test for two related
samples (equivalent to a paired t-test for nonparametric data). To further
characterize asymmetry, a lateralization index, LI = (left-right)/(left+right),
was calculated for the number of streamlines for each subject. Correlations
of age with LI were calculated using Spearman’s rho; sex differences were
examined using an independent samples Mann-Whitney test. LI was compared
to zero using a one-sample Kolmogorow-Smirnov test.

To analyze the relationship between cognitive ability and lateralization,
the 68 children receiving cognitive assessments were divided into groups based
on their lateralization scores. This was important to allow detection of dif-
ferences that were not simply linear correlations. Children were divided into
three groups: left-only (LI=1), left-lateralized (0<LI<1), and right-lateralized
(LI<0). Subjects were divided in this manner to produce logical groups with

reasonably close sample sizes (although the left-lateralized group was larger).
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Fiber Tracking - Two ROI Approach

Seeding regions on Tracts passing Target regions on
coronal slice through seed regions axial slice

Do

R

Tracts
passing
through seed and
target regions and
not excluded

Number of streamlines
calculated for left and
right arcuate fasciculus
in each subject

= M LI based on number of
(left + right) streamlines for each subject

Figure 8.1: Schematic of tracking methods used to delineate the arcuate fascicu-
lus. A manual two region-of-interest approach was used in which a seeding region
was drawn on a coronal slice and a target region outlined on an axial slice in each
hemisphere for each subject. Exclusion regions were used as need to eliminate spu-
rious streamlines, and were often needed in the area of the internal capsule. Tracts
passing through both the seeding and target regions, without passing through ex-
clusion regions, were retained for calculation of the lateralization index (LI). LI was
calculated for each subject based on the number of streamlines in each hemisphere.
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Age-standardized test scores were compared among groups using a series of
ANOVAs. Where the ANOVA test was significant, post-hoc tests (Tukey’s
honestly significantly different test) were used to determine where differences
existed among groups, and Spearman’s rho was used to test for correlations
between LI and cognitive scores. Age and FA differences among these groups
were tested using a series of ANOVAs; LI and number of streamline differ-
ences were assessed using the Kruskal-Wallis test, and Mann-Whitney tests
with Bonferroni correction for multiple comparisons were used for post-hoc

testing.

8.3 Results

8.3.1 Lateralization Indices

Across the entire group (n=183), individuals had a significantly higher number
of streamlines in the left hemisphere than the right (p<0.001), and LI values
were significantly different from zero (p<0.001), indicating overall leftward
asymmetry in this group. Amongst individuals with streamlines bilaterally
(n=114), FA values were significantly higher in the left arcuate fasciculus than
the right (mean =+ standard deviation: FA;. s, =0.5240.03, FA, ;4 =0.5040.04,
p<0.001). Most individuals (n=153) were left-lateralized for number of stream-
lines (LI>0), while some subjects (n=30) were right-lateralized (LI<0); the
median LI was 0.78. Across the group, the left arcuate was tracked in 177
individuals (out of 183), and the right was tracked in 120 subjects. In total,
34% of individuals had no detectable right arcuate, 3% showed no detectable
left, and in the remaining subjects, both sides were tracked, to varying de-
grees. Even in hemispheres where the arcuate fasciculus was not able to be
tracked, green anterior-posterior and blue superior-inferior sections of it were
visible on the coronal and axial slices, respectively. If symmetry is defined
as -0.2<LI<0.2, 81% of subjects are considered left-lateralized for number of
streamlines, 9 are symmetric, and 10 are right-lateralized. Figure 8.2 shows
examples of arcuate fasciculus arrangements for several subjects with a range

of LI values.
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Figure 8.2: Lateralization index based on number of streamlines (LI) versus age
graph for 183 right-handed subjects, as well as sample arrangements of the arcuate
fasciculus with various values of LI. Most individuals are left-lateralized (LI>O0),
although there are some right-lateralized (LI<0) subjects. LI was not significantly
correlated with age nor was it significantly different between males and females.
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Table 8.2: Marginal group means and significance values for ANOVAs of group
characteristics and standard test scores. Significantly different compared to right-
lateralized group: *peorrected < 0.05, **Deorrected < 0.001. Significantly different
compared to left-lateralized group: tpcorrected < 0.05, T T Peorrected < 0.001.

Right- Left- Left only | ANOVA

lateralized | lateralized | (n=17, p value®

(n=15, (n=36, 7f/10m)

6f/9m) 17f/19m)
Age 10.2 9.1 9.3 0.180
Streamlinesy, 15 ATH* 31** 0.000
Streamlinesg;gn, 34 11%* 0** 1 0.000
LI -0.45 0.58%* 1.0%* ¢ 0.000
FAje st 0.50 ° 0.50 0.50 0.823
FA,ignt 0.48 0.48 N/A¢ 0.717
Cognitive assessments
Phonological Processing || 9.2 11.5% 10.7 0.016
PPVT 111 115 123* 0.030
TONI 108 114 114 0.298
Word ID 100 108 110 0.089
Word Attack 104 109 107 0.215

& Non-parametric Kruskal-Wallis test used for number of streamlines and LI
b Mean of FA values for individuals with streamlines on both sides (11 subjects)

¢ No FA values obtained for right side

The 68 children receiving cognitive assessments were divided into three
groups according to their LI scores: a “left-only” group containing subjects in
whom only the left side of the arcuate fasciculus could be tracked (LI=1); a left-
lateralized group containing subjects with streamlines bilaterally (0<LI<1);
and a right-lateralized group (LI<0). Subjects were divided in this way in order
to produce logical groups relatively similar in size; there were not enough sym-
metric subjects to form a group. It is important to note that the left-lateralized
group contains some individuals who are nearly symmetric (2 individuals with
0<LI<0.2), while the right-lateralized group contains subjects ranging from
those with only the right segment (4 subjects) to those who are nearly sym-
metric (5 subjects with 0>LI>-0.2). In total, 15 children (22%) were classified
as right-lateralized (median LI = -0.45); 36 children (53%) were left-lateralized
(median LI = 0.58), and 17 children (25%) were left-only (LI=1). See Table

8.2 for group characteristics.
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Figure 8.3: Mean scores (£ 95% confidence intervals) for each test for different
lateralization groups of 68 children aged 5-13 years. The Peabody Picture Vocabu-
lary Test (PPVT) and NEPSY Phonological Processing scores differed significantly
among groups, with the left only group scoring significantly better than the right-
lateralized group for the PPVT, and the left-lateralized group significantly outper-
forming the right-lateralized group for phonological processing.

8.3.2 Age and Gender Differences

Lateralization index (LI) was not significantly correlated with age (R=0.09,
p=0.214), nor significantly different between males and females (p=0.456). See
Figure 8.2 for a plot of LI vs. age. Testing a similar lateralization index for
tract volume also produced no significant differences of age or gender (data

not shown).

8.3.3 Cognitive Assessments and Lateralization

Summary results for the cognitive assessments are shown in Table 8.1 and
results of the ANOVA tests relating DTI-based lateralization to the age-
standardized cognitive scores are presented in Table 8.2. Age did not dif-
fer significantly amongst groups and each group had approximately the same

proportion of males and females. Scores on the PPVT and the NEPSY
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Figure 8.4: Plots of lateralization index (LI) vs. age-standardized scores for (A)
Peabody Picture Vocabulary Test (PPVT) and (B) NEPSY Phonological Process-
ing for the entire group of 68 children with cognitive assessments. There was a
significant linear correlation between PPVT and LI, whereas the linear correlation
between Phonological Processing and LI was not significant. Note the significant
lateralization group findings shown in Figure 8.3.

Phonological Processing were significantly related to lateralization groupings
(p=0.030, p=0.016, respectively; see Table 8.2 and Figure 8.3). Post-hoc
tests revealed that the left-only group significantly outperformed the right-
lateralized group on the PPVT (peorrected =0.028) and PPVT scores were sig-
nificantly linearly correlated with LI (R=0.32, p=0.009) across all children
(see Figure 8.4 part A). For the NEPSY Phonological Processing task, the
left-lateralized group performed significantly better than the right-lateralized
group (Peorrected =0.012), but the linear correlation with LI was not signifi-
cant (R=0.13, p=0.286, Figure 8.4B). The same results were observed when
a lateralization index calculated based on tract volume was compared across

groups (data not shown).

8.4 Discussion

Using DTI and tractography, we have characterized the lateralization of the
arcuate fasciculus in children, adolescents and young adults, and have demon-

strated a significant relationship between this asymmetry and specific cognitive
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abilities in children. Across the entire group, number of streamlines and FA
values were significantly higher in the left hemisphere than the right hemi-
sphere, and most individuals were left-lateralized, in agreement with many
previous DTT studies in healthy adult populations (Catani et al., 2007; Makris
et al., 2005; Nucifora et al., 2005; Parker et al., 2005; Powell et al., 2006;
Vernooij et al., 2007), healthy children (Eluvathingal et al., 2007), and adult
patients (Matsumoto et al., 2008). Approximately 10% of individuals demon-
strated rightward lateralization for number of streamlines (LI<-0.2), while
34% had extreme leftward lateralization with no detectable streamlines in the
right hemisphere. Previous adult studies have observed up to 4% of subjects
to be right-lateralized, and anywhere from 0-62% to have streamlines in only
the left hemisphere (Catani et al., 2007; Nucifora et al., 2005; Vernooij et al.,
2007). The number of left-only arrangements observed in this study is well
within the range of previous findings and is closest to observations in chil-
dren, specifically that 29% of children have no detectable right streamlines
(Eluvathingal et al., 2007). We observed more right-lateralized individuals
than other studies; however, our sample size was considerably larger (n=183
as opposed to n=20-40), and therefore may be expected to contain a wider
range of individuals. Interestingly, our findings are consistent with volumetric
studies of the planum temporale, which have shown that while the majority
of the population is left-lateralized, approximately 9-12% of right-handers ex-
hibit rightward asymmetry of planum temporale volume (Dos Santos Sequeira
et al., 2006; Pujol et al., 2002; Steinmetz, 1996).

There were no significant age or gender effects on lateralization. The con-
sistent pattern of asymmetry observed suggests that arcuate fasciculus later-
alization is present in early childhood and remains constant throughout ado-
lescence into adulthood. Significant development of the arcuate and superior
longitudinal fasciculi occurs during childhood and adolescence, as evidenced
by increasing FA values (Barnea-Goraly et al., 2005b; Lebel et al., 2008b;
Schmithorst et al., 2002) and “white matter density” (Paus et al., 1999); age-
related changes of FA within this population were also significant (data not

shown). Despite this development, however, lateralization does not change
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with age in this cross-sectional cohort, suggesting that the relationship between
hemispheres is maintained even as the brain develops. Similar observations of
consistent lateralization have been made with regards to leftward asymmetry
of the planum temporale, which exists in adults and is also observed in fetal
and neonate brains (Chi et al., 1977; Witelson and Pallie, 1973). Increases of
functional lateralization of language have been shown during childhood and
adolescence (Everts et al., 2008; Holland et al., 2007; Ressel et al., 2008). How-
ever, these functional changes are believed to correspond to skill acquisition
rather than more generalized brain development (Holland et al., 2007), a hy-
pothesis supported by the lack of age-related structural lateralization changes
in our study. Most previous DTI studies of the arcuate fasciculus do not
comment on gender effects with respect to lateralization; however, one study
reported gender differences of arcuate fibre density lateralization, with females
having a more symmetric arrangement (Catani et al., 2007). Findings of gen-
der differences in functional language lateralization and asymmetry of other
brain structures have been mixed (Dos Santos Sequeira et al., 2006; Good
et al., 2001a; Kansaku and Kitazawa, 2001; Pujol et al., 2002; Shaywitz et al.,
1995; Sommer et al., 2004; Vikingstad et al., 2000).

Children with a greater number of arcuate fasciculus streamlines on the left
performed significantly better on certain cognitive tasks than those with more
on the right. The left-only group outperformed the right-lateralized group on
the PPVT, and the left-lateralized group scored significantly better than the
right-lateralized group on the NEPSY Phonological Processing task. Right-
ward lateralization was not associated with better scores on either task. Both
the PPVT, a test of receptive vocabulary, and phonological processing tasks
involve frontal and temporal brain areas (Burton et al., 2000; Dronkers et al.,
2004; Shalom and Poeppel, 2008; Temple, 2002; Wells et al., 2008). There-
fore, it is not surprising that the arcuate fasciculus, connecting the frontal and
temporal regions, seems to play a role in both of these tasks. However, the
Word ID and Word Attack tasks also involve frontal and temporal regions,
yet performance on these tasks was not observed to be significantly different

among lateralization groups. The relationship between lateralization of the ar-
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cuate fasciculus and cognitive skills is still unclear. Future studies on different
populations will help to further elucidate the relationship between cognitive
skills such as these and lateralization of white matter tracts.

One previous study found a significant correlation between arcuate fascicu-
lus lateralization and a measure of word encoding and list retrieval in adults,
with the more bilateral individuals performing best (Catani et al., 2007). Al-
though these differ from our results, the tasks involved were quite different, as
were the populations. Furthermore, the arcuate fasciculus is a complex fibre
bundle, and is not the only pathway involved in language. Another, more
ventral route has been implicated in language processing (Frey et al., 2008;
Parker et al., 2005), and may play an additional role in cognitive tasks such as
these. Future studies looking at lateralization of this and other brain pathways
and their relationship to cognitive abilities may further elucidate the complex
interplay between brain structure and language.

The arcuate fasciculus is part of a large, distributed network of brain sys-
tems implicated in intelligence tasks (Jung and Haier, 2007; Shaw, 2007).
Based on changes in DTT parameters, this tract matures relatively slowly com-
pared to other white matter fibre bundles (Lebel et al., 2008b; Zhang et al.,
2007), and even appears to be absent in some children with global develop-
mental delay (Sundaram et al., 2008). Furthermore, the arcuate fasciculus
is much smaller or completely absent in other, non-human primates (Rilling
et al., 2008), pointing to its advanced role in human cognition. FA values in
the arcuate fasciculus correlate with various cognitive scores (Ashtari et al.,
2007; Breier et al., 2008; Schmithorst et al., 2005; Turken et al., 2008), and
arcuate lateralization is related to verbal recall in adults (Catani et al., 2007).
Here, we provide further evidence of a key role for the arcuate fasciculus by
demonstrating a correlation with verbal intelligence and phonological process-
ing tasks.

For this study, a six direction diffusion encoding scheme with multiple
averages was used for DTI acquisition. Although using more directions is
advantageous for robust estimates of anisotropy (Jones, 2004), particularly at

lower SNR values (such as 15 as presented in that paper), SNR values were
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very high for our DTT scans (average SNR=76 on b0 images). It has been
shown that the effects of different encoding schemes may be less of an issue
compared to intra-session reliability and the impact of SNR, and that with
SNR levels greater than ~30, a six direction acquisition scheme is comparable
to those with more encoding directions in terms of FA estimates and power to
detect group differences (Landman et al., 2007).

Deterministic tractography, as used in this study, aims to delineate white
matter fibre tracts passing through specific regions, essentially creating a three-
dimensional region of interest containing one specific tract. However, it is
prone to errors in areas of crossing fibres where artificially low FA values are of-
ten obtained, such as the region where the arcuate fasciculus descends into the
temporal lobe. To minimize errors in this study, a multiple region-of-interest
approach was used with seeding and target regions for each tract placed ac-
cording to a priori knowledge of tract location and trajectory (Makris et al.,
2005; Wakana et al., 2004). Furthermore, all tracts were visually inspected
to ensure that they conformed to known anatomical trajectories and did not
contain spurious fibres. Crossing fibres, however, remain a limitation of deter-
ministic tractography studies. Probabilistic tractography, on the other hand,
takes into account the uncertainty in each voxel along the tract (Behrens et al.,
2003; Jones and Pierpaoli, 2005; Lazar and Alexander, 2005) and helps over-
come problems in crossing fibre regions by estimating all possible connections
from a seeding region and their likelihood. Since the trajectory of the arcu-
ate fasciculus is well-known (Catani et al., 2007; Makris et al., 2005; Wakana
et al., 2004), and measurements of number of streamlines and FA along the
entire length of the tract were desired, deterministic tractography was the
appropriate method for this study, despite its limitations. Furthermore, previ-
ous studies of the arcuate fasciculus using both deterministic (Nucifora et al.,
2005; Vernooij et al., 2007) and probabilistic (Powell et al., 2006) tractogra-
phy are in agreement. Overall, diffusion tractography is a powerful technique
able to virtually extract many of the major white matter connections of the
brain, and evidence suggests that the trajectories of many major white matter

tracts obtained via tractography agree with the results of postmortem studies
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(Catani et al., 2002; Wakana et al., 2007).

8.5 Conclusion

DTI tractography has revealed a pattern of leftward asymmetry of the arcuate
fasciculus in children, adolescents, and young adults that is consistent across
both age and gender. In a subset of children aged 5-13 years, DTI has demon-
strated a relationship between arcuate fasciculus lateralization and cognitive
ability; extreme leftward lateralization was associated with better receptive
vocabulary scores, while a phonological processing task was performed best by
those with more moderate leftward lateralization. These findings suggest that
the left-lateralized arrangement of the arcuate fasciculus is already present
in childhood, and that this lateralization plays an important role in certain
cognitive tasks. Future studies exploring the relationship between structural
and functional lateralization and cognitive ability may further elucidate the

interplay of brain lateralization and cognitive function.
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Chapter 9

Brain Diffusion Abnormalities
in Fetal Alcohol Spectrum
Disorder!

Abstract

Children with fetal alcohol spectrum disorder (FASD) have a variety of cog-
nitive, behavioural, and neurological impairments, including structural brain
damage. Despite the importance of white matter connections for proper brain
function, little is known about how these connections, and the deep gray matter
structures that act as relay stations, are affected in children with FASD. The
purpose of this study was to use diffusion tensor imaging (DTI), an advanced
magnetic resonance imaging technique, to examine microstructural differences
of white and deep gray matter in children with FASD. Subjects in this study
were 24 children aged 5-13 years previously diagnosed with FASD and 95
healthy children over the same age range. Diffusion tractography was used
to delineate ten major white matter tracts in each individual, and region of
interest analysis was used to assess four deep gray matter structures. Frac-
tional anisotropy (FA) and mean diffusivity (MD) were assessed in all 14 brain
structures. DTT revealed significant differences of diffusion parameters in sev-

eral brain areas: the genu and splenium of the corpus callosum, cingulum,

LA version of this chapter has been published. C. Lebel, C. Rasmussen, K. Wyper,
L. Walker, G. Andrew, J. Yager and C. Beaulieu, 2008. Brain Diffusion Abnormalities
in Children with Fetal Alcohol Spectrum Disorder. Alcohol Clinical and Experimental
Research 32: 1732-40.
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corticospinal tracts, inferior fronto-occipital fasciculus, inferior and superior
longitudinal fasciculi, globus pallidus, putamen, and thalamus. Reduced white
and gray matter volumes, as well as total brain volume, were observed in the
FASD group. These results demonstrate diffusion abnormalities in FASD be-
yond the corpus callosum, and suggest that multiple brain regions are sensitive

to prenatal alcohol exposure.

9.1 Introduction

Prenatal alcohol exposure can lead to a variety of cognitive, behavioural and
neurological deficits, including permanent structural damage to the brain (Barr
and Streissguth, 2001; Jones and Smith, 1973; Lemoine et al., 1968; Mattson
and Riley, 1998; Spadoni et al., 2007). Fetal alcohol spectrum disorder (FASD)
is the umbrella term used to describe the various developmental disorders as-
sociated with maternal alcohol use during pregnancy (Chudley et al., 2005),
and FASD is estimated to affect anywhere from 0.33-10 per 1000 live births in
North America (Abel and Sokol, 1987, 1991; May and Gossage, 2001; Sampson
et al., 1997). Children with FASD often have motor delays (Kalberg et al.,
2006), and deficits in attention, learning and memory, executive functioning,
mathematics, and language (Jacobson and Jacobson, 2002; Mukherjee et al.,
2006). A thorough understanding of the structural brain abnormalities that
underlie cognitive and behavioural deficits in FASD is needed, and it may pro-
vide insight into the relationship between structure and function in individuals
with FASD.

Autopsy studies of children with severe prenatal alcohol exposure identi-
fied a host of brain abnormalities including agenesis of the corpus callosum,
microcephaly, ventriculomegaly, a small cerebellum, and a variety of other
malformations caused by neuronal and glial migration errors (Clarren et al.,
1978; Jones and Smith, 1973; Peiffer et al., 1979); however, these studies did
not reveal any consistent patterns of brain abnormalities (Roebuck et al.,
1998). Although informative, autopsy studies are inevitably limited by the

number of available subjects, and likely represent a skewed sample, since only
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the most severely alcohol-affected subjects die during infancy. Magnetic res-
onance imaging (MRI) and spectroscopy make it possible to non-invasively
assess the teratogenic effects of alcohol in vivo, and have demonstrated struc-
tural (Archibald et al., 2001; Autti-Ramo et al., 2002; Mattson et al., 1996),
functional (Fryer et al., 2007; Sowell et al., 2007), and metabolic (Cortese
et al., 2006; Fagerlund et al., 2006) abnormalities in individuals with prenatal
alcohol exposure.

White matter forms the brain connections necessary for proper cognitive
function, and although reduced white matter volume (Archibald et al., 2001)
and abnormalities of the corpus callosum and anterior commissure (Bookstein
et al., 2007; Peiffer et al., 1979) have been noted in FASD, relatively little is
known about how specific brain white matter structures are affected. Diffusion
tensor MRI (DTI) is an advanced imaging technique that provides a more sen-
sitive measure of tissue microstructure than conventional MRI (Basser et al.,
1994; Le Bihan, 2003) and is especially useful at virtually extracting white
matter connections of the brain using tractography (Basser et al., 2000; Con-
turo et al., 1999; Jones et al., 1999; Mori et al., 1999). Two previous DTI
studies using two-dimensional region of interest analysis have reported cal-
losal abnormalities in individuals with FASD, specifically reduced fractional
anisotropy (FA) and increased mean diffusivity (MD) in the genu and sple-
nium of the corpus callosum of severely alcohol-affected young adults (Ma
et al., 2005), and increased MD in the isthmus of the corpus callosum of more
mildly alcohol-affected children (Wozniak et al., 2006). These studies confirm
consistent abnormalities of the corpus callosum in FASD; however, neither
study investigated other brain regions. One recent study using voxel-based
analysis of whole brain DTT in children and adolescents with FASD reported
reduced FA in the regions of the lateral splenium, posterior cingulate white
matter bilaterally, and the deep white matter of the right lateral temporal
lobe (Sowell et al., 2008a); however, it did not examine specific white matter
tracts, a task well suited for DTI tractography, nor did it report changes in
mean diffusivity.

Given the variety of structural brain abnormalities and cognitive deficits
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associated with FASD, other brain regions are likely to be affected and warrant
investigation. Tractography allows for the examination of specific white mat-
ter fibre bundles as three-dimensional volumes, providing information about
how specific brain connections are affected by prenatal alcohol exposure. In
addition to white matter, deep gray matter structures show very large diffu-
sion changes during neurodevelopment (Lebel et al., 2008b), yet DTT changes
in deep gray matter have not yet been assessed in individuals with FASD. The
purpose of our study was to determine the range of white and deep gray matter

abnormalities in children with FASD using DTI and diffusion tractography.

9.2 Methods

9.2.1 Subjects

Subjects were 24 children aged 5-13 years (mean + st.dev: 9.1 4+ 2.2 years,
13 males/11 females, 19 right-handed/5 left-handed) with FASD recruited
through a hospital FASD clinic. All children had confirmed prenatal alco-
hol exposure and a previous medical diagnosis of an alcohol-related disor-
der falling under the umbrella term FASD, according to the Diagnostic guide
for Fetal Alcohol Spectrum Disorders: The 4-Digit Diagnostic Code (Ast-
ley, 2004). Two children were diagnosed with fetal alcohol syndrome (FAS)
and the rest were diagnosed with other forms of FASD, including neurobe-
havioural disorder-alcohol exposed (6 subjects), static encephalopathy-alcohol
exposed (3 subjects), and neurobehavioural disorder-alcohol exposed with sen-
tinel physical findings (2 subjects). The remaining 11 subjects had a diagnosis
of FASD without further specification. Control subjects were 95 healthy chil-
dren aged 5-13 years (mean + st.dev: 9.8 + 2.2 years, 50 males/45 females,
88 right-handed/6 left-handed/1 no preference) with no self-reported history
of neurological or psychiatric disease or brain injury, who were recruited and
scanned as part of a separate study of healthy brain development (Lebel et al.,
2008b). Child assent and parent/guardian consent were obtained from all par-
ticipants. Of the children with FASD, approximately 30% were aboriginal,

while the remaining subjects were primarily Caucasian. The majority of the
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control participants were Caucasian. Unfortunately, specific information about
quantity of alcohol use during pregnancy and possible use of other drugs was

not available.

9.2.2 Cognitive Assessment

A battery of cognitive assessments was performed on each child with FASD in
order to compare cognitive scores with quantitative DTI parameters of specific
brain regions. Executive functioning was assessed using the NEPSY: Tower,
Auditory Attention and Response Set, Visuomotor Precision, Arrows, Mem-
ory for Names, and Narrative Memory subtests. The Working Memory Test
Battery for Children (WMTB-C), Digit Recall and Block Recall subtests were
used to measure working memory, and the Woodcock Johnson III (WJ-III)
Tests of Achievement-Quantitative Concepts subtest assessed mathematical
ability. The Woodcock Reading Mastery Test (WRMT) — Word ID, and the
Comprehensive Receptive and Expressive Vocabulary Test (CREVT-2) tested
reading achievement and vocabulary proficiency, respectively. Cognitive as-

sessments were not performed on the control children.

9.2.3 Image Acquisition

All data was acquired on the same 1.5 T Siemens Sonata MRI scanner us-
ing identical methods. Total acquisition time was approximately 18 minutes
and included DTI, anatomical T1-weighted, T2-weighted and FLAIR imaging.
DTI was acquired using a dual spin-echo, single shot echo-planar imaging se-
quence with the following parameters: 40 3 mm thick axial-oblique slices with
no inter-slice gap, TR=6400 ms, TE=88 ms, 6 non-collinear diffusion sensitiz-
ing gradient directions with b=1000 s/mm?, 8 averages, field-of-view 220x 220
mm?, matrix of 128x128 zero-filled to 256x256, 75% phase partial Fourier.
Total DTT acquisition time was 6:06 minutes and yielded excellent quality
FA maps in the children (as shown in Figure 9.1). High resolution (1x1x1
mm?) T1-weighted images were acquired using MPRAGE with TE=4.38 ms,
TR=1870 ms, TI=1100 ms, and a scan time of 4:29 minutes. Head motion

was minimized using ear pads, but some children needed to be removed from
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Figure 9.1: Several axial slices are shown from the fractional anisotropy (top) and
mean diffusivity maps (bottom) of a 9 year old boy who was part of the FASD
group.

the MRI scanner after the 6-minute DTI sequence, and therefore T1-weighted
images were obtained in 20 of the 24 children with FASD, and 93 of the 95
control subjects. Conventional T2-weighted and FLAIR scans were obtained

for 18 of the 24 FASD children to detect gross brain abnormalities.

9.2.4 Region-of-Interest Diffusion Measurements

Average mean diffusivity (MD) and fractional anisotropy (FA) values were cal-
culated for four deep gray matter structures (thalamus, globus pallidus, puta-
men, and head of the caudate nucleus) using region-of-interest (ROI) analysis
by the same investigator (L.W.), according to previously described methods
(Snook et al., 2005). A previous intra-rater reliability study by the individual
who performed all of the ROI analysis in this paper showed good reliability of
ROI measurements (LW is L. Snook from the previous study, with a change of
surname) (Snook et al., 2005). For each structure, left and right measurements
were made and analyzed separately. Diffusion eigenvalues were not analyzed

for the regions measured using ROI analysis.
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9.3 Fibre Tracking Diffusion Measurements

A novel, semi-automated tractography method was used to extract ten ma-
jor white matter tracts in each individual. A template was created based
on 20 DTTI scans of one 25 year old male obtained on the same MRI scan-
ner, which were normalized and averaged together. Non diffusion-weighted
images (b=0 s/mm?) were registered to the template using a non-affine trans-
formation (SPM5, Wellcome Trust Centre for Neuroimaging, London, UK) to
obtain warping parameters for each subject. For each tract, one seeding region
and one target region known to contain the tract were selected on the tem-
plate colour map according to a priori information on tract location (Wakana
et al., 2004). Additional exclusion regions were used to eliminate spurious
tracts. Seeding, target, and exclusion regions selected manually on the tem-
plate colour map were un-warped to native space for each individual data set
using the inverse of normalization parameters obtained from initial registra-
tion. The un-registered seeding and target regions were used to perform fibre
tracking automatically within each individual in native space. Fibre track-
ing was performed in ExploreDTI (Antwerp, Belgium), using a deterministic
streamline method. FA thresholds were set to 0.25 to initiate and continue
tracking, while the angle threshold was set to 60° for the uncinate fasciculus
and the superior longitudinal fasciculus and 30° for all other tracts. Ten major
white matter fibre bundles with well-known anatomy were tracked: the genu,
body and splenium of the corpus callosum, inferior and superior longitudi-
nal fasciculi (ILF, SLF), inferior and superior fronto-occipital fasciculi (IFO,
SFO), cingulum, uncinate fasciculus (UF), and corticospinal tracts (CST). FA
and MD values were calculated by averaging all voxels over the entire tract for
each individual. Note that each voxel was counted only once, regardless of the
number of streamlines passing through it. Where appropriate, left and right
tracts were measured and analyzed separately. Parallel and perpendicular

diffusivity eigenvalues were measured for each white matter tract.
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9.3.1 Volume Measurements

T1-weighted MPRAGE images were segmented into gray and white matter
using statistical parametric mapping software (SPM5, Wellcome Trust Centre
for Neuroimaging, London, UK), after normalization to the ICBM-152 tem-
plate. Total gray matter and white matter volumes were measured, and total
brain volume was calculated. Cerebrospinal fluid was not included in total

brain volume measurements.

9.3.2 Statistical Analysis

Cognitive assessment scores for the FASD group were compared to standard
values (a score of 100 WMTB-C, CREVT, WJ-IIT and WRMT tests, and a
score of 10 for all NEPSY subtests) using a one sample t-test, with a signifi-
cance level of 0.05. Diffusion parameters (FA and MD) for each tract were com-
pared between control and FASD groups using a MANCOVA that accounted
for the effects of age, since FA and MD are known to be age-dependent (Barnea-
Goraly et al., 2005b; Ben Bashat et al., 2005; Lebel et al., 2008b). Tracts in
the left and right hemispheres were assessed separately. Gray matter, white
matter and total brain volume were also compared between groups using a
MANCOVA controlling for age. Within the FASD group, partial correlations
controlling for age, with Bonferroni correction for multiple comparisons, were
used to examine the relationship of the DTI parameters, FA and MD, for each
tract to the above mentioned raw cognitive scores. Male and female subjects

were combined for all analyses, due to small sample size.

9.4 Results

9.4.1 Cognitive Testing

Standardized score means and standard deviations are shown in Table 9.1.
Children with FASD performed significantly below average (based on general
population averages for each test, not our control subjects) for almost all tests,

except the NEPSY: Narrative Memory and Tower subtests. Children with

140



Table 9.1: Summary of cognitive scores, with mean and standard deviations for
each score. Scores were tested against normal values (10 for all NEPSY subtests,
100 for all other assessments) using a one-sample t-test. Children with FASD
performed significantly below average on most tests.

Cognitive Assessment n Mean | St.Dev. | p value
NEPSY: Narrative Memory 22 8.5 3.7 0.078
NEPSY: Memory for Names 22 7.1 3.7 0.002
NEPSY: Arrows 24 8.3 3.4 0.026
NEPSY: Visuomotor Precision 24 7.8 2.8 0.001
NEPSY: Auditory Attention and || 17 8.1 3.3 0.026
Response Set

NEPSY: Tower 24 8.9 4.0 0.185
Working Memory Test Battery — || 23 83.6 12.0 0.000
Children (WMTB-C): Digit Recall

Working Memory Test Battery — || 23 84.7 14.0 0.000
Children (WMTB-C): Block Recall

Comprehensive  Receptive  and || 21 87.0 13.1 0.000
Expressive Vocabulary Tests

(CREVT): Composite Score

Woodcock-Johnson (WJ-III): Quan- || 21 87.1 16.5 0.002
titative Concepts

Woodcock Reading Mastery Test || 21 93.1 10.1 0.005
(WRMT): Word Identification

FASD showed particular deficits in working memory, quantitative concepts,
vocabulary, and some executive functioning measures. No correlations between
cognitive measures and diffusion parameters of any of the ten tracts or four
gray matter regions (left or right) were significant at the p=0.05 level after

Bonferroni correction for multiple comparisons.

9.4.2 Structural Imaging and Volume

No gross brain abnormalities were observed on T2-weighted or FLAIR images
for the FASD cohort. Gray matter, white matter, and total brain volume were
significantly reduced in children with FASD compared to the control group
(see Figure 9.2). White matter volume was slightly more affected and was
reduced by 11.5% (57 cm?®) in FASD subjects, while gray matter was reduced
by 6.8% (50 cm?). Overall, total brain volume was reduced by 8.4% (107 cm?)
in the FASD group.
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Figure 9.2: Children with FASD (n=20) showed a decrease in total volume (p<0.001)
relative to controls (n=93) with a greater percent reduction of white matter (11.5%,
p<0.001) than gray matter (6.8%, p=0.002).
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Table 9.2: Summary of diffusion parameters, with mean FA and MD values for
FASD (n=24) and control (n=95) subjects, and the significance of the between-
groups comparison (p value from MANCOVA) for each of the ten white matter
tracts and four deep gray matter regions.*p<0.05

Tractography FA MD [107% mm?/s]
Analysis
FASD | Control | p FASD | Control | p

value value
Genu CC 0.55 0.55 0.823 | 0.80 0.82 0.021*
Body CC 0.52 0.52 0.528 | 0.90 0.89 0.796
Splenium CC 0.56 0.58 0.001* | 0.85 0.83 0.240
L Cingulum 0.47 0.47 0.855 | 0.81 0.81 0.792
R Cingulum 0.44 0.47 0.038* | 0.81 0.80 1.000
L CST 0.49 0.51 0.058 | 0.85 0.84 0.792
R CST 0.50 0.51 0.435 | 0.87 0.84 0.001*
L TFO 0.49 0.49 0.348 | 0.84 0.82 0.015*
R TFO 0.49 0.50 0.964 | 0.85 0.82 0.001*
L ILF 0.42 0.45 0.000* | 0.89 0.86 0.006*
R ILF 0.43 0.45 0.003* | 0.88 0.87 0.090
L SFO 0.43 0.44 0.095 | 0.78 0.77 1.000
R SFO 0.44 0.45 0477 | 0.77 0.76 0.217
L SLF 0.45 0.47 0.005* | 0.80 0.78 0.106
R SLF 0.45 0.47 0.048* | 0.79 0.78 0.087
L Uncinate 0.40 0.40 0.461 | 0.87 0.85 0.145
R Uncinate 0.41 0.40 0.218 | 0.87 0.85 0.055
Region-of-
Interest Analysis
L Caudate 0.18 0.18 0.720 | 0.75 0.73 0.484
R Caudate 0.18 0.18 0.493 | 0.74 0.73 0.059
L Globus pallidus | 0.26 0.24 0.000* | 0.80 0.77 0.000*
R Globus pallidus | 0.26 0.24 0.007* | 0.80 0.77 0.000*
L Putamen 0.15 0.15 0.093 | 0.76 0.74 0.327
R Putamen 0.15 0.16 0.193 | 0.76 0.74 0.001*
L Thalamus 0.28 0.30 0.034* | 0.80 0.79 0.456
R Thalamus 0.29 0.29 0.817 | 0.80 0.78 0.043*
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Figure 9.3: All ten tracts measured are shown in a healthy 8 year old male control.
Seven of the ten tracts showed significant diffusion abnormalities in the FASD group,
either bilaterally (FA in SLF, ILF, splenium, MD in IFO and genu) or unilaterally
(FA in cingulum, MD in ILF, CST).

9.4.3 Diffusion Parameters

The MANCOVA test revealed abnormal diffusion parameters in children with
FASD, either unilaterally or bilaterally, in 7 of 10 white matter tracts and
3 of 4 gray matter structures examined (see Table 9.2, Figures 9.3 and 9.4).
The right cingulum, bilateral ILF and SLF, splenium of the corpus callosum,
and left thalamus demonstrated FA reductions of 4-6% in children with FASD
compared to controls; increased FA (8%) was observed in the globus pallidus.
MD was increased by 1-4% in children with FASD compared to controls in the
bilateral TFO, left ILF, right CST, globus pallidus, right putamen, and right
thalamus. Mean diffusivity in the genu of the corpus callosum was reduced by

2% in children with FASD compared to controls.
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Figure 9.4: All four gray matter areas measured are shown in a healthy 6 year old
male control. Three of the four structures showed diffusion parameter abnormalities
either bilaterally (FA and MD in globus pallidus) or unilaterally (FA and MD in
thalamus, MD in putamen).
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9.5 Discussion

Tractography and region of interest analysis revealed diffusion abnormalities in
seven of ten white matter tracts and three of four deep gray matter structures
in children with FASD, as shown in Table 9.2 and Figures 9.3 and 9.4. Our
results demonstrate widespread microstructural differences between children
with FASD and healthy controls, and support previous DTI findings in the
corpus callosum (Ma et al., 2005; Sowell et al., 2008a; Wozniak et al., 2006),
posterior cingulate white matter bilaterally and right temporal white matter
(Sowell et al., 2008a) in individuals with FASD.

Callosal abnormalities have been consistently reported in alcohol-affected
individuals by studies using autopsy and various imaging techniques (Book-
stein et al., 2007; Fagerlund et al., 2006; Peiffer et al., 1979), including DTI
(Ma et al., 2005; Sowell et al., 2008a; Wozniak et al., 2006). Two DTT studies
(Sowell et al., 2008a; Wozniak et al., 2006) found differences only in the poste-
rior corpus callosum of children (n=17 and n=14) with FASD, while another
study (Ma et al., 2005), demonstrated reduced FA and elevated MD in the
frontal parts of the corpus callosum (genu) in addition to the splenium in nine
alcohol-affected young adults. We examined a larger group of 24 children, and
observed reduced FA in the splenium and reduced MD in the genu of the FASD
group, confirming callosal abnormalities in individuals with prenatal alcohol
exposure. Although we found reduced, rather than elevated, MD values in the
genu, our subjects were younger and less severely alcohol-affected than those
in the previous study (Ma et al., 2005) (who all had FAS), and therefore may
be expected to have different structural brain abnormalities. Furthermore, our
tractography method examines the tract volume as a whole, encompassing a
much larger region than two-dimensional ROI analysis of a single slice.

Previous MRI studies have demonstrated a particular vulnerability of the
temporal and parietal lobes to the teratogenic effects of alcohol, with these
areas showing thicker cortices, perhaps implying less white matter, as well as
greater volume reductions than other brain regions (Archibald et al., 2001;

Sowell et al., 2008b). In addition, one study reported diffusion abnormalities
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in children with FASD in the right temporal lobe, which is a region containing
the inferior longitudinal and inferior fronto-occipital fasciculi (Sowell et al.,
2008a). Consistent with these studies, we observed differences in the both of
these tracts, and the largest differences between healthy children and those
with FASD were in white matter fibres connecting to the temporal region of
the brain. The bilateral superior longitudinal fasciculus, a temporal-parietal
connection involved in language processing, the bilateral inferior longitudinal
fasciculus, an occipital-temporal tract thought to be involved in secondary vi-
sual processing, and the right cingulum, a temporal connection projecting to
the frontal lobe, all showed significant differences of FA and/or MD. Although
the uncinate fasciculus, another fronto-temporal connection, was not signifi-
cantly different between groups, there was a trend (p=0.055) toward elevated
MD in the right hemisphere.

The group differences we observed ranged from 0.02-0.03 for FA, or 4-8%,
and 0.02-0.03x107% mm? /s for MD, or 1-4%. Previous studies have reported
FA differences of 17-22% (Ma et al., 2005; Sowell et al., 2008a) and MD differ-
ences of 15-17% (Ma et al., 2005; Wozniak et al., 2006) in the corpus callosum,
and FA changes of 6-11% in the right temporal lobe (Sowell et al., 2008a). Our
percent differences of DTI parameters are somewhat lower than previous stud-
ies, particularly for the corpus callosum; however, we used tractography, which
examines the entire white matter tract, rather than a smaller, more specific
area. The other studies report differences from only a small portion of the
tract, using either region-of-interest analysis, which examines only the central
portion of the structure, or voxel-based methods that report differences from
only voxels contained within the significant region. By averaging FA or MD
values over a larger region, our differences are smaller, but demonstrate robust
differences across an entire structure. Only two of the subjects in our study
(8%) were diagnosed with FAS, the most severe diagnosis falling under the
FASD umbrella, which is a much smaller percentage than two of the other
studies, which had 24% (4 of 17 subjects) (Sowell et al., 2008a), and 100% of
individuals (Ma et al., 2005) with FAS. The third study did not have any in-
dividuals with FAS (Wozniak et al., 2006). These differential diagnoses likely
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also contribute to different magnitudes of changes between groups.

The eigenvalues of the diffusion tensor can provide detailed information
about microstructural differences that might underlie changes of FA. An in-
vestigation of the eigenvalues for tracts with significant FA reductions revealed
a consistent elevation of perpendicular diffusivity in children with FASD (data
not shown). This suggests decreased barriers to diffusion across the axons,
such as reduced myelination and/or axonal density (Beaulieu, 2002). Prenatal
alcohol exposure is known to affect the glial cells of the brain (Guerri et al.,
2001), and in particular, the oligodendrocytes that produce the myelin sheath
surrounding axons (Ozer et al., 2000; Phillips and Krueger, 1992). Demyelina-
tion in the mouse brain is reflected by an increase of perpendicular diffusivity,
whereas remyelination is characterized by decreases of perpendicular diffusiv-
ity (Song et al., 2005), suggesting that reduced myelination in the FASD group
is a possible cause of the observed FA differences between groups.

Diffusion abnormalities were observed in the thalamus, putamen, and glob-
us pallidus (Table 9.2, Figure 9.4). Deep gray matter structures are known
to be affected by prenatal alcohol exposure, as demonstrated by decreased
metabolic rates on positron emission tomography scans (Clark et al., 2000),
reduced volume (Archibald et al., 2001; Cortese et al., 2006; Mattson et al.,
1996), and abnormal metabolite ratios (Fagerlund et al., 2006). These deep
gray matter structures also undergo large developmental changes (30-50% in-
crease of FA) during childhood and adolescence (Lebel et al., 2008b). Although
the interpretation of diffusion parameters in gray matter is not straightforward,
the elevated MD indicates fewer barriers to diffusion, and reduced FA values
may reflect a decreased level of organization, possibly indicating that children
with FASD have less order in the thalamus and putamen, but increased orga-
nization in the globus pallidus. We did not observe any diffusion abnormalities
in the caudate, perhaps indicating that its internal structure remains constant
despite the overall volume decreases reported by other studies (Archibald et al.,
2001; Cortese et al., 2006; Mattson et al., 1996).

Overall, there was good agreement between left and right hemispheres for

changes of both FA and MD. However, the cingulum, corticospinal tracts,
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Figure 9.5: Three examples of age-related diffusion changes are shown with best fit
curves for controls (solid line) and confidence/prediction intervals (dotted/dashed
lines). Where there are significant group differences (FA in splenium, FA and MD
in left ILF, MD in right putamen), most FASD subjects lie on one side of the fit
line, but within the prediction interval.

inferior longitudinal fasciculus, putamen and thalamus demonstrated asym-
metrical changes of FA and/or MD. Asymmetry of diffusion parameters in
healthy subjects has been previously reported in the cingulum (Gong et al.,
2005), putamen and thalamus (Fabiano et al., 2005), perhaps contributing to
the hemispheric discrepancies for these structures. Asymmetric findings may
also indicate different sensitivities of the right and left hemispheres to prenatal
alcohol exposure.

As was expected and has been consistently described in the literature
(Archibald et al., 2001; Autti-Ramo et al., 2006; Spadoni et al., 2007), we
observed significantly reduced total brain volume, white matter and gray mat-
ter volume in the FASD group compared to controls (Figure 9.2). In our FASD
group, white matter volume was slightly more reduced than gray matter vol-
ume compared to controls, supporting previous reports that white matter is
more affected by prenatal alcohol exposure (Archibald et al., 2001). We did
not examine regional volume differences, so are unable to determine whether
any specific structures demonstrated volume changes.

During childhood, FA increases and MD decreases with age (Barnea-Goraly
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et al., 2005b; Ben Bashat et al., 2005; Lebel et al., 2008b). Unfortunately, our
sample was not large enough to examine age-related changes within the FASD
group; however, it appears that differences between groups exist across our
age range. For all structures, most children with FASD (>80%) fell within
the 95% prediction interval for control subjects (see Figure 9.5). However,
for structures with significant group differences, children with FASD were pre-
dominantly located on one side of the control development curve (within the
95% prediction interval, but outside the 95% confidence interval of the fit). For
structures without significant differences, children with FASD are more evenly
scattered about the control curve. A larger sample size over a wider age range
is needed to compare the developmental trajectories of brain structures in
FASD compared to healthy controls.

Many of the FASD children in this study showed deficits on cognitive tests,
especially working memory, quantitative concepts, vocabulary, and some mea-
sures of executive functioning (see Table 9.1). One study has reported corre-
lations between visuomotor integration test scores and FA in the splenium of
the corpus callosum in subjects with FASD (Sowell et al., 2008a); however, we
did not find any significant correlations between cognitive measures and DTI
parameters. The robust cognitive deficits in our FASD subjects are indica-
tive of underlying brain abnormalities; however, it may be overly simplistic
to expect a one-to-one relationship between a single tract and a specific cog-
nitive deficit. Furthermore, we had a diverse group of affected subjects, and
did not have information regarding the degree of prenatal alcohol exposure.
Although we did not find significant correlations between cognitive deficits
and DTI parameters, that does not mean they are not related. In this re-
gard, alcohol has been shown to increase fetal glutamate levels (Karl et al.,
1995; Thomas et al., 1997) and reduce glutamate NMDA receptors (Hughes
et al., 1998), which, during critical periods of development, may interfere with
normal neuronal and glial migration. Others have found that exposure to alco-
hol during fetal life increases apoptotic neurodegeneration (Ikonomidou et al.,
2001), again contributing to potential teratogenesis and neurobehavioural dis-

turbances. However, it is clear that interruption of the normal excitation that
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occurs in the immature nervous system, promoting neuronal survival, den-
dritic arborization, and synaptogenesis, results in abnormal cerebral growth
and hence abnormal axonal growth (Ma et al., 2003; Mennerick and Zorum-
ski, 2000; Olney, 2004). Further research examining more specific brain regions
may help elucidate structure-function relationships.

Although a sensitive means of assessing tissue microstructure, diffusion
tensor imaging and tractography do not accurately model all brain regions.
In particular, the standard tensor model is not adequate to describe regions
of crossing fibres within the brain, and can lead to artificially low FA values
in these areas. Various techniques have been proposed for more accurately
modeling voxels with crossing fibre populations (Anderson, 2005; Tuch, 2004);
however, these require lengthy data acquisition times that are prohibitive to
scanning children. In an attempt to avoid potentially problematic brain re-
gions, we selected only major white matter tracts that have known trajectories
and can be easily delineated using deterministic tractography. In addition, we
chose a relatively high FA threshold for tracking of 0.25 and terminated any
streamlines that reached voxels with FA values below 0.25, to minimize inclu-
sion of white matter voxels with low FA due to crossing fibres or a high degree
of partial volume contamination from cerebrospinal fluid or gray matter, and

to avoid spurious tracts.

9.6 Conclusion

Diffusion abnormalities were observed across the brains of children with FASD,
showing changes in projection, association and commissural white matter
tracts, as well as deep gray matter structures. Diffusion tensor imaging demon-
strates the widespread brain damage associated with prenatal alcohol expo-
sure, and identifies key structural brain abnormalities that presumably under-
lie the cognitive, motor, behavioural and emotional difficulties associated with

FASD.
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Chapter 10

Brain Structure and
Mathematical Ability in Fetal
Alcohol Spectrum Disorder!

Abstract

Children with fetal alcohol spectrum disorder (FASD) often demonstrate
a variety of cognitive deficits, but mathematical ability seems to be particu-
larly affected by prenatal alcohol exposure. Parietal brain regions have been
implicated in both functional and structural studies of mathematical ability
in healthy individuals, but little is known about the brain structure under-
lying mathematical deficits in children with FASD. The goal of this study
was to use diffusion tensor imaging (DTI) to investigate the relationship be-
tween mathematical skill and brain white matter structure in children with
FASD. Twenty-one children aged 5-13 years diagnosed with FASD underwent
DTT and cognitive assessments including the Woodcock-Johnson Quantitative
Concepts test. Voxel-based analysis was conducted by normalizing subject im-
ages to a template and correlating fractional anisotropy (FA) values across the
brain white matter with age-standardized math scores. Voxel-based analysis
revealed four clusters with significant correlations between FA and math scores:

two positively-correlated clusters in the left parietal region, one positively-

LA version of this chapter has been published. C. Lebel, C. Rasmussen, K. Wyper, G.
Andrew and C. Beaulieu, 2010. Brain Microstructure is Related to Math Ability in Children
with Fetal Alcohol Spectrum Disorder. Alcohol Clinical and Experimental Research 34 (2):
354-363.
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correlated cluster in the left cerebellum, and one negatively-correlated cluster
in the bilateral brainstem. Diffusion tractography identified the specific white
matter tracts passing through these clusters, namely the left superior longitudi-
nal fasciculus, left corticospinal tract and body of the corpus callosum, middle
cerebellar peduncle, and bilateral projection fibres including the anterior and
posterior limbs of the internal capsule. These results identify four key regions
related to mathematical ability and provide a link between brain microstruc-
ture and cognitive skills in children with FASD. Given previous findings in
typically developing children and those with other abnormal conditions, our
results highlight the consistent importance of the left parietal area for mathe-
matical tasks across various populations, and demonstrate other regions that

may be specific to mathematical processing in children with FASD.

10.1 Introduction

Fetal alcohol spectrum disorder (FASD) is the umbrella term used to describe
the various developmental disorders associated with prenatal alcohol exposure
(Chudley et al., 2005). FASD affects 0.3-10 individuals per 1000 live births
(May and Gossage, 2001), and is the leading known cause of mental retardation
(Abel and Sokol, 1986). Children with FASD show widespread structural brain
abnormalities (Archibald et al., 2001; Fryer et al., 2009; Lebel et al., 2008a;
Mattson et al., 1996), and may have various cognitive and behavioural impair-
ments including motor delays, and deficits of attention, executive functioning,
language, learning and memory (Jacobson and Jacobson, 2002; Kalberg et al.,
2006; Mukherjee et al., 2006; Spadoni et al., 2007). Despite an array of intellec-
tual impairments, individuals with FASD generally have greater difficulty with
arithmetic than with other cognitive domains (Howell et al., 2006; Kopera-Frye
et al., 1996; Rasmussen and Bisanz, 2009) and mathematical ability is more
strongly correlated with amount of prenatal alcohol exposure than are other
academic skills (Goldschmidt et al., 1996; Streissguth et al., 1994).

In healthy individuals, mathematical tasks activate frontal, precingulate

and parietal gray matter areas, in particular the intraparietal sulcus (Ansari
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and Dhital, 2006; Chochon et al., 1999; Dehaene et al., 1999, 2004; Eger et al.,
2003; Kawashima et al., 2004). Lesion studies describe patients with left intra-
parietal strokes who subsequently developed acalculia (Ashkenazi et al., 2008;
Takayama et al., 1994), and structural imaging has demonstrated reduced
parietal gray matter (Isaacs et al., 2001; Rotzer et al., 2008) and abnormal
intraparietal morphology (Molko et al., 2003) in individuals with calculation
deficits. These studies show a clear relationship between intraparietal gray
matter and mathematics; however, it is crucial to also understand the under-
lying brain connectivity.

Diffusion tensor imaging (DTI) is a powerful technique (Basser et al., 1994)
that is excellent for studying white matter microstructure. DTI yields a quanti-
tative diffusion parameter, fractional anisotropy (FA), that is related to axonal
packing and myelination (Beaulieu, 2002). DTI has been used to study brain
abnormalities in children with FASD (Fryer et al., 2009; Lebel et al., 2008a;
Li et al., 2009; Sowell et al., 2008a; Wozniak et al., 2006, 2009), but only
two studies reported correlations between cognitive tests and brain structure.
Sowell et al. (2008a) observed a relationship between white matter integrity
in the splenium of the corpus callosum and scores on a visuomotor integra-
tion task. Wozniak et al. (2009) observed a significant positive correlation
between working memory and FA in the genu of the corpus callosum, and
negative correlations between splenium MD and both perceptual organization
and working memory. Another study reported correlations between FA and
both intelligence and processing speed across a group of healthy controls and
FASD youth, but these correlations were not significant in the FASD group
alone (Ma et al., 2005), although the small sample size (n=9) limits the power
to detect correlations within the FASD group alone.

Two previous DTI studies correlated FA with mathematical abilities in
children, one in a typically-developing cohort (van Eimeren et al., 2008) and
one in a rare genetic disorder — velocardiofacial syndrome (Barnea-Goraly
et al., 2005a). Both studies reported left parietal correlations; the former
also implicated the left inferior temporal area. However, correlations between

brain structure and mathematical abilities have never been reported in FASD.
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Given the severity of mathematical deficits in FASD, there is likely to be
a relationship between these difficulties and the underlying brain structure.
The purpose of this study was to use DTI to examine the relationship between

mathematical ability and white matter anisotropy in 21 children with FASD.

10.2 Methods

10.2.1 Subjects

Subjects were 21 children aged 5-13 years (mean + st.dev: 9.2 £+ 2.2 years, 12
males/9 females, 16 right-handed/5 left-handed) diagnosed with a condition
falling under the umbrella term FASD, recruited through a hospital FASD
clinic. Child assent and parent/guardian consent were obtained from all par-
ticipants in the study. These subjects were a subset of the 24 children (the
other three did not have math scores) examined in our previous study focusing
on group comparisons of DTI parameters between children with FASD and a
healthy cohort (Lebel et al., 2008a). All children had confirmed prenatal alco-
hol exposure validated by a social worker (prior to entry into the clinic) based
on extensive review of birth records, Child and Youth Services documenta-
tion, and/or parental interview. All participants had a medical diagnosis of
an alcohol-related disorder falling under the umbrella term FASD, made by a
multidisciplinary team using the Diagnostic Guide for Fetal Alcohol Spectrum
Disorders: The 4-Digit Diagnostic Code (Astley, 2004). The 4-Digit Diagnos-
tic Code ranks diagnostic information in the areas of growth deficiency, facial
phenotype, brain dysfunction, and alcohol use. The magnitude of expression
of each diagnostic feature is ranked independently on a 4-point Likert scale,
with 1 reflecting complete absence of the fetal alcohol syndrome (FAS) feature
and 4 reflecting a strong “classic” presence of the FAS feature. To meet the
criteria for FASD, all children must have a brain code of 2 or higher as well
as confirmed alcohol exposure, as indicated by Alcohol Use scores of 3 (some
risk) or 4 (high risk).

Table 10.1 presents subject characteristics for each participant. Two sub-

jects were diagnosed with FAS, one with partial FAS, 10 had neurobehavioural
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Table 10.1: Subject characteristics for each FASD child (ordered by Woodcock-
Johnson III Quantitative Concepts age-standardized math score).

Subject | Age Dominant | Sex | 4-Digit | Diagnosis® Math
(years) | Hand Code® Score

1 10.3 R M 1124 NBD:AE 62
2 11.8 R M 4433 FAS 62
3 8.4 R F 1223 NBD:AE 70
4 8.2 R F 1124 NBD:AE 72
5) 9.3 L M 1124 NBD:AE 73
6 6.7 R M 1123 NBD:AE 74
7 11.0 R F 1134 SE:AE 75
8 13.2 L M 1233 SE:AE 75
9 11.2 L F 3234 SP/SE:AE 79
10 8.8 R M 1123 NBD:AE 82
11 10.6 R F 1133 SE:AE 84
12 12.2 R M 1134 SE:AE 88
13 7.3 R F 4334 Partial FAS 90
14 7.1 R M 1123 NBD:AE 100
15 9.7 R M 4234 SP/SE:AE 100
16 9.7 R F 4234 SP/SE:AE 101
17 11.8 R F 2-23° NBD:AE 103
18 6.1 L M 1323 SP/NBD:AE | 105
19 5.7 R M 1223 NBD:AE 106
20 9.2 L M 1124 NBD:AE 113
21 5.4 R F d FAS 115

@ The first digit represents growth deficiency, the second facial phenotype, third brain
dysfunction and the fourth indicates prenatal alcohol exposure. A score of 1 indicates
complete absence of the classic FAS feature, while 4 indicates its strong presence.

b NBD-AE: Neurobehavioural disorder — alcohol exposed, FAS: Fetal alcohol syn-
drome, SE-AE: static encephalopathy — alcohol exposed, SP: Sentinel physical find-
ings.

¢ This subject was not assessed a facial score due to cleft palate.

d Code not available due to inaccessible file.
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disorder-alcohol exposed, 4 had static encephalopathy-alcohol exposed, 3 had
sentinel physical findings/static encephalopathy-alcohol exposed, and one had
sentinel physical findings/neurobehavioural disorder-alcohol exposed. Specific
information about quantity and timing of alcohol use during pregnancy was
not available for most subjects; however, all children had confirmed significant
alcohol exposure, as shown in Table 10.1. Exposure to other drugs in utero was
reported for 13 subjects; substances included tobacco, marijuana and cocaine.
Although this is a potential concern, the 13 subjects with other exposures
were spread across the range of math scores; the children with the top 5 math
scores and 5 of the 6 children with the lowest math scores all had exposure
to other drugs. Gestational age of the 17 children for whom this information
was available ranged from 36—41 weeks; 3 children were born preterm at 36-37
weeks. Birth weight and head circumference were within the normal range for
most children: 8 children had birth weights below the 25 percentile and 4
were below the 10" percentile, but all head circumferences were above the 25"
percentile, according to growth charts (Astley, 2004). Of the 17 children with
recorded Apgar scores, one minute scores ranged from 4-9, with 12 children
within the normal range of 7-10. At 5 minutes, all children were within the

normal range.

10.2.2 Cognitive Assessment

A battery of cognitive assessments was performed on each child including the
Woodcock Johnson IIT (WJ-IIT) Tests of Achievement-Quantitative Concepts
subtest to assess mathematical ability (listed in Table 10.1 per subject). For
the full battery and mean scores for other cognitive tests, please refer to our
previous study (Lebel et al., 2008a). The Quantitative Concepts subtest in-
volves knowledge of math concepts, symbols, and vocabulary. Initial items
involve counting, as well as identifying numbers, shapes, sequences, and identi-
fication of math operations and signs. Later items involve figuring out number
patterns and identifying missing numbers in a series. Test scores were normal-
ized based on participant age, and standardized Quantitative Concepts scores

were compared to the typical mean score of 100 using a one sample t-test with
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a significance level of 0.05.

10.2.3 Image Acquisition

All data was acquired on the same 1.5 T Siemens Sonata MRI scanner using
identical methods. Total acquisition time was approximately 25 minutes and
included DTI, and anatomical T1-weighted, T2-weighted and FLAIR imaging.
DTI was acquired using a dual spin-echo, single shot echo-planar imaging
sequence with the following parameters: 40 3 mm thick axial-oblique slices
with no inter-slice gap, TR=6400 ms, TE=88 ms, 6 non-collinear diffusion
sensitizing gradient directions with b=1000 s/mm?, 8 averages, field-of-view
220%220 mm?, matrix of 128x128 zero-filled to 256 x256, 75% phase partial
Fourier, acquisition time 6:06 min. In the non diffusion-weighted (b=0 s/mm?)
images, SNR was quite high with a range of 67-88 (mean = 79) and thus
yielded excellent quality FA maps (Figure 10.1). High resolution (I1x1x1
mm?) T1-weighted images were acquired using MPRAGE with TE=4.38 ms,
TR=1870 ms, TI=1100 ms, and a scan time of 4:29 minutes. Head motion
was minimized using ear pads, but not all children were able to complete the
entire 25 minute protocol. Therefore, T1-weighted images were obtained in
18 of the 21 children, while conventional T2-weighted and FLAIR scans were
obtained for 17 children, and were used to ensure that there were no frank

lesions.

10.2.4 Voxel-Based Image Analysis

Non diffusion weighted images (b=0 s/mm?) were normalized to the ICBM
EPI template using non-affine transformations in statistical parametric map-
ping software (SPM5, Wellcome Trust Centre for Neuroimaging, London, UK).
The same transformation parameters were then used to normalize each individ-
ual’s fractional anisotropy (FA) map to MNI space, and normalized FA maps
were smoothed using a 4 mm kernel. Voxel-based correlation of FA with age-
standardized math scores was performed in SPMb5. Because FA values increase
with age, age was controlled in the analysis by including it in the regression

model in SPMb5. In order to minimize inter-subject registration errors and to
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avoid inclusion of voxels associated with cortical gray matter or cerebrospinal
fluid in any one individual, only voxels with FA>0.2 (i.e. white matter) in all
21 subjects were included for further analysis. Due to the FA thresholding,
many voxels are excluded from analysis and a false discovery rate correction
across the brain is not appropriate. Monte Carlo simulations were conducted
in AlphaSim (http://afni.nimh.nih.gov/afni/doc/manual /AlphaSim) to deter-
mine the probability that clusters of various sizes would randomly occur. These
simulations showed that a p-value threshold of 0.05 per voxel and a cluster size
threshold of 81 contiguous voxels produced an overall alpha value of 0.048.
Therefore, these thresholds were used with an F-test to determine clusters
with significant correlations between FA values and math scores. Clusters
were overlaid on each individual subject’s FA map and visualized in a movie
loop to ensure adequate registration and that each cluster was within the same
structure(s) in each individual.

A separate analysis was conducted on the 16 right-handed subjects using
the exact same methods. Monte Carlo simulations for this data showed that a
p-value threshold of 0.05 and a cluster threshold of 101 voxels gave an overall

alpha value of 0.05.

10.2.5 Diffusivities

To give an indication of the primary cause of any correlations between FA and
math scores, the parallel and perpendicular diffusivities (A and A ) were mea-
sured. Significant clusters from normalized space were warped back to native
space for each individual using the inverse of the original template transfor-
mation parameters. FA, parallel and perpendicular diffusivities were averaged
across each cluster for each individual and correlated with standardized math

scores, controlling for age.

10.2.6 Tractography

DTI tractography was used to evaluate which white matter tracts passed
through the significant FA-math ability clusters. Inverse transformation pa-

rameters were calculated from the original non diffusion weighted image trans-
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Table 10.2: Location and MNI coordinates are given for each cluster with signif-
icant correlations between fractional anisotropy (FA) and Woodcock-Johnson III
Quantitative Concepts math scores. Correlation R value and significant shown is
from correlation of FA with math scores, controlling for age, in the most correlated
voxel of each cluster.

Cluster Size | Anatomical | MNI Coordi- | Correlation | Significance

(number of | Location nates of Most

voxels) Correlated Voxel

186 Left cerebel- | 12, -34, -42 0.74 <0.001
lum

81 Left parietal | -36, -16, 26 0.69 <0.001
lobe

114 Upper  left | -22, -28, 50 0.64 <0.001
parietal lobe

110 Brainstem -6, -24, -20 -0.69 <0.001
(bilateral)

formations to the EPI template. These parameters were used to transform
significant math ability-FA clusters from MNI space to native space for each
individual. Once in native space, each cluster was used separately as a seed-
ing region for tractography. FA thresholds were set to 0.25 to initiate and
continue tracking, while the angle threshold was set to 60°. Deterministic
streamline tractography was performed in Matlab using code modified from
ExploreDTT (A. Leemans, Utrecht, Netherlands). All tracts produced by each

seeding region were retained (i.e. no target or exclusion regions were used).

10.3 Results

10.3.1 Quantitative Concepts Scores

The children with FASD in this study scored significantly below average (aver-
age normalized score in healthy children is 100£15) on the Woodcock-Johnson
IIT (WJ-III) Tests of Achievement — Quantitative Concepts subtest of math-
ematical ability (mean + standard deviation = 87 £+ 17, p=0.002). See Table

10.1 for individual scores.
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Figure 10.1: Locations of the four significantly correlated clusters are shown in yellow
(positive correlations) and cyan (negative correlation). On the left, each cluster is
shown with a backdrop of a coronal and a sagittal slice (T1-weighted images). On
the right, one slice through each cluster is shown, with the significantly correlated
voxels in that slice overlaid onto an individual FA map. The location of each axial
slice is shown as a red line through the coronal and sagittal slices. MNI coordinates
of each slice are given. All images shown are normalized images from a 10 year old
girl with FASD who scored 75 on the WJ Quantitative Concepts test.

10.3.2 Correlations of FA with Math Scores

Voxel-based analysis revealed four clusters with significant correlations be-
tween FA and standardized Quantitative Concepts scores, after controlling for
age (see Table 10.2 and Figure 10.1). Of these four clusters, three in the left
hemisphere showed positive correlations between FA and math scores and one
spanning both hemispheres was negatively correlated. The largest positively
correlated cluster contained 186 voxels and was located in the left anterior
cerebellum. The two other positively correlated clusters were located in the
left parietal lobe, one in the lower parietal area (83 voxels), and the other more
superiorly (114 voxels); both parietal clusters were close to the left intrapari-
etal sulcus. The negatively correlated cluster was located in the brainstem
bilaterally (110 voxels). Mean FA values in each cluster (averaged over all
voxels in the cluster per individual) ranged from 0.31-0.51 for the cerebellar
cluster, 0.38-0.54 for the brainstem, 0.29-0.56 for the lower parietal cluster,
and 0.33-0.48 for the upper parietal cluster. The location of the most cor-
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related voxel in each cluster is shown in Figure 10.2, along with plots of FA
versus math score (both corrected for age) for that voxel. Correlations be-
tween math scores and FA were very high for these voxels, with R values of

0.74, 0.69, 0.64, and -0.69 (p<0.001).

10.3.3 Right-handed Subjects Only

Excluding the five left-handed subjects, a repeat of the voxel-based analysis
on right-handed subjects only (n=16) revealed 5 significantly correlated clus-
ters. Three clusters were in the same regions as the significant clusters from
the analysis on all 21 subjects: a positively-correlated left cerebellum cluster
(290 voxels), a positively-correlated lower left parietal cluster (124 voxels),
and a positively-correlated upper left parietal cluster (142 voxels). Two ad-
ditional clusters were observed: a negatively-correlated left occipital cluster

(154 voxels) and a positively correlated left splenium cluster (322 voxels).

10.3.4 Diffusivities

Average FA values, as measured across the entire cluster in native space for
each individual, were strongly and significantly correlated with standardized
math scores (after age correction), as expected. Correlations of FA, parallel
diffusivity (\), and perpendicular diffusivity (A, ) with math scores (both age-
corrected) are shown in Figure 10.3. Note that these correlations are slightly
different from those shown in Figure 10.2, since FA is not taken only from the
most significantly correlated voxel (as it was for Figure 10.2), but has been
averaged across the entire cluster. For the lower and upper left parietal clus-
ters, parallel diffusivity ()\|) was also correlated with math scores (p=0.001,
<0.001; R=0.68, 0.75, respectively). Perpendicular diffusivity in the parietal
clusters was not significantly correlated with math scores. In contrast, per-
pendicular diffusivity was the primary cause of FA-math score correlations in
the cerebellum and brainstem clusters (p=0.005, R=-0.58; p=0.002, R=0.64,
respectively), while parallel diffusivity in these regions was not significantly

correlated with math scores.
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Figure 10.2: Math scores were highly correlated with fractional anisotropy (FA)
in four clusters: two in the left parietal lobe (A, B), one in the left cerebellum
(C), and one in the bilateral brainstem (D). The most correlated voxel for each
cluster is shown with a plot of FA vs. standardized math score (Woodcock Johnson
Quantitative Concepts), after controlling for age (residuals of age correlations are
shown). For all four correlations, p<0.001.
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Figure 10.3: Correlations of fractional anisotropy (FA) and parallel and perpen-
dicular diffusivities with math scores (all corrected for age) are shown for all voxels
averaged over each of the four significant clusters. For the cerebellum and brainstem
clusters, changes of perpendicular diffusivity were the primary cause of the FA-math
correlations, while for the two left parietal clusters, it was parallel diffusivity driving
the FA-math score correlations.
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Figure 10.4: White matter tracts passing through significant fractional anisotropy
(FA)-math score clusters are shown. Each of the four clusters with significant cor-
relations between FA and Quantitative Concepts math scores was used as a seeding
region for tractography. All tracts produced from each cluster in a 9-year-old boy
with fetal alcohol spectrum disorder and a math score of 100 are shown above in
native space. Three positive clusters (top) were observed: an upper left parietal
cluster (tracts in blue) that produced corticospinal tracts and part of the corpus
callosum; a lower parietal cluster (tracts in green) that contained the superior longi-
tudinal fasciculus; and a cerebellar cluster (tracts in orange) whose tracts are part of
the middle cerebellar peduncle. The negative cluster (bottom) produced projection
fibres (tracts in purple).
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10.3.5 White Matter Tracts Passing Through Clusters

Diffusion tractography was used to determine which white matter tracts were
contained within each of the four significant clusters (see Figure 10.4). The
cerebellar cluster produced tracts from the middle cerebellar peduncle, a white
matter tract connecting the cerebellum and the pontine nuclei. Although the
entire cerebellar cluster was located in the left hemisphere, middle cerebellar
peduncle tracts cross the midline so fibre tracking yielded streamlines in both
hemispheres. Using the lower left parietal cluster as a seeding region gave
tracts belonging to the left superior longitudinal fasciculus, a frontal-parietal-
temporal connection. The upper left parietal cluster revealed tracts belonging
to both the body of the corpus callosum and the left corticospinal tracts.
The negatively correlated cluster in the brainstem produced projection fibres
bilaterally, including the anterior and posterior limbs of the internal capsule,
as well as some cerebellar tracts. Tractography results were consistent from
subject to subject, with each cluster demonstrating the same major white

matter pathway or pathways in all FASD individuals.

10.4 Discussion

Diffusion tensor imaging has demonstrated correlations between mathemat-
ics scores and fractional anisotropy (FA) in white matter of the left parietal
lobe, left cerebellum, and bilateral brainstem in children with FASD for the
first time. Brain structure in the left parietal region seems to be consistently
involved in mathematics across both healthy and abnormal populations, as
it has been previously implicated in both healthy individuals (van Eimeren
et al., 2008) and those with a rare genetic disorder (Barnea-Goraly et al.,
2005a). The observed positive correlations in the cerebellar region and the
negative correlations in the brainstem are new findings that may or may not
be specific to children with FASD.

Parietal gray matter bilaterally has been consistently implicated in mathe-
matical abilities by both functional (Ansari and Dhital, 2006; Chochon et al.,
1999; Dehaene et al., 1999; Eger et al., 2003; Kucian et al., 2006; Molko et al.,
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Figure 10.5: Parietal fractional anisotropy (FA)-math clusters are shown in relation
to the left intraparietal sulcus. The two left parietal clusters (yellow) that showed
significant correlations between FA and mathematics scores are in very close prox-
imity to the left intraparietal sulcus shown in red. The tracts passing through each
cluster are also shown: the left corticospinal tracts and part of the corpus callosum
pass through the upper parietal cluster (tracts in blue), while the superior longi-
tudinal fasciculus (tracts in green) passes through the lower parietal cluster. All
structures shown are in native space in a 9-year-old boy with fetal alcohol spectrum
disorder (math score = 100).
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2003; Price et al., 2007) and structural (Isaacs et al., 2001; Molko et al., 2003;
Rotzer et al., 2008) imaging studies. The entire parietal area is important
for mathematical processing, but the horizontal segment of the intraparietal
sulcus (IPS), in particular, seems to be specific to the number domain. The
horizontal IPS, on both the left and right sides, is activated by the great ma-
jority of functional imaging studies of mathematics and number processing,
and shows increased activation with more quantitative tasks (Dehaene et al.,
2003). It is also the left horizontal IPS region that has been implicated in
lesion studies showing that strokes there are associated with subsequent acal-
culia (Ashkenazi et al., 2008; Takayama et al., 1994). While the underlying
white matter has not been as extensively examined, two DTI studies, one in
healthy children and one in children with the genetic-based velocardiofacial
syndrome, showed correlations between left parietal white matter anisotropy
and math ability (Barnea-Goraly et al., 2005a; van Eimeren et al., 2008).
Here we show that left parietal white matter microstructure directly underly-
ing the horizontal IPS is related to mathematical skills in children with FASD.
Figure 10.5 demonstrates the proximity of the two left parietal clusters with
significant FA-math correlations to the left horizontal IPS. Both clusters are
adjacent to the horizontal IPS, and the tracts passing through them surround
the sulcus. Clearly, there is consistent involvement of the intraparietal region,
both gray matter and white matter, in mathematical processing tasks. This
study provides further evidence that this area is crucial to mathematical tasks
across both typically-developing and abnormal populations, given the previ-
ously observed DTTI correlations in healthy children and those with a genetic
condition. Interestingly, however, we (and the other two DTI math studies)
find that only the left white matter is correlated with mathematical ability, in
contrast to the bilateral activation of the IPS region shown by the majority of
functional imaging studies.

We identified using tractography which specific white matter connections
are contained in these parietal clusters, namely the superior longitudinal fas-
ciculus, corticospinal tracts, and body of the corpus callosum (see Figures

10.4 and 10.5). The superior longitudinal fasciculus, the tract containing the

168



lower left parietal cluster observed in this study, is a frontal-parietal-temporal
connection known to be involved in language and intelligence tasks (Marslen-
Wilson and Tyler, 2007). FA in the superior longitudinal fasciculus has been
correlated with IQ) (Schmithorst et al., 2005), language (Ashtari et al., 2007),
and processing speed (Turken et al., 2008); here we show that a portion of it
is also correlated with math ability in children with FASD. The second, upper
parietal cluster contained left corticospinal tracts and part of the body of the
corpus callosum. This region has been previously implicated in DTT studies
of reading ability in children (Beaulieu et al., 2005; Deutsch et al., 2005; Niogi
and McCandliss, 2006) and adults (Klingberg et al., 2000), suggesting that
it is an important region for a variety of cognitive tasks. Structurally, the
parietal brain regions are known to be abnormal in children with FASD, hav-
ing thicker cortices (Sowell et al., 2008b), smaller volumes (Archibald et al.,
2001), and abnormal diffusion parameters (Fryer et al., 2009; Lebel et al.,
2008a) compared to typically-developing children, and previous studies have
speculated that abnormal parietal function in children with FASD may lead
to their mathematical deficits (Riikonen et al., 1999).

A third positively correlated cluster was observed in the left anterior re-
gion of the cerebellum, suggesting that this area is also related to math abil-
ity in FASD. The fibre tracts that contain this cluster belong to the middle
cerebellar peduncle, the largest of the cerebellar peduncles, and connect the
cerebellum with the pontine nuclei. The cerebellum is one of the regions
most affected by prenatal alcohol exposure (Archibald et al., 2001; Jones and
Smith, 1973; Spadoni et al., 2007), particularly the anterior portion (Sowell
et al., 1996). Although the cerebellum is traditionally thought to regulate
motor coordination and balance, recent studies have suggested it also plays a
role in higher cognition. Cerebellar volume correlates positively with intelli-
gence measures in healthy young adults (Andreasen et al., 1993) and preterm
adolescents (Parker et al., 2008), cerebellar abnormalities are associated with
a variety of intellectual deficits (Steinlin, 2008), and the cerebellum is often
activated during cognitive tasks (Baillieux et al., 2008). The cerebellum plays

an important role in learning processes, and it is hypothesized that the earlier
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abnormalities are present, the more severe the deficits (Steinlin, 2008). This
region was not observed to correlate with math ability in either of the previ-
ous DTI math studies on healthy controls and velocardiofacial syndrome, and
therefore may be unique to children with FASD. Further studies comparing
diffusion parameter-math score correlations between individuals with FASD
and control subjects may help address this question.

One negatively correlated cluster was observed in the brainstem, located on
both sides of the midline. This is in contrast to the three positively correlated
clusters, which were all found in the left hemisphere. Tracts from this clus-
ter were primarily projection fibres, including both the anterior and posterior
limbs of the internal capsule (see Figure 10.4). Although the observed nega-
tive correlations may seem counter-intuitive, negative relationships have been
observed previously between cognitive scores and brain structure, in healthy
children (Dougherty et al., 2007), dyslexic adults (Frye et al., 2008), and adults
with Williams Syndrome, a neurodevelopment disorder (Hoeft et al., 2007).
Negative correlations may also be related to changes in crossing fibre areas.
The standard tensor model attributes artificially low FA values to areas in
which two or more fibre bundles intersect. Therefore, degradation of one of
the fibre bundles in the crossing area would actually lead to higher FA values
in that region, and it is possible that negative correlations between FA and
math scores may actually still represent lower white matter integrity in that
region of children who are poorer at math.

Analysis of the parallel and perpendicular diffusivities gives insight into
the cause of the FA-math score correlations observed (see Figure 10.3). For
the two left parietal clusters, parallel diffusivity was significantly positively
correlated with math scores, after correcting for age, but perpendicular dif-
fusivity was not. Parallel diffusivity is often associated with axonal integrity,
and axonal damage has been linked to decreases of parallel diffusivity (Song
et al., 2003). In the cerebellar and brainstem clusters, the FA-math score
correlations were driven by the perpendicular diffusivity, while the parallel
diffusivity-math score correlations were not significant. Perpendicular diffusiv-

ity in the cerebellar cluster was negatively correlated with math scores, while
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it was positively correlated in the brainstem cluster. Perpendicular diffusivity
is generally associated with myelination and axonal packing, and studies have
shown that demyelination and remyelination lead to increases and decreases
of perpendicular diffusivity, respectively (Song et al., 2002, 2005).

Although both functional and structural brain lateralization exist for lan-
guage tasks, lateralization and handedness in mathematics have been less well
studied. Although our left-handed subjects were spread across the range of
math scores, grouping both left- and right-handed subjects together for analy-
sis is a potential concern. To address this concern, a separate analysis was
conducted in exactly the same way on the 16 right-handed subjects only.
This analysis revealed 5 significantly-correlated clusters, three of which cor-
responded to the left cerebellar and two left parietal clusters observed within
the whole group. These results should increase confidence in those three par-
ticular clusters, since those results were consistent whether or not left-handers
were included. The discrepancies between the results with right-handers only
versus the entire group, specifically the absence of the brainstem cluster in the
right-handers, and the appearance of two other clusters in the left occipital
area and left splenium, may be due to handedness and lateralization differ-
ences, or may simply be caused by a slightly different subject group. Due to
the small number (n=5) of left-handers, a left-hander only analysis was not
feasible. Nonetheless, there were strong similarities between the right-hander
only results and the entire group, suggesting robust correlations between FA
and math scores in the parietal and cerebellar regions.

Although gender differences have not been examined by most brain imag-
ing studies of mathematical abilities (Ansari and Dhital, 2006; Barnea-Goraly
et al., 2005a; Dehaene et al., 1999; Eger et al., 2003; van Eimeren et al., 2008),
they are a potential concern. With our relatively small sample size, it was
not feasible to further subdivide our group into males (n=12) and females
(n=9) for separate analyses. Males and females are plotted separately in Fig-
ure 10.3, and it appears as though they both follow the same relationships
between diffusion parameters and math scores. Furthermore, including gender

as an additional covariate for correlations between math scores and diffusion
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parameters averaged across each cluster produced exactly the same results as
not including gender, suggesting that gender differences are minimal. Future
studies with larger sample sizes will be better able to investigate gender (and
handedness) differences and may help determine the consistency of the clusters
and their dependence on these variables.

Alcohol exposure during fetal development affects secondary calcium sig-
naling pathways (Kumada et al., 2007), alters glutamate NMDA receptor func-
tion (Hughes et al., 1998), increases apoptotic neurodegeneration (Ikonomidou
et al., 2001), and impairs neuronal proliferation and migration (Miller, 1986).
These disruptions to the developing nervous system can result in abnormal
cerebral and axonal growth (Ma et al., 2003; Mennerick and Zorumski, 2000;
Olney, 2004), leading to brain malformations caused by neuronal and glial
migration errors (Clarren et al., 1978; Jones and Smith, 1973; Peiffer et al.,
1979). Clearly, the many cognitive deficits observed in FASD (Jacobson and
Jacobson, 2002; Mukherjee et al., 2006) are related to the widespread struc-
tural brain abnormalities (Fryer et al., 2009; Lebel et al., 2008a; Li et al., 2009;
Sowell et al., 2008a; Wozniak et al., 2006, 2009), and here DTI measures of
tissue microstructure have yielded four select white matter regions related to

math ability.

10.5 Conclusion

Future studies combining DTI with other techniques such as functional MRI
or shape and thickness measurements of various brain structures in children
with FASD would be useful for linking mathematical abilities with functional,
cortical, and underlying white matter abnormalities. Ultimately, a better un-
derstanding of the brain structures related to cognitive skills such as math-
ematics may lead to earlier diagnoses and more effective treatment of such

difficulties, not only in children with FASD, but also in the wider population.
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Chapter 11

Ongoing Projects

11.1 Brain White Matter Changes Across the
Lifespan'

11.1.1 Introduction

Lifespan studies of the normal human brain provide the necessary link between
the developmental processes of childhood and the degenerative processes of old
age. Postmortem lifespan studies of the human brain demonstrate a variety
of structural changes, including overall brain weight (Dekaban, 1978), myeli-
nation (Benes et al., 1994; Yakovlev and Lecours, 1967), and synaptic density
(Huttenlocher, 1979; Huttenlocher and de Courten, 1987). Imaging studies
have shown changes in brain tissue volumes (Hasan et al., 2007) and cortical
thickness (Sowell et al., 2003). In general, these studies show rapid develop-
ment during infancy and childhood, slower rates of development during ado-
lescence and young adulthood, then an eventual reversal of the developmental
processes at some point during adulthood and degradation in later life.
Diffusion tensor imaging (DTI) gives measures of tissue microstructure
and DTTI studies of healthy development show robust increases of fractional
anisotropy (FA) and decreases of mean diffusivity (MD) during childhood and
adolescence in most brain white matter regions (Barnea-Goraly et al., 2005b;

Lebel et al., 2008b; Schmithorst et al., 2002). DTT studies of healthy aging

LA version of this section has been published. C. Lebel, M. Gee, R. Camicioli, M. Wieler,
W. Martin, C. Beaulieu, 2010. Diffusion Tensor Imaging of Brain White Matter Changes
Across the Lifespan, Abstract #112. Proceedings of the International Society for Magnetic
Resonance in Medicine, 18th Annual Meeting, Stockholm, Sweden.
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demonstrate the opposite trends, with FA decreasing and MD increasing dur-
ing old age, again in most white matter areas (Abe et al., 2002; Hsu et al.,
2010; Ota et al., 2006; Pfefferbaum et al., 2000). However, only a handful of
DTI studies have examined microstructural white matter changes across the
lifespan. Three very recent DTT studies have examined multiple brain white
matter regions across a wide age range: one looked at 119 subjects aged 7-68
years using tractography of the inferior longitudinal and fronto-occipital, arcu-
ate, and uncinate fasciculi, the corticospinal tract, somatosensory pathways,
and eight subdivisions of the corpus callosum (Hasan et al., 2010); another
examined 430 subjects aged 8-85 using tract-based spatial statistics (TBSS)
(Westlye et al., 2009), and the third analyzed 831 subjects aged 11-90 years
also using TBSS (Kochunov et al., 2010). These studies all demonstrated U-
shaped trajectories and regional variation in the timing of development, with
increasing FA and decreasing MD during childhood and adolescence, followed
by decreasing FA and increasing MD later in life. It is important to note that
none of these previous studies, nor our current one presented here, analyze
infants or very young children, and therefore miss a period of very rapid brain
development. Nonetheless, these studies provide valuable information about
the regional variation of age-related brain changes across a wide age range.
The previous studies used a quadratic fit to model age-related changes (Hasan
et al., 2010; Kochunov et al., 2010; Westlye et al., 2009), although one study
also used locally weighted polynomial regression (Westlye et al., 2009). While
quadratic equations provide a reasonable fit in many cases, they are not ideal
because they restrict the slopes on either side of the peak or minimum in the
curve to be the same. This is not desirable because the initial slope reflects de-
velopmental processes, while the slope after the peak /minimum reflects degra-
dation and there is no particular reason why these two processes should occur
at the same rate. Therefore, less restrictive fits, such as a Poisson curve, are
beneficial because they allow differential slopes, while still maintaining a small
number of estimation parameters. DTI tractography is an excellent way of
studying white matter changes because it provides robust estimates of diffu-

sion parameters across the entire tract, does not rely on spatial normalization,
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and is more reliable than region-of-interest analysis (Kanaan et al., 2006). The
goal of this study was to use DTI tractography to provide a comprehensive
analysis of age-related microstructural changes in brain white matter in a large

number of healthy subjects (n=403) across a very wide age range (5-83 years).

11.1.2 Methods
Subjects

In total, 403 healthy volunteers (195 males/208 females) aged 5 to 83 years
(mean age + standard deviation: 31.3 £ 21.5, 374 right-handed/26 left-
handed/3 no preference) participated in this study. All subjects had no self-
reported history of neurological or psychiatric disease or brain injury. All vol-
unteers gave informed consent; both child assent and parent/guardian consent
was obtained for volunteers under 18 years. Two previous studies have been
published looking at subsets of these subjects: one examined development of
white matter tracts from age 5-30 in 202 of the same subjects using similar
methods (Lebel et al. 2008b and Chapter 5 of this thesis); another study used
manual tractography to examine development of corpus callosum subdivision
in 315 of these subjects, aged 5-59 years (Lebel et al. 2010 and Chapter 7).
This study is distinct in that it includes a larger number of subjects across
a much wider age range, and examines all major white matter fibre bundles

across the brain.
Image Acquisition

All data was acquired on the exact same 1.5 T Siemens Sonata MRI scanner
using identical methods. Total acquisition time was approximately 25 minutes
and included anatomical imaging and D'TI. The DTT acquisition protocol used
a dual spin-echo, single shot echo-planar imaging sequence with the follow-
ing parameters: 35 or 40 3 mm thick slices with no inter-slice gap, TR=6400
ms, TE=88 ms, 6 non-collinear diffusion sensitizing gradient directions with
b=1000 s/mm?, 8 averages, field-of-view 220x220 mm?, matrix of 128x128
zero-filled to 256 x 256, with 75% phase partial Fourier. Total DTT acquisition

time was approximately 6 minutes. Most data was acquired with 40 slices,
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as this is our standard imaging protocol and the one used throughout this
thesis; additional data with only 35 slices was obtained from control subjects
participating in a separate study of Parkinson’s disease and was identical in all
sequence parameters other than number of slices. T1-weighted images were
also acquired using MPRAGE. Two different sequences were used, depend-
ing on the subject. The first sequence (297 subjects) had resolution 1x1x1
mm? interpolated to 0.5x0.5x1 mm?, 144 slices TE=4.38 ms, TR=1870 ms,
TI=1100 ms, and scan time of 4:29 minutes. The second sequence (60 subjects)
used voxel size 0.9x0.9x1 mm? interpolated to 0.45x0.45x1 mm?, 176 slices,
TE=3.9 ms, TR=2120 ms, TI=1100 ms. The remaining 46 subjects either did
not receive MPRAGE imaging due to time constraints, or the MPRAGE was

not of suitable quality for automated volume segmentation.

Fibre Tracking Diffusion Measurements

A semi-automated tractography method was used to extract twelve major
white matter pathways in each individual. This method has been previously
described (Lebel et al., 2008a), and uses seeding, target, and exclusion regions
drawn on a template that are subsequently warped back to native space for
automated tracking in each individual. Fibre tracking was performed with
modified code from ExploreDTI (A. Leemans, Utrecht, Netherlands), using a
deterministic streamline method. FA thresholds were set to 0.25 to initiate and
continue tracking, and the angle threshold was set to 60° for all tracts. Trac-
tography was used to delineate the inferior and superior longitudinal fasciculi
(ILF/SLF), inferior and superior fronto-occipital fasciculi (IFO/SFO), fornix,
cingulum, corticospinal tracts, anterior limb of the internal capsule (ALIC),
genu, body, and splenium of the corpus callosum (gCC, bCC, sCC), and the
uncinate fasciculus (UF), according to a priori information on tract location
(Catani et al., 2002; Wakana et al., 2004). Corpus callosum subdivisions were
examined previously in another study containing many of the same subjects
using manual tractography of seven regions (Lebel et al., 2010). The three
corpus callosum subdivisions that are easily analyzed using semi-automated

tractography (genu, body, splenium) were included here for completeness and
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in order to examine the additional ~90 subjects in the older age range (60-83
years). For each tract and each subject, FA and MD values were averaged
across all voxels in the entire tract; each voxel was counted only once. Where
appropriate (i.e. for all tracts except the fornix and corpus callosum), FA and

MD values were calculated separately for left and right hemispheres.

Curve Fitting

FA and MD values for each tract were fit to Poisson-type curves according to
the following equation: FA (or MD) = C + A*age*exp 5*®¢. Each fitting
parameter, as well as the fit as a whole, was assessed for significance using
F-tests. From the best fit equation, age of peak FA and minimum MD values
were calculated for each tract using the derivative of the best fit equation:
FA peak (or MD min) =1/B. Error of the peak/minimum age estimates were
calculated using the standard error of the exponential fitting parameter, by
recalculating the peak/minimum age using B£SE. In addition, the absolute
and percent changes of FA and MD values from 5 years to peak/minimum and

from peak/minimum to 83 years were calculated for each tract.

Left-right Asymmetry

Initially, left-right differences were tested using a paired t-test. However, as
this only provides information about absolute asymmetries, separate fits were
performed for the left and right tracts, where appropriate. The fitting param-
eters were compared using t-tests to determine if the fits were significantly
different between left and right hemispheres. If fits were not significantly dif-
ferent, left and right were combined by averaging and a fit was performed on

the averaged values.

Sex Differences

Sex differences were tested by fitting male and female curves separately and
using t-tests to check for significant differences of fitting parameters. If there

were no significant differences of age parameters, genders were combined for
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further analysis, but a sex term was included in the overall fitting equation to

test for possible absolute differences between genders.

11.1.3 Results
Age-related FA Changes

All tracts followed Poisson-type development trajectories, with FA increasing
initially from childhood to adulthood, reaching a peak, and then decreasing
at a rate slightly slower than the initial increases (see Figure 11.1). All fitting
parameters and overall fits were highly significant (p<0.004; see Table 11.1).

Age-related MD Changes

All tracts followed Poisson-type development curves for MD change, with MD
decreasing from childhood to adulthood, reaching a minimum and then in-
creasing slightly slower (see Figure 11.2). All fitting parameters and overall

fits were highly significant (p<0.001; see Table 11.1).

Left-right Asymmetry

Paired t-tests between left and right hemispheres for each tract revealed signif-
icant differences in most tracts. FA values were significantly different between
hemispheres in the ALIC, IFO, ILF (right-lateralized by 0.007, 0.007, 0.003
units, respectively), and the SLF (left-lateralized by 0.003). MD values were
significantly different for ALIC, cingulum, SFO, and SLF (left-lateralized by
0.003-0.014x107® mm?/s), and the IFO and ILF (right-lateralized by 0.007
and 0.004x 1073 mm? /s, respectively).

Despite many absolute differences of FA and MD, the fitting parameters
(linear and exponential terms) were only significantly different for the FA fits
in the anterior limb of the internal capsule, for the exponential term (L=0.031,
R=0.037, p<0.001). Therefore, all other tracts were combined across hemi-
spheres by averaging left and right values, while the left and right ALIC re-

mained separate for FA fits.
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Table 11.1: Fitting parameters for each parameter in the best fit equation are
shown, with significance values in parentheses. The sex term was omitted where
not significant. Equation used to model age-related changes: FA (or MD) = C +
A*age*eP*a9¢ D*sex. Positive values for the sex term indicate higher values in
males. MD units are mm?/s. *p<0.001; n.s.=not significant

Fractional Anisotropy

Tract Intercept Linear (A) | Exponential | Sex (D) | R
() (x102) | (B) (x10-%)
ALIC — Left || 0.40 * 0.60 * 0.031 * 1.s. 0.50
ALIC — || 0.41 * 0.57 * 0.037 * n.s. 0.40
Right
bCC 0.49 * 0.36 * 0.029 * 0.60 (0.001) | 0.40
Cingulum 0.42 * 0.59 * 0.024 * n.s. 0.56
CST 0.47 * 0.37 * 0.027 * 1.1%* 0.41
Fornix 0.38 * 0.45 * 0.050 * 1n.s. 0.35
gCC 0.48 * 0.89 * 0.048 * n.s 0.59
IFO 0.43 * 0.92 * 0.036 * n.s. 0.58
ILF 0.41 * 0.49 * 0.040 * -0.47 * 0.43
sCC 0.54 * 0.34 * 0.040 * n.s. 0.21
SFO 0.41 * 0.40 * 0.036 * 0.38 (0.04) 0.36
SLF 0.41 * 0.75 * 0.035 * 0.48 (0.02) 0.55
UF 0.36 * 0.57 * 0.028 * 0.91 * 0.49
Mean Diffusivity
Tract Intercept Linear (A) | Exponential | Sex (D) | R
(C) (x1073) | (x107%) (B) (x1079)
ALIC 0.87 * -0.12 * 0.035 * n.s. 0.61
bCC 1.01 * -0.19 * 0.034 * n.s. 0.61
Cingulum 0.88 * -0.09 * 0.025 * -0.50 (0.024) | 0.74
CST 0.90 * -0.07 * 0.031 * -1.8 * 0.30
Fornix 1.42 * -0.40 * 0.057 * n.s. 0.50
gCC 0.91 * -0.13 * 0.031 * 1.S. 0.56
IFO 0.90 * -0.11 * 0.037 * n.s. 0.54
ILF 0.94 * -0.11 * 0.036 * n.s. 0.48
sCC 0.93 * -0.14 * 0.034 * n.s. 0.47
SFO 0.84 * -0.10 * 0.031 * n.s. 0.58
SLF 0.85 * -0.09 * 0.028 * n.s. 0.62
UF 0.92 * -0.11 * 0.032 * n.s. 0.47
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Figure 11.1: Fractional anisotropy (FA)-age plots are shown for each tract measured,
along with the best fit curve. Males and females are shown separately, although
there were significant differences in curve shape for only the uncinate fasciculus
(two curves shown). For the body of the corpus callosum, cingulum, inferior and
superior longitudinal fasciculi, and the posterior limb of the internal capsule, there
were small absolute sex differences; the male curve is shown for these tracts. All
tracts are shown in a healthy 22 year old male.
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Figure 11.2: Mean diffusivity (MD)-age plots are shown for each tract measured,
along with the best fit curve. Males and females are shown separately, although there
were significant differences in curve shape for only the cingulum (two curves shown).
For the superior longitudinal fasciculus and the posterior limb of the internal capsule,
there were small absolute sex differences; the male curve is shown for these tracts.
All tracts are shown in a healthy 22 year old male.
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Sex Differences

For fitting parameters (linear and exponential terms), no tracts had significant
differences, so the sexes were combined and a sex term was included in the
fitting equation. This sex term was significant at p<0.05 for seven tracts: the
bCC, corticospinal tract, superior longitudinal and fronto-occipital fasciculi,
and the uncinate fasciculus showed higher FA values in males than females (by
0.004-0.011 units); the inferior longitudinal fasciculus had lower FA by 0.005
units in males (see Table 11.1). For MD, the cingulum and corticospinal tract

had significant sex terms, with females having higher MD values than males

(by 0.5-1.8 x 107° mm?/s).
Timing and Magnitude of FA Changes

Age of peak FA values ranged from 20 years for the fornix to 42 years for
the cingulum (see Figure 11.3A). In general, the tracts could be grouped into
those that peaked early, those that peaked at intermediate ages, and those
that peaked later than the rest. In addition to the fornix, the inferior lon-
gitudinal fasciculus, and genu and splenium of the corpus callosum peaked
early (<25 years). Intermediate developing tracts (peak age between 27-30
years) were the inferior and superior fronto-occipital fasciculi, superior longi-
tudinal fasciculus, and left and right anterior limbs of the internal capsule.
The corticospinal tract, body of the corpus callosum, and uncinate fasciculus
all developed late (peaking >35 years). The amount of FA change from age 5
years to peak FA ranged from 3% for the splenium to 13% for the cingulum,
while the FA drop after peak ranged from 3% in the body of the corpus callo-
sum and the corticospinal tract to an 11% drop in the inferior fronto-occipital

fasciculus.

Timing and Magnitude of MD Changes

Ages at which the minimum MD values were reached ranged from 18 years
(fornix) to 41 (cingulum; see Figure 11.3B). Most tracts reached their mini-

mum MD values between 26-33 years, with only the fornix reaching its min-
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Figure 11.3: Age of peak fractional anisotropy (FA) and minimum mean diffusivity
(MD) values are shown for each tract, with the magnitude of changes before/after
the peak. For each tract, the black vertical line is the age at FA peak or MD
minimum, and the gray bar is the standard error of the estimate. The colour of the
long bars on each side of the peak represents the magnitude of change before (left)
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imum earlier and the superior longitudinal fasciculus and cingulum reaching
their minima at 25 and 41 years, respectively. The smallest MD decline before
reaching the minimum was 6% in the corticospinal tracts, while the body of
the corpus callosum experienced the largest drop at 16%. MD increases after
the minimum values ranged from 4% in the cingulum to almost 20% in the

fornix.

11.1.4 Discussion

Diffusion tensor imaging and tractography have shown development trajec-
tories in major white matter tracts of the human brain that are nonlinear
and regionally varying. Poisson-type fits were robust and demonstrated FA
increases and MD decreases during childhood and adolescence in all tracts,
followed by FA decreases and MD increases during adulthood and the ag-
ing process. Ages at which the FA and MD trends reversed varied from 17-42
years, depending on the region. In general, a trend was observed where frontal-
temporal connections, including the uncinate fasciculus, superior longitudinal
fasciculus and cingulum, had longer periods of development before trend re-
versals and shorter periods of decline afterward than other tracts. The fornix,
inferior longitudinal fasciculus, and corpus callosum tended to have the short-
est periods of development and the earliest trend reversals. It is important to
note that both development and aging processes influence the peak/minimum
age for each tract, and these are difficult to separate. Therefore, late peaks
may be interpreted as prolonged maturation or delayed aging, or most likely
a combination of the two.

The findings presented here are in excellent agreement with the two large
previous DTTI lifespan studies in terms of the relative timing of development
(Kochunov et al., 2010; Westlye et al., 2009). Both of these studies report peak
FA values between ages 23-39, and the most prolonged maturation is observed
in the cingulum, with relatively late development in the uncinate fasciculus
(the fronto-occipital region in the Kochunov paper), corticospinal tracts (the
internal capsule in the Kochunov paper, which includes the corticospinal tracts

as well as the anterior limb), and superior longitudinal fasciculus. One of the
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unique aspects of our results is that we observe greater spread between early-
developing regions and late-developing regions than reported previously. This
is likely due in part to the use of the Poisson fits, which are more flexible
in terms of development and degradation slopes and therefore is likely less
restrictive the location of the peak values than a quadratic fit.

The late-maturing frontal-temporal connections are involved in a variety
of cognitive tasks, including reading and memory. The superior longitudinal
fasciculus connects Broca’s area in the frontal lobe with Wernicke’s area in
the temporal lobe. The superior longitudinal fasciculus has been consistently
shown to be involved in language and intelligence tasks (Catani et al., 2007;
Jung and Haier, 2007), and matures more slowly than other tracts during
childhood and adolescence (Zhang et al., 2007). Interestingly, the uncinate
fasciculus is thought to provide an additional, ventral language pathway in
the brain (Parker et al., 2005). The cingulum is part of the limbic system, a
group of brain structures involved in tasks such as memory and emotion.

In contrast to the late development /declines in frontal-temporal pathways,
the fornix, corpus callosum and inferior longitudinal fasciculus showed early
trend reversals. These results are in good agreement with several previous
reports describing early maturation of the fornix and inferior longitudinal fas-
ciculus compared to other brain areas (Dubois et al., 2008; Hermoye et al.,
2006). An additional report describes early maturation of the anterior corpus
callosum (genu) (Thompson et al., 2000).

Increases of FA before peak ranged from 3-13%, while reductions of FA
after the peak ranged from 3-11%. The IFO and genu of the corpus callosum
experienced the largest drops. In general, the regions with the biggest increases
and declines of FA were frontal connections (genu, inferior fronto-occipital,
superior longitudinal fasciculi). The cingulum is a frontal connection that did
not experience large FA declines; however, with its late peak, it does not have
as long to undergo declines as the other regions. It was also frontal connections
(cingulum and uncinate), which underwent the greatest percent increases of
FA before their peaks (10-13%).

Sex differences were observed in seven of twelve tracts measured in this
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study, but even where significant, they were small in magnitude. Sex differ-
ences are controversial, with smaller age range studies reporting very mixed
results (Abe et al., 2002; Hsu et al., 2008; Ota et al., 2006; Schmithorst et al.,
2008; Schneiderman et al., 2007). The previous DTI lifespan studies either did
not examine sex differences (Westlye et al., 2009; McLaughlin et al., 2007),
did not report any significant findings (Hasan et al., 2009a,b), or found only
very minimal differences (Hasan et al., 2010; Kochunov et al., 2010).
Hemispheric asymmetry is known to exist in the brain, and has been re-
ported by many studies (Buchel et al., 2004; Gong et al., 2005; Hasan et al.,
2009a; Rodrigo et al., 2007; Wilde et al., 2009), although as with gender dif-
ferences, the results are not always consistent. For example, both leftward
(Ardekani et al., 2007; Hasan et al., 2009a) and rightward (Park et al., 2004;
Yasmin et al., 2009) asymmetry have been reported in the anterior limb of the
internal capsule and uncinate fasciculus. In general, even significant lateral-
ization findings are small compared to individual variation within the study
or repeatability of measures between scans (Bonekamp et al., 2007). In this
study, many of the white matter pathways measured — the anterior limb, cin-
gulum, inferior and superior fronto-occipital and longitudinal fasciculi — had
significant hemispheric differences of FA or MD. Most of these showed right-
ward lateralization, although some were left-lateralized (superior longitudinal
fasciculus for FA, anterior limb and superior fronto-occipital and longitudinal
fasciculi for MD). However, it is important to note that although these dif-
ferences were significant, they were very small (<0.01 for FA; <0.014 x1073
mm? /s for MD). The leftward lateralization of FA in the superior longitudinal
fasciculus is consistent with many other studies (Buchel et al., 2004; Catani
et al., 2007; Powell et al., 2006). Although many reports have examined abso-
lute differences of diffusion parameters between hemispheres, few studies have
examined asymmetry of development trends. In this study, we found signifi-
cantly different trajectories of FA in the anterior limb of the internal capsule,
with the right side reaching a peak earlier than the left. Both demonstrated
similar FA declines after the peak, although the left side had a larger per-

cent increase of FA before the peak. There were no significant hemisphere
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differences of MD curves in the anterior limb. The discrepancies between lat-
eralization differences in this study and others may be due to the wide age
range and large sample size in this study. A small degree of lateralization
may be present in small populations or across narrow age ranges that are not
apparent in a large group. Similarly, the large group used in this study may
permit detection of previous unobserved asymmetries.

Although a variety of nonlinear development models have been used by
previous studies, including quadratic (Hasan et al., 2009b), cubic (Hsu et al.,
2010), monoexponential (Ben Bashat et al., 2005), and biexponential (Mukher-
jee et al., 2001), the Poisson-type fit was chosen for this study because of sev-
eral advantages. The Poisson curve accounts for the known FA increases/MD
decreases during childhood and FA decreases/MD increases during aging, but
allows for different rates of development and aging, unlike a quadratic model
that has equal slopes on either side of the peak. Furthermore, the Poisson
fit uses only three parameters, unlike a biexponential model that requires at
least 5, and a smaller number of fitting parameters is desirable for robust
fitting. For this study, the Poisson fits gave robust fits and highly signifi-
cant parameter estimates and provided developmental trajectories that were
intuitive. However, other, more complex models may offer equivalent or even
better fits. Longitudinal studies in particular will be better able to assess the
development and aging trends and may have sufficient subject numbers to use
more complex models.

Deterministic tractography can be prone to error in crossing fibre areas
where FA values may be particularly low, such as parietal regions where the
superior longitudinal fasciculus, corticospinal tracts, and lateral projections of
the corpus callosum intersect. However, the tracts examined for this study
are well-known pathways that were drawn according to a priori anatomical
knowledge (Catani et al., 2002; Wakana et al., 2004) and verified to ensure
accuracy.

In conclusion, DTT tractography of twelve major white matter structures
over a wide age range of 5 to 83 years in a large sample of 403 healthy subjects

has demonstrated significant age-related changes of diffusion parameters with
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regional variation in the timing and magnitude of changes. Deterministic trac-
tography revealed development trajectories for all structures that, if compared
to those in a patient population, could highlight the presence and timing of

specific brain abnormalities associated with a particular disease.

11.1.5 Future Directions

When measuring diffusion parameters in white matter, it is important to un-
derstand potential contributions to any observed FA or MD changes. One way
of doing this is to measure the eigenvalues (parallel and perpendicular diffu-
sivity), similar to what was done in many of the previous chapters. For this
study, diffusivity will be measured in each tract, and the patterns of change
with age will provide clues for the potential driving causes behind FA and MD
increases/decreases. In addition, volume measurements may provide interest-
ing information. Total brain volume, gray matter and white matter volumes
are more global measures of brain structure, and they are useful for providing
an overall picture of the brain changes. Three global volumes (total, gray mat-
ter, white matter) will be assessed in each subject using automated software
called FreeSurfer (Charlestown, MA) (Fischl et al., 2002). Curves will then
be fit to the brain volume data to determine the patterns of change across the
age range.

Another parameter that will be examined is the volume of individual white
matter tracts. This can be done quite simply by counting the number of vox-
els included in the result of tractography. Tract volume is usually strongly
correlated with FA and may even influence FA measurements via partial vo-
luming. An examination of tract volumes in this study will be conducted to
determine how they relate to FA and MD measurements and whether they

provide additional information or confound measurements.
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11.2 Reading Ability and Brain Structure in
Typically-Developing Children and Ado-
lescents and Those with Fetal Alcohol Spec-
trum Disorder?

11.2.1 Introduction

Diffusion tensor imaging (DTI) studies of reading ability consistently highlight
left temporal-parietal white matter in healthy individuals (Beaulieu et al.,
2005; Nagy et al., 2004; Qiu et al., 2008) and dyslexia (Deutsch et al., 2005;
Klingberg et al., 2000; Niogi and McCandliss, 2006; Odegard et al., 2009; Rim-
rodt et al., 2010); the corpus callosum is also implicated by DTI (Dougherty
et al., 2007; Frye et al., 2008; Odegard et al., 2009). Studies have also in-
vestigated DTI white matter-reading relationships in traumatic brain injury
(n=41) (Ewing-Cobbs et al., 2008) and preterm children (n=19) (Andrews
et al., 2009), demonstrating correlations in callosal areas. Individuals with fetal
alcohol spectrum disorder (FASD), where brain injury is associated with prena-
tal alcohol exposure, often have cognitive deficits including reading (Spadoni
et al., 2007). DTI abnormalities in the corpus callosum and temporal lobe
(Lebel et al., 2008a; Sowell et al., 2008a) are observed in FASD, yet their
link to reading is unknown. The purpose of this study was to determine if
white matter microstructure, measured by fractional anisotropy (FA), corre-
lates with reading ability in subjects with FASD and how that relates to a

healthy cohort of volunteers.

11.2.2 Methods

Subjects were 40 volunteers aged 5-19 years (22 males, 18 females; mean age
+ standard deviation: 10.7 £ 3.4 years) with FASD and 40 age- and gender-

matched controls. Some of the control subjects were part of earlier studies of

2A version of this section has been published. C. Lebel, C. Rasmussen, K. Wyper, G.
Andrew and C. Beaulieu, 2010. White Matter Structure Correlates with Reading Ability
in Healthy Subjects and Those with Fetal Alcohol Spectrum Disorder, Abstract #3431.
Proceedings of the International Society for Magnetic Resonance in Medicine, 18th Annual
Meeting, Stockholm, Sweden.
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reading ability in healthy children aged 5-8 (Beaulieu et al., 2006) and 9-12
years (Beaulieu et al., 2005). All subjects were assessed with the Woodcock
Reading Mastery Word ID test. The Word ID test is a sight word reading test
where participants are shown words and asked to pronounce them aloud. An
independent samples t-test evaluated group differences. DTI was performed
on a 1.5T Siemens Sonata scanner using dual spin echo EPI, 40 3mm slices
(no gap), image matrix 128x128 with 75% phase partial Fourier zero-filled to
256256, TE/TR=98ms/6400ms, b=1000 s/mm?, 8 averages and 6 directions,
6:06 minutes. Non diffusion weighted images were normalized to the ICBM
EPI template with non-affine transformations in SPM8; FA maps were normal-
ized with the same parameters and smoothed with a 4 mm kernel. Voxel-based
correlation of FA, controlling for age, with age-normalized Word ID scores was
performed in SPMS8 for each group separately; to exclude CSF, cortical gray
matter, and most deep gray matter (with the exception of the thalamus), only
voxels with FA>0.2 in all individuals were included in the analysis. Positive
and negative t-tests with p<0.025 per voxel and cluster size>84 were used to
determine significant clusters (overall alpha was <0.049). Cluster size thresh-
old was determined using Monte Carlo simulations conducted in AlphaSim

(http://afni.nimh.nih.gov/afni/doc/manual /AlphaSim).

11.2.3 Results

Subjects with FASD had lower Word ID scores than controls (FASD mean =
92413; control mean=107+13; p<0.001). In the FASD group, 6 clusters with
positive Word ID-FA correlations were observed: brainstem (595 voxels, MNI
coordinates of most correlated voxel in cluster: [24, -22, -8]), two bilateral
parietal (left: 103 voxels [-22, -16, 40], right: 102 voxels [26, -16, 38]), right
internal capsule (137 voxels [18,-6,10]), and two left temporal (148 [-24, -28,
-8] and 150 voxels [-36, -24, -14]). Three clusters in the FASD group had
negative correlations: the right frontal/parietal (192 voxels [16, 12, 26]) and
two bilateral cerebellum (left: 210 voxels [-18, -60, -34], right: 227 voxels [28,
-52,-36]). In the control group, no negative clusters and four positive clusters

were observed: three in left temporal/parietal (209 [-18, -42, 54], 206 [-32, -8,
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Figure 11.4: a: Clusters with significant fractional anisotropy (FA)-Word ID cor-
relations are shown for controls (n=40) and FASD subjects (n=40). b: Clusters
overlaid on normalized, smoothed FA maps. c¢: FA averaged across a left parietal
cluster from each group (# for controls, * for FASD) is shown plotted against Word
ID scores, both corrected for age.

24], 136 voxels[-32, -52, 28] ), and one in genu of corpus callosum (92 voxels
-4, 18, 0]). Figure 11.4 shows all clusters and plots of FA averaged over a
left parietal cluster for each group (marked by *, #). There was no overlap

between FASD and control clusters.

11.2.4 Discussion

Significant FA-Word ID correlations in controls were focused in the left temp-
oral-parietal region, with one cluster in the genu, supporting earlier findings
in healthy individuals and dyslexia (Beaulieu et al., 2005; Deutsch et al., 2005;
Klingberg et al., 2000; Niogi and McCandliss, 2006; Odegard et al., 2009;
Qiu et al., 2008; Rimrodt et al., 2010). An additional study observed FA
changes in the left anterior centrum semiovale in 8-10 year old poor readers
that correlated with improvements in reading skill after remediation (Keller
and Just, 2009). Similar left temporal-parietal clusters were observed in FASD,
suggesting consistent involvement of this brain region despite known brain
damage of this area in FASD. However, correlations in FASD differed in that
they were more widespread than in controls, including right hemisphere white

matter, and that there were 3 clusters with negative correlations. The more
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widespread, and notably symmetric correlations, in FASD individuals may be
due to atypical brain development or compensation for the limited capacity
of other brain regions. Some FASD clusters may simply reflect coincidental
brain damage and poor general cognitive performance in the disorder rather
than direct involvement in reading.

Brain structure-reading correlations in FASD are reported for the first
time, highlighting the consistent involvement of the left temporal-parietal area
for reading ability in healthy and abnormal populations, albeit with more

widespread regions in FASD children/adolescents.

11.2.5 Future Directions

One of the major limitations of voxel-based analysis is normalization of the
images to a template. Some regions are well normalized and one can be reason-
ably confident that any correlations or group differences are the result of actual
diffusion parameter differences. For example, the left parietal cluster observed
to be significant in control subjects (see Figure 11.5) seems to be in a well nor-
malized area, and it is located in the same structure in all subjects. However,
other regions may be poorly registered and lead to false results, particularly
if they are near structure edges or crossing fibre regions with artificially low
FA. Suboptimal normalization is evident in the right frontal cluster shown
in Figure 11.6, which is at the edge of the corpus callosum and adjacent to
some crossing fibre regions. This cluster had negative correlations in subjects
with FASD, and may be a product of poor normalization rather than a real
reflection of structural differences.

Two approaches to reduce normalization errors are to use an improved
template and/or a better normalization algorithm. For example a subject-
specific template may produce better normalization than using a pre-made
one, especially with children, who have smaller brains and heads than adults.
The images shown in Figure 11.6 were normalized to the ICBM-152 template
that is provided as part of the SPM software package. However, normalization
of the same subjects to a template made based on the control subjects in this

study yielded a similar right frontal cluster with negative correlations (data
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Figure 11.5: One of the left parietal clusters found to have significant Word 1D-FA
correlations in controls is overlaid on smoothed, normalized FA maps from 8 random
control subjects. It is clear that this cluster is located consistently in a left parietal
white matter region in all subjects.

Figure 11.6: The negatively correlated right frontal cluster observed in subjects with
FASD is overlaid on smoothed, normalized FA maps from 8 random FASD subjects.
It is clear that this cluster is located near an edge and not in the same region for
all individuals.
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not shown), so changing the template may not have much impact for this
study. A means of reducing spurious correlations is to set a very high FA
threshold, ensuring that regions with poor normalization (which tend to have
lower FA values in at least some individuals) are not analyzed. The major
drawback of this approach, however, is that regions with adequate registration
but naturally low FA values may be missed. For example, average FA values in
the left parietal cluster ranged from 0.21-0.48, meaning that an FA threshold
of 0.3 would exclude some voxels there.
Different combinations of templates, normalization techniques and FA thresh-

olds will be explored for this data to better understand the observed correla-

tions and ensure that they are plausibly attributed to diffusion differences.
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Chapter 12

Limitations and Future
Directions

While they are powerful and informative, the techniques used in this thesis
have, as have all methods, inherent limitations. These limitations begin with
the imaging techniques themselves. Single-shot echo-planar imaging (EPI) is
by far the most commonly used sequence for DTI because of its speed and ef-
ficiency. However, EPI (and especially single-shot EPI) has limited resolution
and is prone to several types of artifacts that can degrade image quality. Sus-
ceptibility differences within the brain (e.g. at air/tissue interfaces around the
sinuses) lead to field inhomogeneities and cause off-resonance effects. Because
of its acquisition, EPI is very sensitive to these effects in the phase-encoding
direction, and they result in image distortions, as seen in Figure 12.1. BThese
phase encoding direction is usually set to be anterior-posterior because of these
distortions, to avoid introducing asymmetry into images. Other artifacts com-
mon in EPI sequences include ghosting caused by a phase or amplitude mis-
match between odd and even echoes (the so-called “N/2 ghost”), chemical shift
artifacts caused by fat (which has a different resonant frequency from water),
and eddy-current distortions. Most of these artifacts can be reduced or elimi-
nated by careful protocol selection. For example, a fat saturation pulse can be
added to the sequence and is designed to fully dephase any magnetization con-
tribution from fat and eliminate its contribution to the image. Eddy currents
may be reduced using special DTI sequences like the twice-refocussed spin

echo sequence used throughout this thesis (Reese et al., 2003), or they may be
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Figure 12.1: In areas of susceptibility difference, such as the air/tissue interfaces
around the sinuses, EPI leads to distortions such as those seen here at the ante-
rior end of the brain. A Tl-weighted image is shown on the left, compared to
a non-diffusion-weighted image on the right at the same axial position (although
slice thickness differs between these images). These distortions occur in the phase-
encoding direction, which is generally set to be anterior-posterior.

removed during post-processing with a variety of tools available in packages
such as DTIStudio or FSL. Proper calibration of gradients, alignment of echoes
and reduction of eddy currents should all help reduce or eliminate ghosting.
A further limitation of EPI is its spatial resolution. Image resolution of
MRI in general is limited by the available signal, and rapid acquisitions like
single-shot EPI must compromise resolution to achieve adequate signal and are
even more limited. Typical image resolution in DTI acquisitions is approxi-
mately 8-16 mm? per voxel, acquired either isotropically (say 2.2x2.2x2.2

3 as used in this the-

mm?) or anisotropically (for example, 1.72x1.72x3 mm
sis). These voxel sizes are much larger than the typical diameter of axons,
which is on the order of several microns. DTI, however, is able to probe the
microstructural properties of tissues because signal loss results from hindered
diffusion even at scales much smaller than a voxel. However, the resolution
of DTT images will limit the fibres that can be identified and easily recon-

structed. For fibre tracking, one is limited to fibres that are at least 2-3 voxels

across in order to achieve accurate measures and reliable tracking (see below

196



Figure 12.2: A colour map axial slice is shown, along with zoomed-in sections of
several tracts, and the tract width is given for a specific point. Note that the fornix
(bottom left) can be quite narrow at some points, while other tracts such as the genu
of the corpus callosum (top) and the anterior limb of the internal capsule (bottom
right) are wider at 5-10 mm. This colour map is obtained from the 6-direction data
used throughout this thesis (interpolated data).

for a brief discussion of partial voluming problems). The major fibre bundles
measured in this thesis have diameters that range from approximately 5-15
mm, although the fornix is thinner (see Figure 12.2 for some examples). This
width makes the fibres easily identifiable on 2-dimensional images, and makes
it possible to assess them using DTI, since they will fully occupy at least 2-3
voxels in any direction. However, many other interesting white matter fibre
bundles are too small to assess using typical resolution DTI methods. Better
imaging techniques and increased resolution would allow for a more thorough
study of brain white matter.

The narrowest tract examined in this thesis was the fornix, which can be
only 2-3 mm wide in some parts (see Figure 12.2), leading to partial volum-
ing problems. Partial voluming with CSF, in the case of the fornix, can lead
to drastically reduced FA values, elevated MD values, and difficulty tracking.
For this reason, CSF-suppressed DTT is often used to measure the fornix, as it
helps reduce partial voluming (Concha et al., 2005b). This technique was used
to assess the fornix in both Chapter 5 and 6; however, the CSF-suppressed
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acquisition takes considerably longer to acquire than standard DTT and is not
always possible in young subjects. In the data used here, standard DTT data
was acquired in 6 minutes and provided almost complete brain coverage (part
of the cerebellum was missed in subjects with medium to large heads). How-
ever, the CSF-suppressed DTT lasted over 8 minutes and covered an area only
65% as large as the standard DTI. In young children or uncooperative subjects,
those types of differences in timing are important; however, for measurements
of the fornix in particular, CSF-suppressed data is very beneficial.

Partial voluming may be a problem for other tracts as well. Since many
tracts are adjacent to gray matter regions (those adjacent to other white mat-
ter fibre tracts may have crossing fibre issues as discussed below), gray and
white matter may both be present in voxels around the edges of the tracts.
This lowers the FA values at the edges of the tracts, and one concern is that it
may cause larger tracts to have artificially higher FA values because the pro-
portion of voxels with partial voluming (and lower FA values) is smaller. This
is likely a problem for many DTI studies, particularly those using tractogra-
phy. One method that might help to further understand the partial volume
problem within white matter tracts is to test correlations between volume and
FA within tracts. This is something that will be interesting to explore, partic-
ularly within the healthy development data, to determine if partial voluming is
affecting the relative developmental timing of regions. This will be examined
using the already collected data, as discussed in Chapter 11.1.

Deterministic tractography, the main analysis tool used throughout this
thesis, uses the FA and primary diffusion direction within each voxel to trace
fibre pathways in the brain. It is often criticized because it does not provide
any measure of uncertainty for the streamlines it produces, though there is of-
ten a range of possible trajectories, each with a certain likelihood. Probabilistic
tractography is one way to handle uncertainty in fibre estimates, and it pro-
vides probabilities for numerous pathways originating from a single seed region
(Behrens et al., 2003; Parker et al., 2003). However, probabilistic tractography
algorithms have their own drawbacks, such as the propagation of uncertainty

along the length of the tract (Jones, 2008), and they are not designed for ac-
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quisitions with only six diffusion encoding directions (and are therefore not
well-suited for the six direction DTI data used through this thesis).

One of the main limitations of deterministic tractography comes not from
the tracking algorithm, but from the tensor itself, which is not sufficient to
accurately model regions where two or more fibre bundles intersect in a cross-
ing or in a “kissing” pattern. Since the tensor can only handle one primary
diffusion direction per voxel, these intersections produce oblate, rather than
elongated, ellipsoids, and result in artificially low FA values, which may termi-
nate deterministic tracking algorithms. An example of this problem occurs in
parietal brain regions, where lateral projections of the corpus callosum cross
with corticospinal tracts and the superior longitudinal fasciculus; this is why
the lateral projections of the corpus callosum are effectively absent in the work
presented in Chapter 7. A variety of more sophisticated models and new DTI
acquisition methods using high angular resolution are capable of representing
multiple fibre orientations per voxel, and thus can better cope with crossing
fibre areas (Alexander, 2005; Hess et al., 2006; Tuch, 2004; Wedeen et al.,
2005). It would be interesting to investigate additional brain regions using
more sophisticated methods capable of reconstructing additional white matter
pathways that are not easily assessed using classic deterministic tractography.

Voxel-based morphometry (VBM) is a useful method for investigating
structure-function correlations that are not necessarily apparent when an en-
tire white matter tract is examined. However, VBM is limited by the nor-
malization methods used, and may produce errors in regions where normal-
ization is poor (see Section 11.2.5). Misregistration may be reduced using
study-specific templates or improved normalization algorithms. For example,
while the VBM data presented here used non-affine registration in SPM to the
ICBM-152 template, some studies use higher-dimensional warping techniques
(Ashtari et al., 2007; Park et al., 2004), or homemade templates (Kubicki et al.,
2005; Lee et al., 2010) that may provide improved registration. Since normal-
ization problems are likely to persist even with improved templates and reg-
istration, some methods of mitigating their effects are to use a more stringent

statistical threshold to reduce the chance of false positives or to mask corre-
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lations/group differences with a more strict threshold (i.e. FA>0.3 or higher,
instead of the more standard FA>0.2). These modifications may have other
consequences; for example, higher statistical or masking thresholds greatly in-
crease the chances of finding false negative results and true differences may
be missed. VBM is sensitive to the normalization, smoothing, and analysis
parameters chosen, including template, statistical thresholds, and the size and
shape of the smoothing kernel (Jones et al., 2005; Van Hecke et al., 2010).
Parameters should be carefully selected and consistently applied to minimize
the potential for error. A promising new voxel-based method is tract-based
spatial statistics (TBSS), which uses an FA skeleton and measures FA only
along the middle of tracts (Smith et al., 2006). This method may provide a
more robust analysis of white matter differences, including additional infor-
mation about correlations between brain structure and cognition in both the
FASD and typically developing populations studied here. However, one of the
disadvantages of TBSS is that it misses non-central white matter regions and
non white matter regions such as the thalamus, which may provide interesting
information. Moreover, like other voxel-based approaches, TBSS suffers from
statistical difficulties in controlling for multiple comparisons while maintaining
adequate power to detect differences.

In addition to DTI, there are many other imaging techniques useful for
assessing brain structure. Methods such as volumetric analysis and corti-
cal thickness measurement will help further elucidate both healthy age-related
changes and the abnormalities present in fetal alcohol spectrum disorder (FASD).

MRI volumetrics can be done by manually tracing regions and structures;
however, this is very time-consuming and not feasible for very large subject
groups such as those presented here. Fortunately, there are also a number of
software packages providing automated methods of brain segmentation (e.g.,
FreeSurfer (Fischl et al., 2002)). These packages identify and delineate brain
structures by labelling each voxel, then provide volume measurements for each
structure. Typically, a software package can provide measures of lobe volumes
for both gray and white matter, and the volumes of most major gray matter

structures. Cortical thickness analysis is also able to give gray matter thick-
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ness at multiple points along the cortical surface (Aganj et al., 2009; Hutton
et al., 2008; MacDonald et al., 2000), providing specific information about
areas with age-related changes or group differences. Volumetric and cortical
thickness analyses have previously been conducted in a variety of studies of
both healthy individuals (Lerch et al., 2006; Sowell et al., 2003; Walhovd et al.,
2009) and subjects with FASD (Archibald et al., 2001; Astley et al., 2009a;
Sowell et al., 2008b), providing valuable information. Using these techniques
in conjunction with DTT in the same subjects may highlight patterns of re-
gional development or abnormalities that are consistent across both white and
gray matter, and will provide opportunities for examining correlations between
DTTI and other structural. Relationships between thickness, volume, cognition
or behaviour indices, and DTI-derived parameters will give an even clearer
overall picture of brain development and various abnormalities. Much of the
healthy development and FASD data presented here has already been pro-
cessed through FreeSurfer and cortical thickness analysis programs; analysis
of the results is likely to provide additional interesting information about brain
structure (e.g. cortical thinning in FASD subjects (Zhou et al., 2010)).

The two completed studies of FASD presented here provide information
about brain abnormalities in children with FASD. It has been suggested that
the gap in cognitive performance between individuals with FASD and their
peers widens during adolescence compared to childhood, and it would be in-
teresting to investigate whether brain development curves show similar results
with increasing age. In that regard, additional subjects with FASD have been
and continue to be recruited to fill in the age range of 13-30 years, as the stud-
ies described in Chapters 9 and 10 only examined children aged 5-13 years.
Furthermore, as longitudinal studies provide increased sensitivity compared
to cross-sectional designs and increase the power to detect differences or age-
related changes, the initial participants in the FASD study are being asked
to return for a follow-up scan. The longitudinal data already collected on
typically developing children, adolescents, and young adults gives valuable
information about healthy brain changes; longitudinal data on children and

adolescents with FASD will provide a better understanding of differences in
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developmental trajectories rather than just abnormalities at a particular point
in time. With additional FASD subjects, it may also be possible to investigate
brain differences among diagnostic categories of FASD (i.e. FAS, pFAS, SE,
NBD) rather than simply between individuals with FASD and control subjects.
The four-digit diagnostic code for FASD allows for even further separation of
individuals, and correlations can be analyzed between each element of the di-
agnostic code (i.e. brain dysfunction, growth deficits, facial abnormalities, and
alcohol exposure) and diffusion parameters. This allows for investigation of
whether the brain abnormalities detected in subjects with FASD scale with
the severity of the diagnosis.

In total, there are many additional methods that offer promise to detect
previously unseen abnormalities or normal age-related changes in the data
presented here. Ultimately, a combination of methods for DTI analysis, volu-
metrics and correlations with cognitive and behavioural measures will provide
the most complete picture of structural brain development in both healthy

individuals and abnormal conditions.
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Chapter 13

Conclusions

Magnetic resonance imaging (MRI) provides a safe, non-invasive tool for in-
vestigation of normal, healthy brain changes. Diffusion tensor imaging (DTT)
in particular, is an advanced MRI technique and a useful method for studying
white matter microstructure because of its sensitivity. The data presented
in this thesis demonstrate, using DTI, that healthy age-related changes vary
regionally throughout the brain in both magnitude and rate of development.
These changes occur non-linearly across the age span and the patterns of
change are consistent in both cross-sectional and longitudinal studies. In gen-
eral, the age-related trajectories are similar across hemispheres and between
genders. The normative data provided here will be useful to identify brain
abnormalities in various disease populations and developmental disorders.

One such developmental disorder is fetal alcohol spectrum disorder (FASD).
FASD has considerable consequences for the individuals diagnosed with this
condition, their caregivers and families, and in society. Yet, despite its preva-
lence (~1 %), it is relatively poorly understood. DTI has proven useful for
studying this disorder, and was used here to demonstrate widespread brain
abnormalities in children with FASD that presumably underlie the extensive
cognitive, behavioural, and emotional abnormalities experienced by those with
FASD. Understanding the brain differences in this disorder may ultimately help
lead to earlier diagnoses, improved treatments, and better outcomes.

In addition to understanding brain structure itself and its age- or condition-

related variations, it is useful to relate brain structure to cognition within both
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typical and abnormal populations. Thus, an additional focus of this thesis was
to examine correlations between a variety of cognitive abilities and diffusion
parameters reflecting brain structure in both the healthy and FASD groups.
Brain lateralization correlated with picture vocabulary and phonological pro-
cessing performance in healthy children, while correlations between mathemat-
ical ability and white matter structure were observed in children with FASD.
Another study of reading ability and brain structure across both populations
is ongoing and preliminary results were described. These types of studies
provide insight into the brain structure underlying intellectual abilities in the
general population and in FASD, and may someday lead to advanced methods
of evaluating treatments and interventions to improve cognitive performance.

In conclusion, DTT has allowed us to describe, in detail, healthy develop-
ment across the lifespan as well as brain abnormalities in FASD. The results
highlight regional patterns of change, as well as relationships between cogni-
tion and brain structure in both populations. When combined, behavioural,
cognitive, and imaging data help provide a thorough understanding of both
typical brain changes from childhood to old age, and abnormalities present in

FASD — a serious, acquired brain disorder.
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Appendix A

Template Creation

The fibre tracking presented in Chapters 5, 6, and 9, and Section 11.1 was
done using a semi-automated method described in Appendix C. This semi-
automated tracking method uses a homemade template to which images are
normalized. This template was created by scanning a healthy 25-year old male
subject 20 times with the standard 6-direction DTT protocol used through this
thesis (see any of the “Research” chapters for details). The images from all
20 scans were normalized to each other using affine transformations and then
averaged together to create the template. As all of the DTI data presented in
this thesis, the template has 40 3 mm thick slices. All 40 slices are shown in
Figure A.1.

Note that this is not the same template used for the voxel-based analysis
described in Chapter 10 and Section 11.2; those studies used the ICBM-152
template provided as part of the SPM software package. The fibre tracking

for Chapters 7 and 8 was done manually and did not require a template.
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Figure A.1: Colour maps for all 40 slices from the homemade template used for
semi-automated tractography are shown. The bottom slice is located in the upper
left corner; slice numbers increase left-to-right across the page and down across the
rows. Green indicates that the primary diffusion direction is anterior/posterior, blue
indications inferior /superior, and red indicates left /right.
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Appendix B
Tracking Fibres

This section demonstrates the locations of seeding and target regions to delin-
eate the major white matter tracts. These regions are the ones used for the
semi-automated and automated tractography presented in Appendices C and
D, so they are drawn considerably larger than would be necessary for manual
tracking in individual subjects. Furthermore, it must be noted that both the
colour maps and the tracking results will vary greatly from subject to subject
and will not be identical to those presented here. Slices shown here are given
for the homemade DTI template described in Appendix A and are based on
data that is 256x256 x40 slices, with voxel sizes of 0.86x0.86x3 mm?. Tracts
shown are those from a healthy 22 year old male.

Additional tools that will help with tractography include:

e (Catani et al., 2002): a paper demonstrating some major white mat-
ter tracts and how to delineate them using a multiple region-of-interest

approach.

e (Wakana et al., 2004): a paper showing most major white matter tracts,
what they look like and where they are located on both 2-dimensional

colour and FA maps.

e www.dtiatlas.org: a good website showing an atlas of tracts and describ-

ing the function of each tract

Tracking of the fornix for Chapters 5 and 6 was done using CSF-suppressed
DTI data. An additional template was constructed for the CSF-suppressed
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Anterior Limb of the Internal Capsule (ALIC)
SEED TARGET RESULT

Exclusion regions included: corpus callosum (genu), fibres following the
ALIC but projecting out toward the side of the brain instead of forward

Body of the Corpus Callosum (bCC)
SEED TARGET RESULT

Generally, no exclusions needed

Cingulum (cg)
TARGET RESULT

Exclusion regions used above (axially) and at extreme anterior/posterior regions

Figure B.1: Fibre tracking of the anterior limb of the internal capsule, body of the
corpus callosum and cingulum.
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Corticospinal Tracts (CST)
SEED TARGET RESULT

H &S

Exclusion regions were posterior to
CST and on midline

Fornix (fx)
TARGET RESULT

Exclusion regions were used superior to the fornix, and on each side

Genu Corpus Callosum (gCC)
SEED TARGET RESULT

Generally, exclusion regions not necessary

Figure B.2: Fibre tracking of the corticospinal tracts, fornix, and genu of the corpus
callosum.
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Inferior Fronto-occipital Fasciculus (IFO)
SEED TARGET RESULT

Exclusion regions sometimes needed above/below tract to eliminate superior/inferiorly oriented fibers

Inferior Longitudinal Fasciculus (ILF)
SEED TARGET RESULT

Exclusion regions needed on uncinate, superior to ILF, and on midline

Splenium of the Corpus Callosum (sCC)
SEED TARGET RESULT

y=108,
142
:

Exclusion regions needed to eliminate temporal CC (tapetum), if desired

Figure B.3: Fibre tracking of the inferior fronto-occipital fasciculus, inferior longi-
tudinal fasciculus, and splenium of the corpus callosum.
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Superior Fronto-occipital Fasciculus (SFO)
SEED TARGET RESULT

)

Exclusion regions needed on corticospinal tracts and superior to SFO

Superior Longitudinal Fasciculus (SLF)
SEED TARGET RESULT

Exclusion regions needed on internal capsules, midline, and posterior to SLF

Uncinate Fasciculus (UF)
SEED TARGET RESULT

Exclusion regions needed on inferior fronto-occipital and to both sides

Figure B.4: Fibre tracking of the superior fronto-occipital fasciculus, superior lon-
gitudinal fasciculus, and uncinate fasciculus.
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data and it is shown below. In comparison to the reconstructed fornix from
the standard DTT data, this tract has a longer crus section extending exten-
sion toward the hippocampi in either hemisphere. The fornix here appears
somewhat thinner than the fornix reconstructed from the standard DTI data,

but this will vary from person to person.

x=141, 145

Exclusion regions were used above the fornix and to each side of it

Figure B.5: Fibre tracking of the fornix using CSF-supressed data is shown.
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Appendix C

Semi-Automated Tractography:
A step-by-step tutorial

Semi-automated tractography is useful for quick analysis of large data sets.
Subject images (generally, the non diffusion-weighted images (b=0 s/mm?),
but fractional anisotropy (FA) images could be used instead) are normalized
to a template using a non-affine transformation in SPM. Seeding, target, and
exclusion regions for each fibre tract are drawn on a template colour map
and then warped back to native space for each individual using the inverse of
the original transformation parameters. Fibre tracking is then done in native
space for each individual using a deterministic streamline algorithm and the
warped seeding, target, and exclusion regions.

Semi-automated tractography is done in four stages: preparation of files;
selection of seeding, target and exclusion regions; fibre tracking; and analysis.
Instructions and figures shown in this appendix are taken from SPMS8, but the

semi-automated tractography code is compatible with both SPM8 and SPM5.

C.1 Preparation of Files

1. Create *.mat files for each subject in ExploreDTI. There is code provided
with the ExploreDTI package (Calculate_Mat_File_For_ExploreDTI.m)
that must be modified to include the proper gradient table and b-value;
a version that works for the 6-direction DTI sequence off the Siemens

1.5T scanner is available. Once the *.mat files have been created for
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each subject, put all files into the same folder. These are the native

space images.

2. Create deformation matrices in SPM:

(a)

()

Create *.nii files for the images you with to normalize (either b0 or
FA images). This can be done using the generate_nii_list.m Matlab
code. To use generate_nii_list.m, just make sure parameters for
voxel size and dimensions are correct. Furthermore, ensure that the
origin of the *.nii native images created and the template image are

close together or normalization will not work.

Use the Normalise:Estimate function in SPM to normalize the
b0 or FA images to a template image (see Figure C.1). Subject
images in *.nii format are selected under Source Image, and the
template is selected under Template Image. The template image
must also be in NIfTT (*.nii) or Analyze (*.hdr, *.img) format.
Several templates are provided by SPM in MNI space (EPI, T1,
T2, etc), or you may use a homemade template, for example the
Atlas_AL.nii template. A homemade template is easier because
you will have DTT data (including a colour map and a *.mat file)

on which to draw the seeding regions.

You may select Normalise: Estimate & Write instead of Nor-
malise: Estimate if you wish. Estimate will create the neces-
sary *_sn.mat file, while Estimate & Write will create both the
*_sn.mat file and a saved normalized image. The normalized image
is not necessary for semi-automated tractography but may be useful

for other applications (such as voxel-based analysis, see Section E).

Multiple subjects can be normalized at one time to template image.
Simply add additional subjects under Data, and select the b0 or
FA *nii file for each subject under Source Image. Generally, the

other default SPM parameters are okay.

Create the deformation maps to warp images from template back
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r. Batch Editor

File Edit SPM BasiclO

0@ | >

Module List

-

Current Module: Hormalise: Estimate

Help on: Mormalise: Estimate

Subject
Source Image <K
Source Weighting Image Ofiles
Estimation Options
Template Image <X
Template Weighting Image Ofiles
Source Image Smoaothing 8
Template Image Smoothing 0
Affine Regularisation ... Space template
Monlingar Frequency Cutoff 25
MNaonlinear lterations 16

m

Current tem: Data

Mew: Subject
Replicate: Subject (1)
DELETE: Subject (1)

4 {11} 3

* Subject
Falt [

Edlit /alue

List of subjects. Images of each subject should be warped differently.

1 or more options must be selected from:

e

Figure C.1: SPM: Normalise: Estimate
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] Eatch Editor 2 E]

File Edit SPM BasiclO E
DS >

Module List Current Module: Deformations

Deformations=-» * HeIE on: Deformations i~

Inverse
Composition
Imported _sn.mat

Parameter File <=-X
Voxel sizes [Mal MNal Man]
Bounding box 2%3 double
Image to base inverse on <X
Save as !
Apply to 0 files
Interpolation Trilinear

1

Current Hem: Composition

Mew: Imported _sn.mat
MNew: DARTEL flow
Mew:. Deformation Field
MNew: Identity

] 1 3 Edit "Valus

Composition =
Deformation fields can be thought of as mappings. These can be =
combined by the operation of "composition”, which is usually denoted

by a circle "o" Suppose xA-=B and y.B-=C are two mappings, where
A B and C refer to domains in 3 dimensions. Each elementain A

ronimte to slarnsnt wlad n D Thic in bors moointe to slamssnt sl sl in © cn

m.| »

Figure C.2: SPM: Deformations

to native space for each individual.

Use SPM Deformations to create maps, (in the batch editor, un-
der SPM > Util; see Fig. C.2). Under Composition, choose
New:Inverse, then under the next Composition, choose New:
Imported_sn.mat. Select the parameter file (*_sn.mat) from nor-
malization.

Under Save as, put the subject’s name. The name of this file must
be the same as the native *.mat file for the tracking code to work.

Apply to can be used if you want to apply the deformations to
something (for example to the normalized image to test if the de-
formation is correct), but it is not necessary to fill in this field.

Apply to is also the code to be used for normalization of FA maps
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for voxel-based morphometry, for example. Multiple subjects may

be run in one batch by creating additional deformation modules.

Save all deformations in the same folder.

C.2 Selection of Seeding, Target, and Exclu-
sion Regions

1. Load the template image (*.mat file) into ExploreDTI. You can display
it as either a colour map, FA map or non diffusion-weighted image. This
must have the same dimensions as the native space images for each sub-

ject, or the semi-automated tractography will not work.

2. Draw the seeding region in the desired area (see Appendix B for guide-
lines for drawing seeding and target regions). Seeding region should be
drawn considerably larger than the structure desired to ensure that no
fibres are missed due to normalization errors; however, the size of the
seeding region must be balanced against attempts not to include other

fibres in the seeding region.

3. Save the seeding region or regions. Go to Data > Save mask of ROIs
(*.mat), and save the mask. Each mask is a logical matrix in Matlab,

the same size as the DTI data.

4. Repeat steps 2 and 3 for the target (AND) and exclusion (NOT') regions.

It makes things easier later if the regions are all saved in the same folder.

Note that the selection of these regions is an iterative process. You must
try your seeing, target and exclusion regions on a few subjects to see if

they work, and you then may need to go back and modify later.

C.3 Tracking the Fibres

This will do the tracking of the fibres in native space for each individual, saving

the tracts as a Matlab workspace. The file can then be loaded into ExploreDTI
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for analysis, into the Matlab workspace for examining the variables, or used

with analyse_nonaffine_Tractography_Results (see section C.4).

1. Run nonaffine_Tractography_Analysis.m by typing it into the Matlab

command line.
2. Set the tracking parameters in dialog box:

e Minimum FA for seed point selection is usually 0.15-0.3; this pa-
rameter is a trade-off between getting all the fibres you want and

minimizing spurious fibres.

e Maximum FA for seed point selection should always be 1, unless
you want to avoid seeding in regions of high FA (but I do not know

why you would want this).

e Minimum FA to allow tracking should generally be the same as the

minimum FA for seed point selection.

e Maximum angle is usually 30-70°, although I have found it does

not make a large difference to the tracking results.
e Step size is usually 1 mm.
e Minimum fibre length is usually 10 mm.
e Maximum fibre length is usually 400 mm.

e The seed point supersampling factor can be used to compensate
for anisotropic voxels by seeding more points in one direction. For
example, when using sagittal or coronal seeding regions, I use [0
0 2] to compensate for the fact that my slices are thicker (3 mm)
than the in-plane resolution (0.85 mm after interpolation). The
supersampling seeds 2n+1 points in each direction, so [0 0 2| seeds

1x1x5 points.

3. Select the folders to be used:

Each folder should have all of the subject files in it, without other files.

The *.nii deformation files must have the same name as the native space

13

* mat files, with the exception of the “y_” at the front.
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4. Select the seed, and, not masks (seeding, target, exclusion):

These are the Matlab files (*.mat) with the same dimensions as the
native images. They are logical format, with ones in the voxels selected

and zeros elsewhere. The workspace variable must be named ROIMask.

You may decide whether you want to use AND or NOT masks; generally,

these are needed for accurate tracking.

The program will keep track of its progress by outputting the current
subject number to the workspace. Fortunately, each subject’s tracts
area saved to the file after completion, so if the program crashes partway
through you will not need to resume it from the beginning, but only from
the subject it was working on when it crashed. To do this, simply remove
the files of subjects who have been completed from the deformation folder
(put into a temporary folder; do not delete them) and the program will

skip them.

C.4 Analyzing the Tracts

This analysis uses the tracts calculated using nonaffine_Tractography_Analysis
to extract FA values, eigenvalues, and MD for the tract for each subject. Other
variables such as number of streamlines, tract volume, and tract length may be
saved. Depending on the version of ExploreDTI being run, line 98 may need
to be changed from loading the TractsMask variable to loading the TractMask

variable.

1. Run analyse nonaffine_Tractography_Results by typing it into Matlab

command line.
2. Select the appropriate folders and the name for the resulting file.

3. Select slice range. This can be used to analyze tracts only in a specific
region (e.g., left only or right only). You must be careful, though, because

this selects the region in native space, so it may be slightly different for
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different individuals (left /right is fine for clearly separated tracts because

there is enough empty space between tracts, though).

This program will save two files — a Matlab file and a text file; they
will both have the same name. You can load the Matlab file into the
workspace and examine the variables. The text file can then be imported

into SPSS or Excel for statistical analysis.

C.5 Rejection of Tracts

Throughout the process of selecting seeding, target, and exclusion regions
for semi-automated tractography, the resulting tracts should be examined to
ensure that they are accurate. Selection of the seeding, target, and exclusion
regions is iterative and should be refined until almost all tracts obtained are
deemed acceptable. However, it is likely that some tracts will continue to
be inadequately traced. Some individuals may have no streamlines found
for a particular tract, while others may result in incorrct tracts that may
be necessary to exclude. When no streamlines are found, Matlab outputs a
message into the command window, and the values output for FA, MD, and the
eigenvalues will be zero; these values should be removed from the spreadsheet
so as not to skew results.

Incorrect tracts may be more difficult to spot, and it is important to con-
duct a random check for each analysis by examining each tract in several
individuals to ensure they follow the desired pathway. Another easy way to
check for incorrect tracts is to examine the FA and MD values output by the
analyse_nonaffine_Tractography_Results code. Tracts that have particularly
high or low FA or MD values should be looked at to determine whether they
follow the correct trajectory.

For this thesis, cases where tracts were clearly not what was desired or
cases where no streamlines were produced were excluded from further analysis
of that tract. Fortunately, the large sample sizes permitted removal of one
subject from part of the analysis without significantly altering the power or

sensitivity of the results. In the lifespan development study (Section 11.1),
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which contained 403 subjects, the following number of cases were excluded for
each tract: 1 fornix, 3 splenium, 2 cingulum, 1 corticospinal tract, 5 inferior
fronto-occipital fasciculus, 1 superior fronto-occipital fasciculus, 1 uncinate,
and no cases were excluded for the anterior limb, inferior or superior longitu-
dinal fasciculi, or the genu or body of the corpus callosum. Removal of tracts
which did not work with the semi-automated tractography method ensured
that no bias was introduced by using manual tracking in only some subjects.
Interestingly, however, even manual tractography was unsuccessful for most of
the cases in which the semi-automated method failed to reconstruct the proper

pathway.

246



Appendix D

Automated Tractography

In addition to the step-by-step process presented in Appendix C, I have writ-
ten two pieces of code which will do the preprocessing in one step, then the
fibre tracking in another, completely automatically. This code works for data
acquired on the Siemens scanner using 35 or 40 slices and uses my prepared
tractography masks, so data should be similar to the acquisition scheme used
throughout this thesis or it is unlikely to produce accurate results. The seed-
ing, inclusion and exclusion regions used for this automated tracking are very
similar to those shown in Appendix B.

To run this software, you must have downloaded (ExploreDTI (current ver-
sion at time of writing was v4.6.8), and SPM (Statistical Parametric Mapping).
You will also need to place the “Automated Tractography” folder somewhere

in the Matlab path.

D.1 Preparation of Files

1. Put all the DTT DICOM files into one folder for each subject, and put
all subject folders into the same directory. Make sure there are no other
files or folders in these directories. For this code to work, SPM must
be initialized. This is done within the code, but SPM must be closed

manually.

2. Run “Preprocess_For_ExploreDTI_batch.m” in Matlab, by typing “Pre-

process_For_ExploreDTI_batch” into the command window.
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3. Press “okay” and then quit SPM by pressing “quit”.
4. Select the directory of the DICOM data for all subjects.

5. Input the sequence parameters: b-value, voxel dimensions, matrix di-
mensions, gradient table (the default is the Siemens 1.5T 6-direction
protocol). The default parameters can be changed in the code itself, if

desired.

For the 6-direction Siemens data used through this thesis, the parameters

are:
b-value: 1000 s/mm?

Voxel dimensions: [0.86 0.86 3]
Matrix dimensions: [256 256 40]

Gradient table: [(1,0,1), (-1,0,1), (0,1,1), (0,1,-1), (1,1,0), (-1,1,0)]

6. Select the template to use for normalization — this should be either the
Atlas.nii file (for 40 slice data), or the Atlas35.nii file (for 35 slice data).
If using other data, a different template and new tractography masks

would need to be created.

7. Select the location to save the processed files. The files will be saved
using the Patient ID field from the DICOM header. If the Patient ID is
the scanner-input default (which contains a very long string of numbers
and dots), a dummy label “subject_x” will be used instead. If you later
change the name of any subject, make sure to change the name of that

subject for all associated files produced by this preprocessing code.

You should now have 6 files for each subject (5 will be in sub-folders):

1. In the main folder (overall directory with DICOMs in it), there will be a
* mat file for each subject called subID.mat, which contains all diffusion
parameters and can be loaded into ExploreDTI to view the FA, colour

map, do additional tracking, etc.
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6.

. In the folder “b0 maps”, there are b0 images NIfTI format for each

subject, called subIDb0.nii. These are the non diffusion-weighted images
in native space and they can be loaded into SPM or MRICro for viewing.

These are the images used for normalization.

In the folder “FA maps”, there are FA maps for each subject in native
space, called subIDFA.nii. As with the b0 images, these can be loaded
into SPM, MRICro, etc. to view.

The folder “Parameter files” contains the normalization parameters used
to warp the b0 images to the template selected at the beginning of the
code (should be the AL template for either 35 or 40 slices).

The “Normalized FA maps” folder contains the normalized FA maps,
called wsubIDFA .nii. The FA maps are normalized using the parameters

in “Parameter files” to create these normalized FA maps.

“Deformation maps” contains the un-warping parameters created by tak-

ing the inverse of the normalization parameters in “Parameter files”.

The mat files and deformation maps are the only ones necessary for track-

ing.

D.2

The other files are useful for checking raw data or normalization, or

possibly for later use in other analysis (see Appendix E).

Tracking of Fibres

The tracking is done using pre-made seeding, inclusion, and exclusion masks
selected specifically for the 6-direction protocol. If you are using other data, or
warping to a different template (not the AL template), you will need to create
new masks. This code can take a while, depending on how many subjects and
how many tracts measured. Plan on it taking approximately 1-3 minutes per

subject per tract, depending on the computer.

To run the tracking:

1.

Run the file “Track_fibres_automatically.m” in Matlab by typing into the

command window: “Track_fibres_automatically”.
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2. Select the tracts you wish to delineate and measure.

*

3. Select the appropriate folders containing the *.mat files, deformation

maps, and the tracking masks.
4. Name the file in which to save all parameters.

Now, you should have a folder for each tract, which contains mat files of
the tracts for each subject. These can be loaded into ExploreDTI to view, and
should be examined to make sure they are correct. There is also a text file for
each tract, containing the FA, MD, and eigenvalues averaged across the entire
tract. These text files can be loaded directly into SPSS or Excel for analysis.
Finally, there is a Matlab file (called the name specified when running the

code) containing all parameters that can be easily loaded into Matlab.
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Appendix E

Voxel-Based Analysis

Voxel-based analysis (or voxel-based morphometry, VBM) is useful for exam-
ining all of the brain white matter at once in an automated way. Images
for each subject are normalized to a template and compared voxel-by-voxel
across the whole brain to examine for group differences or correlations with
another variable (e.g., age or a cognitive score). VBM is done in three stages:
normalization of images, smoothing of images, and voxel-by-voxel statistical

analysis.

E.1 Normalization of Images

1. Create *.nii files for each subject. This can be done using the gener-
ate_nii_list.m Matlab code (as in Section 2a). If using the b0 images for
normalization to a template, create *.nii files for both b0 and FA images
(FA images will be normalized later using b0 parameters); if normaliz-
ing the FA images to a template directly, only FA *.nii files need to be

created.

2. Use the Normalise:Estimate & Write function in SPM to normalize
subject images (either b0 or FA) to a template (see Figure E.1). Select
image to normalize (either b0 or FA image) as Source Image, and
select the FA map under Images to Write. Multiple subjects can be
normalized at one time to template image by adding additional subjects

under Data and selecting the appropriate images to normalize and write.

251



B Batch Editor = B S

File Edit SPM BasicI0 ~
D | >
Module List Current Module: Hormalise: Estimate & Write
MNormalise: Estim ~ HeIE on: Normalise: Estimate & Write =
Subject
Source Image <X |
Source Weighting Image Ofiles |~
Images to Write <X
Estimation Options
Template Image <X =
Template Weighting Image 0 files
Source Image Smoothing 8
Template Image Smoothing 0
Affine Regularisation ... template
MNonlinear Frequency Cutoff 25 |~
Current kem: Data
MNew:. Subject '
Replicate: Subject (1)
DELETE: Subject (1)

List of subjects. Images of each subject should be warped differently.
1 or more options must be selected from: 4
* Subject

Trermeths calaetad st snee

Figure E.1: SPM Normalise: Estimate & Write

The template is selected under Template Image and must also be
in NIfTT (*.nii) or Analyze (*.hdr, *.img) format. There are several
templates provided by SPM (EPI, T1, T2, etc), or you can make one
of your own from your subject data. The template image should be of

similar contrast (b0 or FA map) to the images being normalized.

Normalise: Estimate & Write will create both the *_sn.mat file and
a saved normalized image (which will have the same name as the original

image, with a 'w’ appended to the front).

E.2 Smoothing of Images

To smooth images, select Smooth in SPM (see Figure E.2). Select all of the

files to smooth (normalized FA maps) under Images to Smooth and set the
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B Batch Editor b= )

File Edit SPM BasiclO §
Dl
Module List Current Module: Smooth
Smooth * | |Help on: Smooth -
Images to Smooth 4 files
FWHM [444]
Data Type SAME
Filename Prefix 5

Current tem: Images to Smooth

CAFASDniis\FAVAAFA nii 1 &
CAFASDniis\FAVABFA nii 1
CAFASDniis\FAVAEF A nii 1

CAFASDniis\FAVAJFA nii 1

— Select Files

Images to Smooth o
Specify the images to smooth. The smoothed images are written to the
same subdirectories as the original *img and are prefixedwith a's'
(i.e. s*img). The prefix can be changed by an option setting.

Figure E.2: SPM: Smooth

appropriate full width half-maximum under FWHM. The value for FWHM
should be chosen with consideration of the original resolution of the data.
Smoothed images will be saved with an ’s’ appended to the front of the name
of the original (normalized) file. Many subjects can be run at once simply by

selecting all files under Images to Smooth.

E.3 Statistical Analysis

Statistical analysis for VBM in SPM is done in three parts. First, the anal-
ysis is set up, then the contrasts are estimated, and then the results can be

explored.

1. Select Specify 2nd-level in SPM. The type of statistical test is se-

lected under Design, for example, Two-sample t-test can be used to
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File Edit SPM BasiclO ~
D Hd| W

Module List Current Module: Factorial design specification

Factorial design ~| |Help on: Factorial design specification o

Dire ctoi <X

Multiple regression
Scans <X |2
Covariates
Intercept . Intercept
Covariates
Masking |
Threshold masking
Mone
Implicit Mask Yes
Explicit Mask
Current Hem: Design
One-sample t-test
Two-sample t-test
Paired t-test
*Multiple regression

I

4 I b Edit alue

1

lam | »

One of the following options must be selected:
* One-sample t-test

* Tiaim Lottt

Figure E.3: SPM: Specify 2nd-level

test for group differences, or Multiple regression can be used to test
correlations with another variable. After selecting the type of test, the
scans are selected, under Scans. Covariates (e.g., age, reading score,
etc) can be added under Covariates, but must be in the same order as
the selected scans. Threshold masking can be used to test only white
matter, by including an absolute threshold of 0.2 (for example) for FA.
This means that if a particular voxel has a value {0.2 in any subject, it
will be excluded from the analysis. This ensures that only white matter

is analyzed. Directory is where the results of the analysis will be saved.

. Once the second-level analysis has been specified and run, the Estimate
function must be used. Simply open Estimate and select the SPM.mat

file created by running the second-level analysis.
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name

positive age correlation

@

Figure E.4: SPM Results: Contrast

3. After running Estimate, the results can be explored. Select Results
in SPM and select the SPM file created by second-level analysis and
previously estimated. After selecting the file, contrasts must be defined.
This is the tricky part, but advice on how to best select contrast matri-
ces can be found on the SPM website in the documentation section at

http://www.fil.ion.ucl.ac.uk /spm/doc/.

For example, in a multiple regression analysis with two variables, you
may be interested in correlations with age (Figure E.4). A t-contrast
can be created to test for positive correlations with age. This contrast
will be a 1x3 vector, [1 0 0]. A negative correlation with age would
be [-1 0 0]. A t-test will test significance in one direction only (e.g.,
positive correlation, Group A > Group B), while an F-test will examine
significance in both directions (positive and negative correlations, Group
A different from Group B). An F-test for correlations with age would look
like [1 0 0; -1 0 0].

After designing a contrast, you will go through a few SPM options. You
can mask with other contrast(s), although it is unlikely that this will
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be useful.

Since many voxels across the brain are compared at once, multiple com-
parisons are a concern. There are several ways to correct for this, in-
cluding SPM’s built-in family-wise error (FWE) correction. This is very
stringent, especially if you are only examining white matter, so I prefer
to choose none and use other methods for multiple comparison correc-
tion (see section 10.2.4 for details). The threshold is the per voxel
statistical threshold for significance, and the extent threshold is the
number of significant voxels that must be adjacent (forming a cluster) to

be considered significant overall. This helps to prevent spurious results.

Once the parameters are chosen for displaying results, the significant
brain regions will appear in the SPM window. They can be overlaid
on FA or T1 maps and explored (see Figure E.5. Results can also be
displayed in numeric form (with cluster size, location, and significance)
using the whole brain button under p-values. Clusters can also be
saved using save for later use or display in Matlab, MRICro or other

programs.
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Figure E.5: SPM Results
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Appendix F

Stereograms

Similar to Magic Eyes, stereograms provide depth to an image - try these out
and see what you can see! To view, cross your eyes until you see four images,
then adjust your eyes and allow middle two images to overlap, forming three

total, and focus on the centre image.

Figure F.1: Tracts on a coronal brain slice: corticospinal tracts (green), uncinate
fasciculus (cyan), body of the corpus callosum (blue), and cingulum (pink). Front
of brain is out of page toward you.
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Figure F.2: Clusters with significant FA-math correlations in the left parietal lobe
(from Chapter 10). The intraparietal sulcus (IPS) is shown in red.

Figure F.3: The seven subdivisions of the corpus callosum shown on an axial FA
map. Colours follow the rainbow (red to purple) from front to back: orbital frontal,
anterior frontal, superior frontal, superior parietal, posterior parietal, temporal, and
occipital sections.
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