DETECTING CLINICAL BIOMARKERS USING DIFFUSION TENSOR IMAGING

by

TEJASVI GUNDAPUNEEDI

Presented to the Faculty of the Graduate School of
The University of Texas at Arlington in Partial Fulfillment
of the Requirements

for the Degree of

MASTER OF SCIENCE IN BIOMEDICAL ENGINEERING

THE UNIVERSITY OF TEXAS AT ARLINGTON

May 2012



Copyright © by Tejasvi Gundapuneedi 2012

All Rights Reserved



ACKNOWLEDGEMENTS
It gives me immense pleasure and joy to thank all the people who supported
and assisted me throughout the last year.

First, and foremost, | would like to thank my advisor Dr. Hao Huang for giving me an
opportunity to be a part of his team. His constant encouragement and guidance in the past year
helped me gain a lot of knowledge in the field of brain research. He is very patient in explaining
and answering all my concerns.

| would also like to thank Dr. Mario I. Romero-Ortega and Dr.Hanzhang Lu who agreed
to be on my committee and for providing feedback on my research.

| am also grateful to the administrative staff of the departments of biomedical
engineering (BME at UTA — UTSW) and Advanced Radiological Sciences (UTSW) for assisting
me in many different ways.

Lastly, and most importantly, | wish to thank my family for their unconditional love and support
during all my endeavors. Anything and everything | have accomplished so far, is due to their
support.

March 21, 2012



ABSTRACT

DETECTING CLINICAL BIOMARKERS USING DIFFUSION TENSOR IMAGING

Tejasvi Gundapuneedi, M.S

The University of Texas at Arlington, 2012

Supervising Professor: Hao Huang.

Diffusion tensor imaging (DTI), a modality of MRI that measures water diffusion
properties noninvasively, is highly sensitive to subtle structural changes of white matter. It
provides a unique and noninvasive method for delineating in-vivo architecture of human brain
white matter. Four metrics derived from DTI, fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AxD) and radial diffusivity (RD), have been widely used to quantitatively
characterize the white matter disruption in mental disorders and degenerative diseases. An
atlas-based approach incorporating a digital white matter atlas and registration and
skeletonisation functions of tract-based spatial statistics (TBSS) has been developed recently.
This approach effectively delineates the white matter disruption at both voxel level and tract
level. More importantly, the information on disruption of the functional tracts has clinical
significance. In our studies, we have applied this approach to two important clinical groups,
maltreated children and elderly subjects with amnestic mild cognitive impairment (aMCI).
Maltreated children are more vulnerable than normal group to develop mental disorders. The
early traits of white matter structural abnormality in this could be found in our study. aMCI
involves the onset and evolution of cognitive impairment. The elderly subjects with aMCI have
higher risk of later developing dementia, including Alzheimer’s disease (AD). In our study, the

integrity changes of limbic system tracts, which are severely damaged in AD, for aMCI subjects,
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were revealed. These limbic tract changes could serve as the potential early white matter

biomarker for AD.
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CHAPTER 1
INTRODUCTION

1.1 Theoretical Background of Diffusion Tensor Imaging

Magnetic Resonance Imaging (MRI) is a non-invasive, non-ionizing imaging technique
based on the principles of Nuclear Magnetic Resonance (NMR) (Bloch, 1946; Purcell et al.,
1946). Diffusion tensor imaging (DTI) is another modality of MRI, which is also based on the
principles of NMR. In 1965, the diffusion constant of water molecules was first measured by
Drs. Stejskal and Tanner using NMR and magnetic field gradients. In 1979, the anisotropic
diffusion of frog muscle was measured by Dr.Tanner. In 1980’s Le Bihan enabled the
acquisition of diffusion weighted imaging (DWI) with spatially varying measurements of the
diffusion rate of water. Basser later introduced the diffusion tensor formalism to characterize the
anisotropic diffusion found in white matter structures(Basser, Mattiello, & LeBihan, 1994). The
development of DWI and diffusion tensor imaging (DTI) has enabled detailed investigation of
white matter fiber bundles by mapping the anisotropic diffusion of water generated by axon fiber
bundles.

1.2 Basic Principles of Diffusion Tensor Imaging

Molecular diffusion refers to the random translational motion of molecules also called
Brownian motion that results from the thermal energy carried by these molecules, a physical
process that was well characterized by Einstein. In a free medium, during a given time interval,
molecular displacements obey a three dimensional Gaussian distribution, that is statistically well
described by diffusion coefficient (D), as shown in figure 1.1. This coefficient, D depends only

on the size (mass) of molecules, the temperature and the nature (viscosity) of the medium.
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Figure 1.1: The diffusion of water molecule.

To measure the diffusion coefficient using MRI, magnetic field gradients are required.
This is how the gradients help in the measurement of diffusion coefficient. After the first
excitation pulse is applied, all the protons in the sample release the signal at the same
frequency. Once the first gradient is applied protons at different locations experience different
magnetic field and by the end of gradient application, the phases of sighal among protons are
not identical. If a second gradient is applied with reverse polarity for the same amount of time
as the first, the protons should regain the phase. However, perfect refocusing happens only
when the water molecules are still in between the application of two gradients. The water
molecules diffuse randomly which makes the perfect rephasing impossible and this causes a
loss in the signal. The diffusion of water molecules can be detected by the loss of signal
intensity after the application of second gradient. The signal intensity(S) is dependent on four
parameters, diffusion coefficient (D), Gradient strength (G), length of gradient () and time
between the applications of the two gradients (A).

S=f(D, G, A, d)

Of the four parameters on which the signal intensity depends, the diffusion coefficient is
the only unknown parameter. We can measure the signal intensity from the experiment and
calculate the diffusion coefficient (D). To find the amount of signal lost we need to measure at
least two signals, one without applying any gradients and the other applying gradients. If we
consider S, as signal intensity without gradients and S as signal intensity with gradients, the

equation to calculate diffusion coefficient D is,



20252 _6

y is the gyromagnetic ratio and its value is 2.765 x 10%s,T for a proton. For detailed explanation

of the equation 1.2.1 refer to Introduction to Diffusion Tensor Imaging by Mori.

1.3 From Diffusion Signal to Diffusion Tensor

Diffusion sometimes has directionality. When water diffuses freely it assumes the shape
of a sphere and it is called isotropic diffusion. If there is any hindrance, then water does not
diffuse equally in all directions. This is called anisotropic diffusion. Both isotropic and
anisotropic diffusion are shown visually in figure 1.2. In case of isotropic diffusion, the diffusion
constant (D), is enough to describe the diffusion. The diffusion constant is related to the
diameter of the sphere and a sphere needs only one parameter to be uniquely determined. In
case of anisotropic diffusion, the diffusion takes the shape of an ellipsoid and single parameter
will not be sufficient to describe the process of diffusion. This phenomenon is shown in figure

1.3.

Isotropic and anisotropic diffusion

Free diffusion Isotropic diffusion

.'\ _,./-.fi\ .
I A
[0S
(R ' %
/ i
[,

Restricted diffusion Anisotropic diffusion

Figure 1.2: lllustrative representation of isotropic and anisotropic diffusion.
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Figure 1.3: Comparison between isotropic and anisotropic diffusion
To characterize the anisotropic diffusion, at least six parameters are needed to define
an ellipsoid. We need three lengths for the longest, shortest and the middle axes that are
perpendicular to each other. The three lengths are usually called the Eigen values, A, Ay, As. TO
describe the orientation of the principle axes of the ellipsoid we can use three vectors v,, v,, and
vs, referred to as Eigen vectors. Figure 1.4 describes how the Eigen values and vectors

describe an ellipsoid.

Figure 1.4: Parameters needed to define a 3D ellipsoid



The anisotropic diffusion is of great interest because it carries much information about
underlying anatomical architecture of living tissues. Whenever there is ordered structures such
as axonal tracts in nervous tissues or protein filaments in muscle, water tends to diffuse along
such structures. If we can determine the way water diffuses, we can obtain precious information
about the object.

From a series of diffusion weighted images, employing diffusion sensitization in six
independent directions, a diffusion tensor can be calculated in each voxel (Basser et al. 1994a).
More than six measurements can be used to more accurately define the ellipsoid under the
existence of measurement errors. Usually measurements are made along 30 directions to fit the

tensor (Jones, Horsfield, & Simmons, 1999). To determine the six parameters, Ay, Ay, Az Vi, Vp,
and v; that describe the diffusion ellipsoid a 3x3 tensor, called diffusion tensor,D, is used which

is related to the six parameters by a process called diagonalization.

Dxx ny sz . o

— Diagonalization

D= [Dyx Dy, Dy,| ———— A, Ay, A3 Vi, Vo, V3
sz Dyz Dzz

The eigenvalues and eigenvectors of this tensor provide information about local tissue
anisotropy. The eigenvector belonging to the largest Eigen value of the diffusion tensor is
assumed to coincide with the myelinated fiber direction in brain white matter. (Pierpaoli &
Basser, 1996)

Once the Eigen values and vectors are computed from the tensor using these values
we can compute DTI metrics, fractional anisotropy (FA), axial diffusivity (AxD), radial diffusivity
(RD) and mean diffusivity (MD). Axial diffusivity reflects the diffusion coefficient along the
direction of maximal apparent diffusion, AXxD = A;. Radial diffusivity reflects the average diffusion
coefficients along the two perpendicular directions, RD = ((A,+ A3)/2). Mean diffusivity is a scalar
measure of the total amount of diffusion within a voxel and is computed as an average of all

three eigenvalues of the diffusion tensor, MD = ((A1+A2+ A3)/3). Fractional anisotropy is



computed as a weighted average of the three eigenvalues of the diffusion tensor in order to

represent the fraction of the tensor defined by anisotropic diffusion,

o VO T = T Oy =R

The FA value ranges from 0 to 1. In the case of isotropic diffusion FA = 0.

1.4 Overview of White Matter Anatomy

The central nervous system (CNS) which includes the brain and spinal cord is
responsible for cognitive thought, sensory information processing, homeostatic regulation and
control of motor function in human body. The principle information processing cells of CNS are
called neurons, which have cell bodies, dendrites and axons, and supporting cells of neurons

called glial cells shown in Figure 1.5.
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Figure 1.5: The structure of neuron

Estimates for the number of neurons in the human brain range from 80 to 120 billion

(Azevedo et al., 2009). The areas of the CNS that are mainly composed of cell bodies is called

the gray matter and areas that include axon bundles is called white matter. The gray matter is
located around the outside of the brain in the highly convoluted cortex (with “ridges” called gyri
and “valleys” called sulci) and in internal brain structures such as the basal ganglia and

thalamus.



The white matter contains the axonal pathways that interconnect the brain (bundles of
axons traveling together and are called white matter fiber tracts). The brain has two
hemispheres, the right and left, whose functions are complimentary. The brain is further divided
into five lobes in each hemisphere, the frontal, parietal, temporal, occipital, and limbic lobes as

shown in Figure 1.6 with unique functions for each lobe.

Figure 1.6: The four lobes of the brain, Frontal lobe (blue), parietal lobe (yellow), temporal lobe
(green) and occipital lobe (pink).

The lobes of the brain are interconnected by the white matter fiber tracts, which are
classified into five functional categories, tracts in brainstem, projection fibers, association fibers,
limbic fibers, and commissural fibers (Wakana, Jiang, Nagae-Poetscher, van Zijl, & Mori, 2004).

Projection fibers are white matter fibers that connect the cortex to the spinal cord,
brainstem and thalamus. Projection fibers include the corticospinal tract (CST), anterior thalamic
radiation (ATR), superior thalamic radiation (STR) and posterior thalamic radiation (PTR). The
projection fibers are shown in figure 1.7. The figure 1.7 is from Wakana et al., 2004.

The association fibers are fibers that connect different regions of cortex which includes
long range, short range and cortical U fibers. The association tracts include superior
longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF), inferior fronto-occipital
fasciculus (IFO), and uncinate fasciculus (UF) as depicted in figure 1.8. The figure 1.8 is from

Wakana et al., 2004.



The limbic fiber system includes cingulum (CG), fornix (FX), and stria terminalis(ST),

shown in figure 1.9. The figure 1.9 is from Wakana et al., 2004.

Figure 1.7: Projection fibers, cortiocospinal tract =cst (white), anterior thalamic radiation= atr
(bright purple), superior thalamic radiation=str (purple) and posterior thalamic radiation= ptr
(dark blue) on a coronal slice.

Associationfibers

Figure 1.8: Association fibers, superior longitudinal fasciculus = slf (yellow), inferior
longitudinal fasciculus = ilf (brown), inferior fronto-occipital fasciculus= ifo (orange), superior
fronto-occipital fasciculus =sfo (beige) and uncinate fasciculus= unc (red). Figure from (Wakana
et al., 2004)

Figure 1.9: The limbic fibers, cingulum= cg(green), fornix=fx(light green) and stria terminalis=st(
yellow).
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The callosal fibers connect the opposite hemisphere, which includes the corpus
callosum (CC) and its extensions forceps major (Fmajor) and forceps minor (Fminor), shown in

figure 1.10. The figure 1.10 is from Wakana et al., 2004.

tapetum

Figure 1.10: The callosal fibers, Corpus callosum = cc (pink), the extension from genu Forceps
minor= Fminor and extension from splenium Forceps major = Fmajor. The left figure is the left
sagittal view and the right is the axial view..

1.5 Aim of the study

The aim of this study is to use diffusion tensor imaging data and apply techniques like
voxel-wise analysis, cluster analysis and tract-level analysis on the data to identify white matter
structure abnormalities. To better understand the nature of white matter disruption, data
analysis is performed on four DTI metrics, fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AxD) and radial diffusivity (RD). In this study, the techniques are applied to two
study groups, childhood maltreatment and mild cognitive impairment and the disruptions in
white matter tracts are identified.

1.6 Background of clinical groups under study

1.6.1 Childhood Maltreatment
Childhood maltreatment includes both abuse and neglect that harms a child. Several
studies conducted on children exposed to maltreatment have seen numerous negative

outcomes such as delinquency, pregnancy, alcohol and drug abuse, school failure, and
9



emotional and mental health problems in the adulthood. Adolescence is a crucial
developmental stage marked by a confluence of physical, biological, psychological and social
challenges ((Blakemore, Burnett, & Dahl, 2010; Sisk & Foster, 2004; Somerville, Jones, &
Casey, 2010; Wahlstrom, White, & Luciana, 2010). There are significant physical maturational
changes (e.g., the onset of puberty), social-cognitive advances (e.g., ability for more abstract-
thinking and generalizations across situations and time), interpersonal transitions (e.g., changes
in social roles in family and peer relationships), and social-contextual changes (e.g., school
transitions). Although these maturational transitions offer tremendous opportunities for youth,
because the developing brain regions underlying emotional, cognitive and behavioral systems
mature at different rates, this developmental period also is marked by heightened vulnerability
to psychopathology ((Brenhouse & Andersen, 2011; Ernst & Korelitz, 2009; Paus, Keshavan, &
Giedd, 2008; Somerville et al., 2010; Wahlstrom et al., 2010). Specifically, adolescents with a
history of childhood maltreatment constitute a high-risk group for the development of
psychopathology. Stress endured in early life, during a time of neural plasticity, may induce
cognitive and other neural changes which may predispose individuals to a variety of emotional
behavioral disorders, mood and substance use disorders among others (Andersen & Teicher,
2008; De Bellis, 2002; Enoch, 2011; Heim & Binder, 2012). For example, several preclinical and
clinical investigations have shown an association between early-life stress and alterations in
gray and white matter in pediatric and adult samples (McCrory, De Brito, & Viding, 2010;
Teicher, Tomoda, & Andersen, 2006). Neuroimaging studies conducted on the maltreated
children have shown structural changes in the brain anatomy (van Harmelen et al., 2010;
Kaufman & Charney, 2001). However, it is not clear whether these alterations, in fact, increase
vulnerability to psychopathology. In the current study, we examined whether healthy
adolescents who had no prior history of psychopathology but who had been exposed to
maltreatment during childhood show alterations in white matter tracts and whether these

alterations are associated with an increased likelihood of developing mood and/or substance

10



use disorders during prospective follow-up. So, using the current study we can identify changes
in the white matter structures that can be used as clinical biomarkers even before the onset of
illness and appropriate preventive treatment can be provided for the maltreated children.

1.6.2 Amnestic Mild Cognitive Impairment (aMCl)

Mild cognitive impairment (MCI) is a condition characterized by a memory deficit, but
not dementia. It is further classified into subtypes amnestic MCI (aMCI) and non-amnestic MCI
(naMCI) based on the presence or absence of memory impairment (Petersen, 2004). naMCI is
characterized by non-memory cognitive dysfunction. The aMCI is characterized by memory
loss, but the cognitive functions and activities of daily life remain normal. aMCI patients are
particularly associated with an increased risk of developing Alzheimer's disease (AD) (Cui et al.,
2012).Studies indicate that there is a 10-15% annual incidence of conversion of aMCIl to AD
(Petersen et al., 2001).Patients with AD has severe memory and cognitive impairment which
interfere with the daily life. Several DTI studies conducted on AD patients have observed white
matter structural changes. (Acosta-Cabronero, Williams, Pengas, & Nestor, 2010; Bosch et al.,
2012; Gold, Johnson, Powell, & Smith, 2012; Huang et al., 2011), White matter disruption was
observed in the limbic fibers, association fibers, commissural and projection fibers in the AD
patients. Studies conducted on AD have helped to understand the neurodegenration associated
with the disease, but clinical intervention on the AD patients are disappointing (Wang et al.,
2012). Neuroimage studies on aMCI patients who are more vulnerable to developing AD, and
identifying imaging biomarkers can give us a better understanding of the progression of the
disease and also provide an opportunity to slow down the progression or totally avoid the
development of AD. In the current cross-sectional study we studied white matter changes in 23
aMCI patients comparing to the 19 healthy age matched controls. Local white matter disruptions
are seen in limbic tracts (Cingulum, and Fornix) and also in association fibers (SLF and
UNCI/IFO), where the FA is decreased in aMCI patients compared to healthy controls. The

results also indicated that the disruption is only in particular regions of the tract and not the

11



entire tract. Similar changes in the limbic and association fiber tracts are seen in the AD studies
but there is significant difference in FA in the entire tract. The results obtained in the current
study indicate that we can use the local white matter disruption observed in the limbic tracts as
clinical biomarkers to detect the early onset of AD in the aMCI patients.

1.7 Organization of Thesis

The content of this thesis is presented as follows. Chapter 2 has details about the
subject demographics and the methods employed to identify the white matter structure
abnormalities. Chapter 3 has all the results that are obtained for the childhood maltreatment
study and aMCI study. Chapter 4 has discussion about the results and Chapter 5 concludes the

study.

12



CHAPTER 2
MATERIALS AND METHODS
2.1 Participants
The subject demographics of the two clinical groups, childhood maltreatment

and aMCI under study are as follows:
2.1.1 Childhood Maltreatment study

For this study a total of 32 adolescent subjects who do not have any psychiatric illness
were recruited with approval from local Institutional Review Board. All the participants were
medically healthy and free from alcohol or illicit drug use, as determined by physical
examination, full chemistry panel, thyroid function tests, electrocardiogram and urine drug
screens. The Drug use Screening Inventory (DUSI), which is a self-report instrument designed
to assess the severity of alcohol/drug abuse and related psychiatric and psychological problems
was used to assess substance-related problems. A rating above 0.3 is considered as
substance-related problem.19 of these subjects were exposed to childhood maltreatment, which
includes physical abuse, sexual abuse and/ or witnessed domestic violence lasting 6 months or
longer, prior to the age 10. Information on early-life adversity was obtained with a semi-
structured interview, the Childhood Adversity Interview. Adolescent participant and parent were
interviewed separately. Information was obtained on seven subtypes of childhood adversity that
persisted for 6 months or longer (including separation/loss of caretaker, life-threatening
illness/injury in the self or others, physical neglect, emotional abuse/assault, physical
abuse/assault, witnessing domestic violence, and sexual abuse/assault) that occurred prior to

age 10 years. The adverse impact (1 = no adversity, and 5 = most severe form of adversity)
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was based on summaries of events, circumstances and their contexts. Information from both
informants was combined for the summary ratings. An early-life adversity score was tabulated
from the sum of ratings from the seven adversity domains. The other 13 subjects are used as
controls and have no history of maltreatment or family history of a psychiatric disorder.
Symptoms of psychiatric disorders were assessed using the Schedule for Affective Disorders
and Schizophrenia for School-Age Children - the Present and Lifetime Version (K-SADS-PL).
The Family History-Research Diagnostic Criteria (FH-RDC), a semi-structured interview, was
used for the evaluation of psychiatric disorders in family members (Andreasen, Endicott,
Spitzer, & Winokur, 1977). The subjects’ demographics are outlined in table 2.1. The data is
presented as means and standard deviations or as raw numbers

Table 2.1: Subject demographics for childhood maltreatment study

Control Maltreated
(n=13) (n=19)
Age (years) 16.00+ 2.74 15.89 +2.79
Gender (male/female) 6/7 5/14
Ethnicity(Caucasian /Non-Caucasian) 9/4 12/7
Drug Use Screening Inventory 0.08£0.06 0.13£0.39
Childhood Adversity 7.62 +0.65 14.70 + 3.98

2.1.2 aMClI study

From a longitudinal study on amnestic mild cognitive impairment a total of 42 subjects
are used for the current cross-sectional study. 23 of the 42 subjects are diagnosed as aMCl
patients. The remaining 19 are age and education matched normal subjects with no memory or
cognitive decline. Consortium to Establish a Registry for Alzheimer's disease (CERAD) and
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Mini-Mental State Examination (MMSE) scores were also obtained from the subjects. Subjects’
demographics are outlined in table 2.2. The data is presented as means and standard
deviations or as raw numbers.

Table 2.2: Subject demographics for amnestic mild cognitive impairment study

Control aMCl
(n=19) (n=23)
Age (years) 67.47+/-6.99 66.78+/-6.63
Gender (male/female) 5/14 12/11
Ethnicity(Caucasian /Non-Caucasian) 15/4 22/1
2.2 Methods

2.2.1 Data acquisition

A 3T Philips Achieva Magnetic Resonance System was used. DTI data were acquired
using a single-shot echo-planar imaging (EPI) sequence with SENSE parallel imaging scheme
(SENSitivity Encoding, reduction factor = 2.3). The imaging matrix was 112x112 with a field of
view (FOV) of 224x224mm (nominal resolution of 2mm), which was zero filled to 256x256. Axial
slices of 2.2 mm thickness were acquired parallel to the anterior-posterior commissure (AC-PC)
line. A total of 60 slices covered the entire hemisphere and brainstem without a gap. The echo
time (TE) and repetition time (TR) were 97ms and 7.6 s, respectively, without cardiac gating.
The diffusion weighting was encoded along 30 independent orientations and the b value was
1000s/mm?® (Jones, Horsfield, & Simmons, 1999).Imaging time for each sequence was 5
minutes and 15 seconds. To increase the signal-to-noise ratio (SNR), two repetitions were

performed, with a total imaging time of 12 minutes. Co-registered three-dimensional
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magnetization-prepared rapid acquisition gradient echo (3D-MPRAGE) images were also
obtained with the same field of view (FOV) as that in diffusion tensor imaging.
2.2.2 Data processing and analysis
Quantitative comparison at multiple levels: Why voxel-wise, cluster analysis and tract-
level/along tract analysis were used?

The voxel-wise comparison between groups is performed using randomise option of
TBSS. No voxels where identified that have significant difference in FA between groups that
withstood the whole-brain correction for multiple comparisons. Several voxels that have a FA
difference between the groups were identified that are not corrected for multiple comparisons.
These voxels provide us the MNI coordinates and the tract information of where there is a
difference between the groups. Since these voxels are not corrected for multiple comparisons
there is chance that these results are false positives. The details of the TBSS steps and
statistical analysis are explained in section 2.2.2.2. To avoid false positives in the results cluster
analysis is conducted. In cluster analysis the uncorrected voxels identified in voxel-wise
comparison are filtered to identify clusters that have at least 10 contiguous voxels and the FA
value is greater than 0.2. From cluster analysis we identified clusters that have significant
difference between the two groups. The details of cluster analysis are explained in section
2.2.2.3. Cluster analysis and voxel-wise analysis does not provide any information at the tract
level. To identify if the entire tract is compromised or only if certain region of the tract is
compromised between the two groups tract-level and along the tract analysis is conducted. In
tract-level analysis the tracts are identified from deterministic atlas and probabilistic atlas. Then
average FA is calculated in a particular tract for each subject and a student t test is done to see
if there is a significant difference in the average between two groups. If a tract is identified
where there is a significant difference an along tract analysis is performed in that particular tract

to identify in which regions of the tract there is a difference in the FA. The details of how the
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tract-level and along-tract analysis are conducted are explained in section 2.2.2.4. The overall

data processing and analysis steps are outlined in figure 2.1.

Diffusion Weighted Images

Data preprocessing
-Eddy current correction
-Tensor calculation

! L

Voxel-wise Cluster analvsis Tract-level/Along-tract
analysis(TBSS) ! analysis

Figure 2.1 Data processing and analysis steps
2.2.2.1 Data preprocessing
All the acquired diffusion weighted images are processed using DTl Studio open

software (https://www.mristudio.org/) (Jiang, van Zijl, Kim, Pearlson, & Mori, 2006). To correct

the distortions caused by eddy current and motion, automated image registration (AIR) (Woods,
Grafton, Holmes, Cherry, & Mazziotta, 1998) was performed on the raw images. DTI matrix for

each voxel element was calculated based on multivariate linear least square fit. The tensor
matrix was then diagonalized to derive principal eigenvalues (21_3) and eigenvectors (Vy_3).

Maps of diffusion metrics, namely, fractional anisotropy (FA), mean diffusivity (MD mm?®s™),
axial diffusivity (AxD, A; mm’s™), and radial diffusivity (RD, A, mm’s™), were obtained. The
images are then down sampled and a resolution of 1.75x1.75sx1.75 mm? is achieved using IDL

software.
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2.2.2.2 Voxel-wise comparison

To localize brain changes related to disease between groups, voxel-wise statistical
analysis is performed on the diffusion weighted images. Voxel wise analysis of diffusion
weighted images was performed using software package tract based spatial statistics (TBSS,
FMRIB Software Library, FMRIB Center, Oxford, United Kingdom) (Smith et al., 2006). The first
step in the TBSS processing is to align all the fractional anisotropy maps of the subjects to a
common target. To better incorporate the information in the digital white matter atlas developed
at Johns Hopkins University, the JHU ICBM-DTI-81 (Mori et al., 2008) is used as the target
image instead of the common FA target image (Huang, Fan, Weiner, et al., 2011). All the
subjects’ FA data is transformed into JHU ICBM-DTI-81 space. After nonlinear registration, the
entire aligned dataset was transferred by affine transformation and zero padded into the ICBM-
DTI-81 space which has the labeling of white matter structures and dimension of 182 x 218x182
with 1x1x1 mm?® resolution. The registered FA images are averaged to create a mean FA
(mean_FA) image. From the mean_FA image a skeleton is generated which represents the
tracts that are common to all subjects. In the skeleton the tracts are represented as lines or

surface as shown in the figure 2.2.

Figure 2.2: Tract representation in the skeleton.
The FA will be maximum along the surface or the lines of the skeleton and decreases

as we move away from the skeleton. To get the skeleton the first step is to estimate the local
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surface perpendicular direction and then perform non-maximum-suppression in this direction.
The local tract surface orientation is obtained by finding the center of gravity of the local 3x3x3
voxel neighborhood. The vector from the current voxel to the local center of gravity will point
towards the tract center, in a direction perpendicular to the local tract structure. As long as the
local center of gravity is greater than 0.1mm the vector gives the perpendicular direction as

shown in figure 2.3.

Figure 2.3 Skeletonisation using local FA center-of-gravity to find tract perpendiculars.

When the local center of gravity is less than 0.1mm, in a 3x3x3 voxel neighborhood, the
mean of each opposing pair of voxels is subtracted from the center value and the direction
which has maximum difference in the FA is assumed to be the perpendicular to the local tract

as shown in the figure 2.4.

Figure 2.4 Skeletonisation using maximum FA difference to find tract perpendiculars.
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Once the local tract surface orientation is identified, at each voxel then we compare the FA
value with the two closest neighbor voxels on each side in the direction of the tract
perpendicular. If FA value is greater than the neighbor values, that voxel is marked to be on the
skeleton. The skeleton is then thresholded for FA greater than 0.2 to exclude any voxels that
are primarily grey matter or CSF and does not belong to the outermost edges of the cortex.
Each subject’s aligned FA images are projected on to the mean FA skeleton to create a four
dimensional skeletonised image that represents each subject’'s FA data along the skeleton. This
step accounts for the residual misalignments between subjects after the initial nonlinear
registration. Two constraints are placed on the aligned FA images when performing the
perpendicular search to assign FA values to the skeleton. The first constraint is the search
remains closer to the starting section of skeleton when two skeleton tracts are close to each
other. The amount of search area is determined by the distance map, the voxels in the distance
map are filled with values encoding the distance to the nearest skeleton point. The search is
performed only outwards from a given skeleton point while the distance measure is increasing
and this ensures that any given voxel can be mapped only into a single section of the skeleton.
The second constraint is a Gaussian function with full width half maximum of 20mm is applied
as a multiplicative weighting to FA values when searching for maximum FA in the aligned
images. Once optimal FA value is found it is assigned to the current skeleton voxel. Thus a four
dimensional skeletonised image is generated with the user id as the fourth dimension and this
skeletonised image is used for further statistical analysis.

To identify the FA differences between the groups of data under study, voxel-wise
statistical analysis is performed on the skeletonised FA data by using randomize of TBSS. We
included a cluster-based thresholding with a threshold of T>3.0; P<0.001 uncorrected; number
of permutations, 5000. To account for the Type-I errors: family-wise error correction with in

randomize is used, which accepts the voxels that have p<0.05. Voxel-wise analysis is also
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computed for the other DTI metrics, axial diffusivity (AxD), radial diffusivity (RD) and mean

diffusivity (MD). Outline of TBSS voxel-wise analysis steps are shown in figure 2.5.

Fractional Anisotropy
(FA) Images

Registration to target
JHU ICBM-81

|

Registered FA
images

Skeleton projection
(mean_FA_skeleton)

Skeleton projected FA
images(all_FA_skeletonised)

Voxel-wise statistics on
entire skeleton

Figure 2.5 Flow chart of TBSS voxel-wise analysis

2.2.2.3 Cluster analysis

In this study, skeletonisation registration and statistical analysis of TBSS were

incorporated as part of our atlas based biomarker analysis. Hence, both tract level and voxel

level of comparisons were conducted. Tract level comparison has been explained in section

2.2.2.4. For voxel level comparison, the results of statistical analysis of TBSS were served as

guidance or regions-of-interests of the possible disrupted white matter regions. The clusters

from statistical analysis results of TBSS were further screened with the following two criteria. 1)

The size of continuous voxels of the cluster has to be greater than 10. This is to prevent false

21



positive outcomes with the small clusters. 2) To account for the Type-I errors, a stringent P<
0.001 (uncorrected) was used (Cullen et al; Versace et al). This criterion has been tested to be
able to stand for a small volume correction. And this small volume is usually 100 times the
number of voxels than each cluster (Cullen et al; Versace et al). However, a more stringent
whole brain correction was not adopted as such correction failed to show significance of any
cluster. Once the clusters are identified average FA was computed for individual subject on the
skeletonised data in the region of interest. Student t-test is conducted comparing the patient
group average to the controls.

2.2.2.4 Tract-level and along the tract analysis

Tract-level analysis was also performed in addition to the voxel-wise analysis to see if
the entire white matter tract is disrupted. For the tract-level analysis two types of digital white
matter atlas in the JHU ICBM-DTI 81 space are used. The first type of atlas only covers the core
white matter tracts which are identified with unique numbers. The second type of atlas is
featured with continuous probabilistic labeling from 0 to 100% and each tract is represented by
an image volume. To ensure that the core and peripheral white matter tracts are covered a
threshold of 10% was applied to the second type of atlas to binarize the probabilistic labeling
and the resultant binary image volume was used as the mask for tract level analysis. Using the
entire core white matter tract and the probabilistic tract as masks, the average FA values of
subjects’ along a tract are calculated from the skeletonised FA data (all_FA_skeletonised)
provided by TBSS. In order to see if the entire tract is disrupted, student t tests were performed
with these averaged values of FA. The entire white matter tract was considered to be possibly
disrupted if it contained filtered significant clusters revealed by cluster analysis. If a significant
difference in the FA is found along any particular tract then a detailed tract level analysis is
performed by segmenting the tract slice wise. The segmentation of the tract is done depending
up on the orientation of the tract. The coronal slices along the tract are considered if the tract is

connecting the anterior and posterior regions. Axial slices are considered if the tract is
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connecting the superior and inferior regions of the brain. The probabilistic white matter atlas is
used to determine the region of interest in that particular slice to calculate the mean and
standard deviation of FA. A graph is plotted with slice location from MNI coordinates on the x-
axis and the calculated average FA and standard deviation on the y-axis. From the plot we can
clearly identify the regions where there is a major difference in the FA values between the two

groups.
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CHAPTER 3
RESULTS
The results of the voxel-wise analysis, cluster analysis, tract-level analysis and along
tract analysis for the two clinical groups studied are presented below.

3.1 Childhood Maltreatment results

3.1.1 Voxel-wise analysis results

Tract-based spatial statistics identified several portions of white matter that have lower
FA in maltreated compared to the control. The regions with reduced FA include right cingulum
projecting to hippocampus (CG-R), left inferior fronto-occipital fasciculus (IFO-L), and forceps
major of corpus callosum (Fmajor), left and right superior longitudinal fasciculus (SLF-L/R).
There are four clusters in the SLF-L tract (SLF-L1, SLF-L2, SLF-L3 and SLF-L4). The axial,
coronal and sagittal locations of white matter tract regions that showed significant difference
between the two groups are shown in figure 3.1. In figure 3.1 the underlying gray scale images
are the MNI152 FA maps, the green color indicated the core white matter skeleton and red color
clusters indicate where there is a significant difference (p<0.001) in FA between the control and
maltreated children. White cross hairs indicate the clusters of the specified white matter tracts if
multiple clusters are shown in the image.

Voxel-wise analysis results of AxD that are identified by the randomise statistics of
TBSS. Clusters with decreased AxD in maltreated are observed on the right and left superior
longitudinal fasciculus (SLF-R/L) and Inferior fronto-occipital fasciculus right (IFO-R). Figure 3.2,
shows the white matter tract region where there is a difference in axial diffusivity. In figure 3.2
the underlying gray scale images are the MNI152 FA maps, the green color indicated the core

white matter skeleton and red color clusters indicate where there is a significant difference
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(p<0.001) in FA between the control and maltreated children. White cross hairs indicate the

clusters of the specified white matter tracts if multiple clusters are shown in the image.
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Figure 3.2 Childhood Maltreatment voxel-wise analysis results of AxD.
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Tract-based spatial statistics identified several portions of white matter that have higher
radial diffusivity in maltreated compared to the control. The regions with increased RD include
right uncinate fasciculus /right inferior longitudinal fasciculus (UF/ILF-R), forceps major of
corpus callosum (Fmajor), left and right inferior fronto-occipital fasciculus (IFO-L/R), right
anterior thalamic radiation (ATR-R), and left superior longitudinal fasciculus (SLF-L). The axial,
coronal and sagittal locations of white matter tract regions that showed significant difference
between the two groups are shown in figure 3.3. In figure 3.3 the underlying gray scale images
are the MNI152 FA maps, the green color indicated the core white matter skeleton and red color
clusters indicate where there is a significant difference (p<0.001) in FA between the control and
maltreated children. White cross hairs indicate the clusters of the specified white matter tracts if

multiple clusters are shown in the image.
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Figure 3.3 Childhood Maltreatment voxel-wise analysis results of RD
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A cluster with greater mean diffusivity in maltreated compared to control was observed
on left superior longitudinal fasciculus (SLF-L) by the tract based spatial statistics. The axial,
coronal and sagittal slices showing the location of the cluster are shown in figure 3.4. In figure
3.4 the underlying gray scale images are the MNI152 FA maps, the green color indicated the
core white matter skeleton and red color clusters indicate where there is a significant difference
(p<0.001) in FA between the control and maltreated children. White cross hairs indicate the

clusters of the specified white matter tracts if multiple clusters are shown in the image.

Figure 3.4 Childhood Maltreatment voxel-wise analysis results of MD

3.1.2 Cluster analysis

Using the statistics results from TBSS as guidance large clusters with contiguous
voxels of greater than 10 were identified using software developed in IDL. Cluster analysis was
performed on all the clusters isolated for all the DTI metrics FA, AxD, RD and MD to avoid false
positives as explained in the methods. The mean, standard deviation, number of voxels in each
cluster and the p values are all tabulated for each of the DTI metrics. Table 3.1 has the cluster
analysis results of the FA. The results of AxD, RD and MD are tabulated in tables 3.2, 3.3 and

3.4 respectively. All the data is represented as mean and standard deviations or as raw values.
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Table 3.1 Childhood Maltreatment cluster analysis results of FA

Control Maltreated
Tract Name (n=13) (n=19) #Voxels p
Superior Longitudinal Fasciculus (R) 0.49 +0.05 0.39 + 0.09 16 .0001
Superior Longitudinal Fasciculus (L) 0.43 +0.03 0.34 +0.04 67 .0001
Cluster 1 0.32+0.04 0.25 +0.04 21 .0001
Cluster 2 0.40 + 0.05 0.32 +0.07 15 .0002
Cluster 3 0.45 + 0.05 0.38 + 0.05 15 .0001
Cluster 4 0.50 + 0.07 0.39 + 0.08 16 .0002
Cingulum-Hippocampus Projection (R) 0.32 +0.05 0.25 +0.04 35 .0001
Inferior Fronto-occipital Fasciculus (L) 0.51 +0.06 0.39 + 0.07 41 .0001
Forceps Major 0.72 + 0.06 0.59 + 0.09 21 .0001
Table 3.2 Childhood Maltreatment cluster analysis results of AxD
Control Maltreated
Tract Name (n=13) mm?/s (n=19) mm?/s #Voxels p
Superior Longitudinal 0.0012+0.0003 0.0009 + 0.00007 14 <0.0001
Fasciculus (R)
Superior Longitudinal 0.0011 + 0.0001 | 0.00089 + 0.00005 26 0.0003
Fasciculus (L)
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Table 3.2 - Continued

Inferior Fronto-occipital 0.0009 + 0.00005 | 0.00081 + 0.00004 20 <0.0001
Fasciculus (R)

Table 3.3 Childhood Maltreatment cluster analysis results of RD

Control Maltreated

Tract Name (n=13) mm?/s (n=19) mm?%s | #Voxels p
Uncinate Fasciculus/Inferior 0.00053+0.00007 | 0.00064+0.00006 16 <.0001
Longitudinal Fasciculus (R)
Forceps Major 0.00054+0.00008 | 0.00066+0.0001 12 .0008
Inferior Fronto-occipital 0.00049+0.00004 | 0.00058+0.0006 11 <.0001
Fasciculus (R)
Inferior Fronto-occipital 0.00036+0.00002 | 0.00054+0.0001 11 .0006
Fasciculus (L)
Anterior Thalamic Radiation (R) | 0.00078+0.0002 | 0.0011+0.0002 12 .0002
Superior Longitudinal 0.0005+0.0004 0.00058+0.0001 12 .0005
Fasciculus (L)

Table 3.4 Childhood Maltreatment cluster analysis results of MD

Tract Name Control Maltreated #Voxels p

(n=13) mm?/s

(n=19) mm?/s
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Table 3.4 - Continued

Superior Longitudinal 0.002+0.00007 | 0.0021+0.00007 32 0.0005

Fasciculus (L)

3.1.3 Tract-level analysis results

In the tract-level analysis only superior longitudinal fasciculus left (SLF-L) showed a
significant difference in FA between the childhood maltreatment group and the control subjects
(p= 0.038). There is a decrease in FA for the subjects exposed to maltreatment in the
childhood suggesting that several regions of the tract are disrupted.

None of the DTI metrics AD, RD and MD showed any significant tract level disruption
when the entire white matter tract is considered. This indicates that only certain regions of the
tract are more disrupted.

3.1.4 Along the tract analysis results

The left superior longitudinal fasciculus (SLF-L) was segmented into two parts, the
superior and inferior one, by an axial plane at z=90 in MNI coordinate as shown in figure 3.5.
For the superior and inferior part, the cross-section of a sequential coronal and axial planes and
the white matter mask from probabilistic atlas was used as ROI to calculate the mean and

standard deviation of FA in the sequential planes, respectively.
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Figure 3.5: The reconstructed SLF-L and the four clusters with significant FA are represented
by red dots. SLF-L segmented into superior and inferior regions at axial plane z =90 in MNI
coordinates.

The FA average and standard deviation of the maltreated children and healthy control

subjects along the coronal and axial slices are shown in figure 3.6.
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Figure 3.6: FA profiles of the segment 1 (a) and segment 2 (b) of left superior longitudinal
fasciculus. Dramatic FA differences between maltreated and control group in the FA profile
coincide with the locations of disrupted clusters (C1, C2, C3 and C4).

3.2 Amnestic Mild Cognitive Impairment results

3.2.1 Voxel-wise analysis results

Tract-based spatial statistics identified several portions of white matter that
have lower FA in aMCIl compared to the control. The regions with reduced FA include left
cingulum projecting to hippocampus (CGH-L), left fornix (FX-L), left uncinate and inferior fronto-
occipital fasciculus (UNC-IFO-L), right superior longitudinal fasciculus (SLF-R) and left superior
corona radiate (SCR-L) The axial, coronal and sagittal locations of white matter tract regions

that showed significant difference between the two groups are shown in figure 3.7. In figure 3.7
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the underlying gray scale images are the MNI152 FA maps, the green color indicated the core
white matter skeleton and red color clusters indicate where there is a significant difference
(p<0.001) in FA between the control and maltreated children. White cross hairs indicate the

clusters of the specified white matter tracts if multiple clusters are shown in the image.
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Figure 3.7 aMCI voxel-wise analysis results of FA

The tract-based spatial statistics identified a cluster on left superior corona radiate that
has significant difference in the axial diffusivity between aMCI compared to the control subjects
as shown in figure 3.8. In figure 3.8 the underlying gray scale images are the MNI152 FA maps,
the green color indicated the core white matter skeleton and red color clusters indicate where
there is a significant difference (p<0.001) in FA between the control and maltreated children.
White cross hairs indicate the clusters of the specified white matter tracts if multiple clusters are
shown in the image.

Three major clusters on Right cingulum projecting on to hippocampus (CGH-R), right
inferior fronto-occipital fasciculus (IFO-R), left superior corona radiate (SCR-L) with reduced
radial diffusivity in controls compared to the aMCl were identified by the tract-based spatial
statistics. The axial, coronal and sagittal slices with the location of clusters are shown in figure

3.9. In figure 3.9 the underlying gray scale images are the MNI152 FA maps, the green color
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indicated the core white matter skeleton and red color clusters indicate where there is a
significant difference (p<0.001) in FA between the control and maltreated children. White cross
hairs indicate the clusters of the specified white matter tracts if multiple clusters are shown in

the image.

SCR-L

MCI vs Control

Figure 3.8 aMCI voxel-wise analysis results of AxD

SCR-L

MCI vs Control

Figure 3.9 aMCI voxel-wise analysis results of RD
Tract-based spatial statistics identified several portions of white matter that have lower

MD in control compared to the aMCI. The regions with increased mean diffusivity include right
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cingulum projecting to hippocampus (CGH-R), left and right inferior fronto-occipital fasciculus
(IFO-L/R), left cortico spinal tract (CST-L) and, left superior longitudinal fasciculus (SLF-L).
There are two clusters in the SLF-L tract (SLF-L1, SLF-L2). The axial, coronal and sagittal
locations of white matter tract regions that showed significant difference between the two
groups are shown in figure 3.10. In figure 3.10 the underlying gray scale images are the MNI152
FA maps, the green color indicated the core white matter skeleton and red color clusters
indicate where there is a significant difference (p<0.001) in FA between the control and
maltreated children. White cross hairs indicate the clusters of the specified white matter tracts if

multiple clusters are shown in the image.

MCI vs Control

Figure 3.10 aMCI voxel-wise analysis results of MD
3.2.2 Cluster analysis results
Using the statistics results from TBSS as guidance large clusters with contiguous
voxels of greater than 10 were identified using software developed in IDL. Cluster analysis was
performed on all the clusters isolated for all the DTI metrics FA, AxD, RD and MD to avoid false
positives as explained in the methods. The mean, standard deviation, number of voxels in each
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cluster and the p values are all tabulated for each of the DTI metrics. Table 3.5 has the cluster
analysis results of the FA. The results of AxD, RD and MD are tabulated in tables 3.6, 3.7 and
3.8 respectively. All the data is represented as mean and standard deviations or as raw values.

Table 3.5 aMCI Maltreatment cluster analysis results of FA

Tract Name Control aMCI #Voxels p
(n=19) (n=23)
Cingulum-Hippocampus 0.336 + 0.038 0.276+ 0.036 21 <0.0001

Projection (L)

Fornix (L) 0.425+0.059 0.338+0.058 16 <0.0001
Superior Corona Radiata (L) 0.435+0.048 0.382+0.044 35 0.0002
Uncinate and Inferior fronto- 0.336+0.042 0.260+0.076 16 0.0002

occipital fasciculus (L)

Superior longitudinal fasciculus 0.432+0.039 0.307+0.038 17 <0.0001

(R)

Table 3.6 aMCI Maltreatment cluster analysis results of AxD

Tract Name Control aMCl #Voxels p

(n=19) mm?/s (n=23) mm?/s

Superior Corona Radiata | 0.00105 +0.00004 0.00099+0.00005 18 <0.0001

(L)
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Table 3.7 aMCI Maltreatment cluster analysis results of RD

Tract Name Control aMCI #Voxel p
(n=19) mm?/s (n=23) mm?/s s
Cingulum-Hippocampus 0.00046+0.00007 | 0.00053+0.00005 12 0.0008
Projection (R)
Inferior fronto-occipital 0.00056+0.00003 | 0.00063+0.00006 25 <0.0001
fasciculus (L)
Superior Longitudinal 0.00057+0.00003 | 0.00062+0.00003 16 0.0002
fasciculus (L)
Table 3.8 aMCI Maltreatment cluster analysis results of MD
Tract Name Control aMCI #Voxels p
(n=19) mm?/s (n=23) mm?/s

Superior Longitudinal
Fasciculus (L)

Cluster 1 0.0021+0.0001 0.0023+0.00008 13 <0.0001

Cluster 2 0.0021+0.00009 | 0.0022+0.00008 13 0.0002
Cortico Spinal Tract (L) 0.0019+0.00001 | 0.0021+0.0001 10 0.0001
Inferior fronto occipital 0.0022+0.0001 0.0024+0.0002 11 0.0002
fasciculus(L)
Inferior fronto occipital 0.0022+0.0001 0.0024+0.0002 17 <0.0001
fasciculus(R)
Cingulum-Hippocampus 0.0022+0.0001 0.0024+0.0002 25 <0.0001

Projection (R)
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3.2.3 Tract-level analysis results
In the tract-level analysis, none of the white matter tracts has significant difference
between the aMCI and control subjects for all the DTI metrics. This indicated that only certain

portion of the tracts is disrupted.
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CHAPTER 4

DISCUSSION

4.1 Childhood Maltreatment

The results obtained from the voxel-wise and cluster analysis of the 19 children
exposed to maltreatment who have no history of psychopathology and 13 age matched controls
revealed that maltreated children have reduced FA values in SLF-L, SLF-R, CGH-R, IFO-L and
F-major. The SLF-L has four regions along the tract that have reduced FA in maltreated group.
In the tract-level analysis that compares the average FA of all the voxels in the tracts between
two groups, SLF-L showed significant difference. The observed white matter disruptions,
specifically SLF-L, SLF-R and CGH-R, were associated with increased vulnerability to unipolar
depression and/or substance abuse.

The FA profile showed clusters with decreased fractional anisotropy on the superior
longitudinal fasciculus (SLF) (figure 3.1, table 3.1). SLF is an association fiber known to connect
frontal, parietal, and temporal cortex. Fibers originate in prefrontal and premotor gyri (mainly
Broca’'s area) and project posteriorly to Wernicke's area. (Catani, Howard, Pajevic, & Jones,
2002). The Broca's area and Wernicke's area are known in the involvement of producing and
understanding speech and language. The SLF fibers are also known to be involved in specific
behavioral and cognitive functions(Schmahmann et al., 2007).1t is also known that structural
development of SLF continues into adulthood (Giorgio et al., 2008). Decrease in FA of right and
left SLF might cause some language deficits in patients exposed to childhood maltreatment. A
decrease in AD, increase in RD and MD is also observed in the SLF-L (figure 3.1, 3.2, 3.3 and
3.4; tables 3.1,3.2,3.3 and 3.4). Decrease in AD and increase in RD along with decrease in FA
has been observed in secondary Wallerian degeneration (Pierpaoli et al., 2001). On the left SLF

tract, four major clusters with reduced FA have been found (figure 3.1, table 3.1). The tract-wise
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analysis also revealed a significant difference (p<0.05) in the fractional anisotropy of the left
superior longitudinal fasciculus. The along tract analysis of left SLF have shown significant
decrease in the FA in the maltreated subjects which are in the same location where the clusters
have been identified (figure 3.6). Asymmetry and dominance of this tract in left hemisphere
have been found in several studies (Catani et al., 2007). In a similar study on finding white
matter tract abnormalities in young adults exposed to parental verbal abuse (Choi et al., 2009),
disruption in left arcuate fasciculus, the fronto-temporal branch of SLF-L, has also been found.
There have also been reports that there is decrease in FA in SLF-L for patients suffering from
Major depression (Frodl et al., 2012). The exact functions of the SLF is not clear because of its
wide spread connections throughout the brain and its association with maltreatment is not yet
clear. In the follow-up study conducted on the subjects a correlation between the reduced FA in
SLF-L and who developed pyscopathology (having a mood and/or substance use disorder) has
been observed. This finding suggests that SLF-L is associated with mood or substance use
disorder.

Inferior fronto-occipital fasciculus (IFO) is another association fiber that connects the
inferior and lateral margins of occipital lobe to the inferolateral and dorsolateral regions of the
frontal lobe. It is known to be involved in emotional and visual function (Catani et al., 2002). No
cluster with significant difference in FA has been identified on the right IFO. But, there is a
decrease in the axial diffusivity (figure 3.2) and increase in the radial diffusivity (figure 3.3)
indicating axonal damage and demyelination of right IFO. The FA and RD profiles identified
clusters on left IFO that has significant difference between the subjects exposed to childhood
maltreatment and healthy controls (figure 3.1 and figure 3.3). Several studies associated with
depression reported a decrease in the FA of IFO tract (Cullen et al.,, 2010; Huang, Fan,
Williamson, & Rao, 2011). The exact association of the IFO with maltreatment has to be further

studied.
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In this study we also found disruption in other association fibers that include right
anterior thalamic radiation (ATR) and right uncinate/ inferior longitudinal fasciculus (UF/ILF).
The uncinate fasciculus connects the anterior part of the temporal lobe with orbital lobe and
polar frontal cortex. The ILF is known to connect the temporal lobe with the occipital lobe
(Catani et al., 2002). The exact function of uncinate is unknown but it is possible that it might be
involved in emotion processing, memory and language functions (Catani & Thiebaut de
Schotten, 2008). The inferior longitudinal fasciculus is involved in face recognition, visual
perception, reading, visual memory and other functions related to language (Catani & Thiebaut
de Schotten, 2008). Anterior thalamic radiation has fibers that connect the thalamus with the
frontal cortex. The structural abnormalities in ATR are linked to the dysfunction in executive
processes and declarative memory (Van der Werf, Jolles, Witter, & Uylings, 2003). The radial
diffusivity profile showed clusters on right ATR and right UF/ILF (figure 3.3, table 3.3) with an
increase in the RD. This indicates that there is demyelination in the tracts. However, there
association with the maltreatment is not well understood and needs more investigation.

The corpus callosum is the largest commissural projection in the central nervous
system and it is conventionally divided in to genu, body and splenium. Splenium is known to
connect the occipital lobes of the two hemispheres and it also arc out forming forceps major
(Catani & Thiebaut de Schotten, 2008). The splenium is known to communicate somatosensory
information between the two halves of the occipital lobe. The results show a decrease in the FA
and increase in the RD in Fmajor (figures 3.1, 3.3). This suggests there is a demyelination in the
tract. Several DTI studies on depression found a decrease in the FA of the corpus callosum
(Kieseppa et al., 2010; Maller et al., 2010; Sexton, Mackay, & Ebmeier, 2009). There is no
direct connection between the disruption of forceps major and childhood maltreatment. But the
results suggest that kids exposed to maltreatment might be at higher risk for developing

depression.
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The FA profile also shows a cluster with decreased FA on right cingulum (figure 3.1).
The cingulum bundle is one of the prominent limbic fiber tracts. It connects the regions of cortex
(medial frontal, parietal, occipital, and temporal lobes) to cingulate gyrus. It is known to be
involved in attention, memory and emotions. (Rudrauf, Mehta, & Grabowski, 2008, Catani, 2006
#305).

In conclusion, white matter tract disruptions were observed in adolescents exposed to
maltreatment during childhood, and these disruptions were associated with increased
vulnerability to unipolar depression and substance use disorder. The significant changes in the
SLF-L tract and its correlation with the development of mood or substance abuse disorders also
suggest that this tract could be used as clinical biomarker in early identification of children who
might be at risk of developing mood disorders. The findings have potential implications for
identifying youngsters at highest risk for these disorders and targeted preventive interventions.

4.2 Amnestic Mild Cognitive Impairment

The results obtained after analyzing the data from 23 aMCI patients and 19 age
matched controls revealed several clusters that showed difference in the DTl metrics in the
limbic, association and projection fiber tracts between the two groups. All the differences are
localized to particular region of the tract and hence no tract-level differences were identified
between the patient and control groups.

Measures from DTI metrics allow inferences about white matter microstructure in vivo
by quantifying the directionality and the rate of diffusion of water within tissue. The most
frequently used DTI metric is FA. The FA values range between 0 and 1, with higher values
reflecting increased directionality of diffusion. The directionality of the diffusion depends on the
density of physical obstruction such as membranes and the distribution of water molecules
between different cellular compartments. Thus, FA is typically higher in white matter, in which
diffusion is restricted by myelin sheaths of axons (Madden et al., 2012). From the results,

reduction in FA alone is observed in left cingulum projecting on to hippocampus (CGH-L), left

41



fornix (FX-L) and left uncinate fasciculus (UNC-L) and right superior longitudinal fasciculus
(SLF-R) (Figure 3.7 and Table 3.5). Conceivably, this reflects mild microstructural alterations,
such as minor fiber loss without gross tissue loss leading to lowered FA. (Rovaris & Filippi,
2007; Sen & Basser, 2005)

Disruption of the limbic tracts in AD has been most widely reported (Stahl et al., 2007;
Takahashi et al., 2002; Zhang et al., 2007{Xie, 2006 #100). Degeneration of the limbic system is
closely associated with AD. In the limbic system network, atrophy of hippocampal and
parahippocampal regions (Stoub et al., 2006) and medial temporal lobe (Thompson et al., 2003)
are well documented. The fornix is a WM tract connecting the hippocampus with the septal
region, mammillary bodies, and prefrontal cortex (Zhuang et al., 2010). Previous DTI studies
have found reduced fornix integrity and its association with hippocampal atrophy in Alzheimer's
disease (DeCarli et al., 2008; Y. W. Liu et al.,, 2011; Liu et al., 2009;Teipel et al., 2007).
Therefore, the presence of fornix degradation in our aMCIl subjects probably stems from
Wallerian degeneration secondary to hippocampal atrophy, thus indirectly reflecting
hippocampal damage which is a hallmark of AD pathology. More importantly, the disrupted
connectivity between hippocampus and prefrontal cortex via fornix can cause memory
dysfunction, such as abnormal memory organization and reduced overall episodic memory
(Nestor et al., 2007; Takei et al., 2008). Therefore, the disruption of fornix found in our study
further supports the well-established notion that medial temporal memory system is affected
early in the preclinical AD stage (Dickerson, 2004 #288).Cingulum has fibers of different lengths
connecting the temporal gyrus to the orbitofrontal cortex. Some of the fibers connect the medial
frontal, parietal, occipital and temporal lobes and different portions of cingulated cortex.
Cingulum is also known to be involved in attention, memory and emotional functions (Catani,
2006). The posterior cingulum is an important hub which sustains information transfer between
the parahippocampal gyrus and the prefrontal cortex and damage to this area leads to

dysfunction of a network that is responsible for sustaining memory function. (Vincent et al.,
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2006). Reduced white matter volume in the cingulum (Villain et al., 2008) has also been
reported. DTI studies on MCI patients also found that only left cingulum is affected compared to
the control. (Fellgiebel et al., 2008; Medina et al., 2006; Zhang et al., 2007).

Left Uncinate fasciculus and the right SLF are the association fiber tracts. The SLF
connects different regions of the cortex. It is known to be involved in the language and speech
processing but its wide range of connections suggests SLF might be involved in wide range of

functions. (Catani, 2006) The uncinate fasciculus connects the hippocampus to the subgenual

cortex (O'Dwyer et al., 2011).0Other studies on Alzheimer's that are based on DTI data also
found disruption in the association fiber tracts (e.g. (Fellgiebel et al., 2008; Xie et al., 2006)). In
several AD studies a reduced FA is observed in bilateral superior longitudinal fasciculus, inferior
longitudinal fasciculus, uncinate fasciculus, cingulum bundles, corticospinal tracts and corpus
callosum (e.g.:C. L. Liu, Bammer, & Moseley, 2003; Shu, Wang, Qi, Li, & He, 2011; Stricker et
al., 2009).

A cluster with decreased FA, decreased AxD and increased RD was identified in left
superior corona radiate (Figure 3.7, 3.8 and 3.9). The corona radiata contains pathways
devoted primarily to motor and somatosensory function (Gebauer et al., 2011).This type of
diffusivity pattern has been observed in secondary (Wallerian) degeneration, which is the
degeneration, over time, of axon fibers distal to the point of transection or injury. (Sun, Liang,
Cross, & Song, 2008, Pierpaoli et al., 2001 , Cohen-Adad et al., 2011). This process involves
initial axonal beading, organelle accumulation, and finally the breakdown of myelin and
oligodendrocyte apoptosis. The cellular debris is cleared by activated microglia and glial scar is
formed by astrocytes (Vargas & Barres, 2007). This glia infiltration, which restricts AD and
decreases MD differentiates Wallerian degeneration from mere loss of fibers and myelin (Wang
et al., 2009). The similar kind of pattern was observed by Bennett et al and Burzynska et al. in
older adults. This indicates that SCR degeneration is common with aging but from the results

obtained it is more prominent in patients diagnosed with amnestic MCI.
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An increase in RD and MD are observed in right cingulum projecting on to hippocampus
and the right inferior fronto-occipital fasciculus. Similar DTI metric changes, in bilateral cingulum
and IFO are observed in a study conducted by Bosch et al (2012) on AD patients. Usually a
decrease in FA associated with an increase in RD and increase in MD is known to be
associated with demyelination. But, just increase in RD indicates that there is some disruption in
the white matter tract but does not provide more information about the alterations in the white
matter microstructures. Changes in only MD are observed in the left SLF and left CST which are
association and projection tracts respectively.

From the results obtained from the aMCI study and the widely documented AD results
we can see a similar trend in the white matter changes of the patients. The changes in the
limbic fiber tracts are more correlated with the changes observed in AD patients. The
association of the limbic tracts with memory function and the regional disruption observed in the
cingulum and fornix indicates that these tracts could be used as clinical biomarkers to identify

the progression of aMCI to AD.
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CHAPTER 5

CONCLUSION

Based on the results obtained we found white matter abnormalities in patient groups,
maltreated children and amnestic MCI.

The results of Childhood Maltreatment indicate that any form of abuse will have its
impact on the white matter structures. Abnormalities were identified in the association fibers and
callosal fibers. These disruptions were associated with increased vulnerability to unipolar
depression and substance use disorder. The findings have potential implications for identifying
youngsters at highest risk for these disorders and targeted preventive interventions.

In the amnestic Mild Cognitive Impairment study we found decreased FA in the limbic
fibers. Disruptions in these tracts are widely observed in the Alzheimer's studies. We also
identified damage in the association fibers that are involved in the emotional processing. These
findings suggest that we can use diffusion tensor imaging data as a potential clinical biomarker

to identify the early onset of the Alzheimer’s disease.
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