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Abstract/Résumé
English

Objective: The purpose of this project was to evaluate white matter degeneration
and its impact on hippocampal structural connectivity in patients with amnestic
mild cognitive impairment, non-amnestic mild cognitive impairment and

Alzheimer’s disease.

Methods: We estimated white matter fractional anisotropy, mean diffusivity and
hippocampal structural connectivity in two independent cohorts. The ADNI cohort
included 108 subjects [25 cognitively normal, 21 amnestic mild cognitive
impairment, 47 non-amnestic mild cognitive impairment and 15 Alzheimer’s
disease]. A second cohort included 34 subjects [15 cognitively normal and 19
amnestic mild cognitive impairment]| recruited in Montreal. All subjects underwent
clinical and neuropsychological assessment in addition to diffusion and T1 MRL
Individual fractional anisotropy and mean diffusivity maps were generated using
FSL-DTIfit. In addition, hippocampal structural connectivity maps expressing the
probability of connectivity between the hippocampus and cortex were generated
using a pipeline based on FSL-probtrackX. Voxel-based group comparison statistics
of fractional anisotropy, mean diffusivity and hippocampal structural connectivity
were estimated using Tract-Based Spatial Statistics. The proportion of abnormal to
total white matter volume was estimated using the total volume of the white matter

skeleton.

Results: We found that in both cohorts, when compared to cognitively normal,
amnestic mild cognitive impairment patients had 27-29% white matter volume
showing higher mean diffusivity but no significant fractional anisotropy
abnormalities. No fractional anisotropy or mean diffusivity differences were
observed between non-amnestic between mild cognitive impairment patients and

cognitively normal subjects. Alzheimer’s disease patients had 66.3% of normalized
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white matter volume with increased mean diffusivity and 54.3% of the white matter
had reduced fractional anisotropy. Reduced structural connectivity was found in the
hippocampal connections to temporal, inferior parietal, posterior cingulate and

frontal regions only in the Alzheimer’s group.

Conclusions: The severity of white matter degeneration appears to be higher in
advanced clinical stages, supporting the construct that these abnormalities are part

of the pathophysiological processes of Alzheimer’s disease.
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Frangais

Anormalités dans la matiere blanche et déconnections
structurelles de I'hippocampe dans la Maladie d’Alzheimer
et le Trouble Cognitif Léger avec amnésie

Objectif: Ce projet a pour but d’évaluer la dégénérescence de la matiere blanche et
son impact sur la connectivité structurelle de I'’hippocampe chez des patients avec

un trouble cognitif Iéger avec ou sans amnésie ou la Maladie d’Alzheimer.

Méthodes: Nous avons estimé l'anisotropie fractionnelle et la diffusivité moyenne
de la matiere blanche ainsi que la connectivité structurelle de 'hippocampe dans
deux cohortes indépendantes. La cohorte ADNI incluait 108 sujets [25
cognitivement normaux, 21 avec trouble cognitif léger avec amnésie, 47 avec
trouble cognitif léger sans amnésie et 15 Maladie d’Alzheimer]. Une deuxiéme
cohorte incluait 34 sujets [15 cognitivement normaux et 19 avec trouble cognitif
léger avec amnésie] recrutés a Montréal. Tous les sujets ont passé une évaluation
clinique et neuropsychologique, en plus d’acquisitions IRM de diffusion et T1. Les
images individuelles d’anisotropie fractionnelle et de diffusivité moyenne ont été
générées avec FSL-DTIfit. Celles de connectivité structurelle de I'hippocampe, qui
expriment la probabilité d'une connexion entre I'hippocampe et le cortex, ont été
générées en utilisant une fonction basée sur FSL-probtractX. Les comparaisons
statistiques au niveau du voxel pour l'anisotropie fractionnelle, la diffusivité
moyenne et la connectivité structurelle de I'hippocampe ont été estimées en
utilisant l'outil Tract-Based Spatial Statistics. La proportion d’anormalités dans la
matiere blanche a été estimée en utilisant le volume total du patron de matiere

blanche.

Résultats: Dans les deux cohortes, on peut observer que les patients du groupe
trouble cognitif léger avec amnésie ont 27-29% du volume de matiere blanche avec

une diffusivité moyenne plus élevée mais sans anormalité probante de 'anisotropie
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fractionnelle. Aucune différence d’anisotropie fractionnelle ou de diffusivité
moyenne n’est observée entre le groupe avec trouble cognitif 1éger sans amnésie et
celui cognitivement normal. Nous avons trouvé chez les patients avec la Maladie
d’Alzheimer 66.3% de la matiere blanche normalisée avec une augmentation de la
diffusivité moyenne, et dans 54.3% une réduction d’anisotropie fractionnelle. Une
réduction de la connectivité structurelle a été détectée dans les connections
hippocampales aux régions frontales, temporales, pariétales inférieures et

cingulaires postérieures dans le groupe Maladie d’Alzheimer seulement.

Conclusions: La sévérité de la dégénérescence de la matiere blanche apparait étre
plus importante dans les stages cliniques avancées, ce qui supporte la théorie que
ces anormalités font parties des processus pathophysiologiques de la Maladie

d’Alzheimer.
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Definitions and Abbreviations

ACC: anterior cingulate cortex.

AD: Alzheimer’s disease: Neurodegenerative disease characterized by dementia
associated to specific brain pathology such as neurofibrillary tangles and senile plaques.

Amyloid Plaques: accumulation of extracellular amyloid beta protein, a primary
pathological feature of AD.

aMCI (Amnestic Mild Cognitive Impairment): syndrome characterized by objective
memory impairment without dementia. aMCI is a prodromal manifestation of AD and
other neurological conditions.

Biomarker: characteristic measured as an indicator of biological or pathogenic
processes, or pharmacologic responses.

CA1l, CA2, CA3 or CA4. Designation of four key hippocampal cellular fields commonly
abbreviated as CA (Cornus Amonious, Ammon’s horn in Latin)

CDR: Clinical Dementia Rating: Clinically used numeric scale of dementia rating based
on 6 areas of cognitive performance where 0.5 is considered very mild .

CT: Computed tomography. 3d in vivo view of an object using x-rays

DTI: Diffusion Tensor Imaging. MRI sequence used to measure diffusion of water in
vivo.

EC: Entorhinal Cortex.

FA: Fractional Anisotropy. Scalar number between 0 and 1 calculated from a DTI that
describes the isotropy diffusion within a voxel.

GM: Gray Matter
Heterotypical cortices:
IPC: inferior parietal cortex.

MD: Mean Diffusivity. Scalar number calculated from mean of the 3 eigen values that
describe the diffusion of water within a voxel.

MINC: Medical Image NetCDF. Image format (and tools) developed at the MNI for
processing medical imaging files.

MMSE: Mini Mental State Examination. Short questionnaire used to measure cognitive
impairment.

MNI Space: Coordinate system for anatomical landmarks based on the average of 152 t1
MRIs.

MRI: Magnetic Resonance Imaging

naMCI (Non-Amnestic Mild Cognitive Impairment): syndrome characterized by
objective cognitive impairment other than memory without dementia.

Neurodegeneration: progressive loss of structure or function of neurons, including
neuronal death.

13
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NFT: Neurofibrillary tangles: Accumulation of hyperphosphorylated Tau proteins, a
primary pathological feature of AD.

PCC: posterior cingulate cortex.
PFC: prefrontal cortex.

Preclinical AD: the long asymptomatic period between the first brain lesions and the
first symptoms. It includes cognitively normal individuals who eventually develop AD
dementia.

Prodromal AD: individuals with aMCI who eventually will develop dementia.

Prognostic markers describe molecular markers that predict disease-free survival,
disease-specific survival, and overall survival.

ROIs: Region of Interest.

T1: Standard structural MRI.

Tractography: The process of identifying neuronal tracts within the brain.
WM: White Matter

14
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Chapter 1: Introduction and Background

Introduction

Alzheimer’s disease (AD) is a progressive neurological disease affecting
nearly 11% of the Canadian population aged 65 and over 2. It is taking an increasing
toll on the health of aging Canadians, imposing a substantial burden on caregivers,
costing the country billions of dollars in health care and lost wages. It is by far the
most common form of dementia, representing 63% of all dementia cases 2. The
incidence of AD dramatically increases with age so that more than 1/3 of the
population age 85 and older is affected 2. Canadians spent $8 billion directly on
healthcare care expenses related to dementia in 2008 while the disease cost an
additional $7 billion in lost wages that year 2. With the aging population it is
estimated that Canadians will spend $93 billion per year on the treatment of
patients with dementia by 2038 2. The physical, emotional, and financial toll
associated with this disease make finding an effective treatment and an eventual
cure of the utmost importance.

The progressive degenerative nature of the disease process in AD, and
dementia more generally, poses tremendous obstacles to treatment and cure. The
brains of demented individuals are riddled with structural damage forcing current
efforts to focus on preventing rather than reversing the damage caused by the
disease process. This reality makes research into detection of individuals at high
risk of developing the disease particularly important. Although this area is fraught
with challenges, some promising technologies have been developed, expanding the
possibilities to identify individuals at high risk of developing dementia.

Mild cognitive impairment (MCI) is an intermediary stage between the
preclinical and dementia stage of AD 3. A patient with MCI has objective cognitive
deficits which does not interfere notably with activities of daily life 3. MCI patients
progress to dementia at a rate of 16.5% per year 4. As AD accounts for the majority

of all forms of dementia 2, patients with MCI constitute an important subgroup to

15
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study. Therefore, understanding of MCI neurobiology is critical to understanding
AD.

Regarding neuropathology, MCI resembles the classic neuropathological
features of early AD. The neuropathology of AD is defined by accumulation of beta-
amyloid plaques, neurofibrillary tangles, and neuronal loss particularly in the
hippocampus and the entorhinal cortex 5. It is commonly believed that AD
neuropathology progressively accumulates throughout the brain many years before
the onset of symptoms (perhaps even decades) >. Evidence pointing towards this
conclusion has been shown in a number of studies. Amyloidosis and limbic
deposition of neurofibrillary tangles have been consistently demonstrated in MCI
patients ¢-°. Regarding cell loss, Gomez-Isla et al. showed a 57% decline in total
number of neurons in layer II of the entorhinal cortex, in MCI patients 7. Perhaps
even more interesting, a post mortem study of 134 specimens with clinical MCI
showed that 54.4% of these subjects could be pathologically diagnosed as having AD
9. In contrast with AD, the brains of MCI individuals display early stages of AD
pathology (i.e. mild loss of neurons, and less accumulation of plaques and tangles).
Pharmacological intervention in aMCI brings the hope of arresting or at least
delaying the progression of AD 10. As such, early detection of AD is an important step
towards the prevention of dementia caused by AD.

Peterson and colleagues outlined a classification of MCI patients 11. MCI is
subdivided into amnestic mild cognitive impairment (aMCI) and non-amnestic mild
cognitive impairment (naMCI), based on the predominance of memory impairment
over other cognitive domains. The classification further dichotomizes into single
and multiple domain. For example, the term ‘aMCI single domain’ applies if memory
impairment constitutes the lone cognitive deficit in an individual. In contrast, the
term ‘aMCI multiple domain’ defines an aMCI individual possessing additional
cognitive impairments. In the present study, we will utilize Peterson’s definitions of
aMCI and naMCI. Additionally, individuals who are cognitive normal (CN) will
designate participants without any cognitive deficits. The term CN better describes

elderly populations rather than the terminology “normal” or “healthy elderly

16
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individuals” as these CN individuals could develop cognitive complaints in the
future.

aMClI is of significant interest for researchers because memory complaints
are an early symptom of AD. It is hypothesized that aMCI individuals are more likely
to convert to AD than naMCI; however, there isn’t a scientific consensus yet. Some
authors, such as Roundtree et al., 12 have found a higher rate of conversion to AD in

aMCI individuals as opposed to naMCI.

Background

Relevance of White Matter
There is a growing consensus that white matter degeneration in aMCI and AD

constitute a continuum. Chen and colleagues 13 proposed that white matter
pathology, as measured in-vivo in dementia patients, may be a sign of ‘anterograde
Wallerian degeneration’, in which gray matter pathology could be preceded by
axonal dysfunction 13. Indeed, abnormal axonal transport also has been
demonstrated in AD (see review) 14. In addition, white matter structural changes
such as myelin breakdown, loss of myelin basic protein!> as well neuroinflammation
have been recognized as part of AD white matter neuropathological features6 17,
However in aMCI, the magnitude of white matter abnormalities is reduced
compared with AD. Interestingly, neuroimaging techniques are more sensitive to
detect white matter abnormalities in aMCI compared to neuropathological studies!é
19,

The literature in aMCI overall is less extensive, however, there is an
indication of its importance. As early as in 1984, Albert and colleagues showed that
ventricular area measured on a CT scan discriminates AD from controls with a
accuracy of 89% 20. These findings have been extensively replicated using structural
MRI. Today, ventricular volume in aMCI patients is one of the best predictors of
dementia progression 21. Ventricular dilation indicates white matter atrophy since
cerebral ventricles are surrounded by white matter. As such, the study of white
matter alterations in patients with a high likelihood of developing dementia is of

great interest in order to understand the neurobiology of AD.
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White Matter Architecture
Brain white matter occupies nearly 35% of the total intracranial space 22.

White matter is organized into fascicles or bundles composed of axons connecting
distinct brain areas. Axons are microscopic tubular projections of the neuronal cell
bodies responsible for propagation of action potentials from the cell body to the
synaptic terminals. White matter pathways connecting different segments within
the central nervous system (CNS) are designated as tracts (e.g. corticospinal tract).
Connections between lobes are referred to as fascicles (e.g. uncinate fascicle), and
connections between hemispheres are called commissures (e.g. interhemispheric
commissure). Within these white matter pathways, the parallel organization of
millions of axons displays a property called anisotropy (see figure 1.1). Anisotropy
(Greek for unequal direction) refers to the restricted diffusivity of cytoplasmic
water parallel to the axonal fibers. Thus quantifying anisotropy allows mapping
white matter pathways in the brain. Tissue anisotropy is quantified using a
magnetic resonance (MR) sequence called diffusion tensor imaging (DTI), which
specifically allows for in vivo imaging of the diffusion of water in the human brain 23.
Since the white matter of the brain is highly organized, DTI is the ideal MR
technique for modeling white matter structure as well as abnormalities in

neurological conditions.

18



Rowley, J.

White matter abnormalities in aMCI and AD

Figure 1.1: Restricted diffusion occurs parallel to the axon
Free Diffusion

A cell body

Position
4
g

Time
free
Axon diffusion Restricted Diffusion
(myelinated) M C
Barrier
|
restricted
diffusion c
2
E
Barrier
Time

terminus
Unrestricted free diffusion of water (figure 1.1B) is prevented by the restricted

diffusivity imposed by the axonal barrier (figure 1.1C). Therefore, mapping
diffusivity allows determination of white matter fibers in the brain24.
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Table 1.1. White matter pathways of interest in aMCl and AD.

Anatomical Location Pathway Connections
Angular bundle Input to the

(Coronal view) is the
white matter situated
deep to the subicular
complex (red). It is
within this region that
the perforant path fibers
travel to caudal levels of
the hippocampal
formation. The
perforant path is the
most important afferent
to the hippocampus.

hippocampus
memory system.
Fibers connecting
the entorhinal
cortex and the
hippocampus.

Commissural fornix
(ventral view). The blue
arrows indicate
Topography of the
dorsal hippocampal
commissure. Red
arrows indicate the
fimbria, and the green
arrows indicate the
corpus callosum.

Connects the
right and left
hippocampal
memory system.

Fimbria and fornix
(Mesial view) constitute
the major outputs of the
polysynaptic pathway.
Empty arrows represent
the fimbria. Full arrows
represent the body of
the fornix and orange
arrows indicate the
postcommissural fornix.
Anterior commissure
is an important
interhemispheric
commissural
connection, which is
represented by a light
orange arrow.

Connects the
hippocampal
memory system
to the thalamus,
basal forebrain
and contralateral
hippocampus.
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Uncinate fascicle
(Convexity view) is
situated deep on the
rostral part of the
superior temporal gyrus
and posterior to the
orbital frontal cortex.

Connects the
hippocampal
memory system,
subcallosal areas
and the
prefrontal lobe.

The cingulum bundle
(Mesial view) has a
dorsal component that
occupies the white

Connects the
hippocampal
memory system
to the parietal,

matter of the cingulate cingulate,

gyrus and a ventral part | parahippocampal
situated in the white cortex.

matter of the caudal part

of the parahippocampal

gyrus.

Inferior longitudinal
fascicles (Convexity
view)

Fibers traveling rostral
terminate in the
superior temporal
sulcus and the lower
bank of the intraparietal
sulcus (red arrows).
Superior longitudinal
fibers (orange arrows)
are also observed in this
dissection.

Connects the
hippocampal
memory system
to the occipto-
temporal
cortices; caudal
part of the
cingulate gyrus,
the inferior
parietal lobule.

All figures and descriptions from table 1.1 are from 25 26,
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White Matter Pathways of Interest
Memory complaints are the primary symptom of patients with aMCI; thus

when studying these patients it is important to focus on the memory pathways. The
hippocampal formation, which includes the hippocampus, entorhinal cortex,
subiculum, pre-subiculum, para-subiculum, Ammon’s horn and the dentate gyrus,
constitutes the heart of declarative memory system affected in aMCI and AD 7.
Indeed the entorhinal cortex of aMCI individuals has been shown to contain
phosphorylated tau and neuronal depletion as compared to healthy individuals 7.
Furthermore, in AD, neuronal depletion and intracellular inclusion further extends
to the subiculum, CA1 and CA3 hippocampal fields. In fact, hippocampal formation
cell depletion highly correlates with memory deficits in both aMCI and in AD 7.

In contrast to gray matter changes, degeneration to the hippocampal
formation’s connections have been largely overlooked in aMCI and AD research.
Deafferentation following white matter lesions, is a well-known process in
numerous neurological conditions 27. Deafferentation at the level of afferent
pathways feeding the hippocampal formation or output connections from the
hippocampal formation to the rest of the brain, can cause memory deficits 28 29,
White matter deafferentation at the (1) intrinsic hippocampal circuit, (2)
commissural connections, (3) subcortical or (4) cortical output pathway can
potentially cause amnestic syndromes, and thus are of interest in aMCI and AD

research 29,

Quantification of White Matter Architecture and Integrity Using MRI
In brain imaging, white matter integrity has been quantified by diffusion

acquisitions (fractional anisotropy, mean diffusivity and fiber tracking).

Mean Diffusivity
Using DTI techniques experts have developed sensitive scalar measures to

quantify abnormalities within the white matter 23. One such measure is called mean
diffusivity (MD; mm2/s). The details of this measurement are discussed in the
appendix. Briefly, mean diffusivity is a measure of Brownian motion, which is

typically restricted by the normal structural organization of brain tissue. MD is

22



White matter abnormalities in aMCI and AD Rowley, J.

increased in pathological situations characterized by damage of tissue organization
such as neuroinflammation and other pathologies. In fact, numerous studies have
reported increases in MD in aMCI individuals, however, the location of these
abnormalities is not entirely consistent. Most studies report that MD is increased in
the medial temporal lobe of aMCI individuals with some evidence that the left is
more affected than the right 30-33, However, while some studies highlight frontal,
parietal and occipital lobes 34, others report the genu of the corpus callosum and the

cingulate cortex are the most vulnerable regions for MD changes in aMCI patients 3%

33,

Fractional Anisotropy
Fractional anisotropy (FA; unitless) is another scalar measure of the

structural organization within the brain (the details of which are outlined in the
methods section). With over 2500 papers in the Pub Med database, FA is the most
commonly evaluated outcome of a DTI scan; most likely do to ease of its intuitive
interpretation. Like MD, there have been a number of papers evaluating the FA
values of patients with aMCI and AD. Depending upon the purpose and the
methodology, results vary across papers. However, FA abnormalities involving the
hippocampus, entorhinal, and parahippocampal white matter are among the most
commonly reported in AD 31-33.35 Additionally, white matter FA declines are often
cited in the posterior cingulate and parietal cortex 35. Within aMCI there has been
some debate over whether or not FA abnormalities are detectable. Early papers
evaluating FA in aMCI showed declines that resembled the areas reported in AD
patients (same location, smaller magnitude) 36.37. However a number of more recent
studies using a more robust registration method have been unable to detect changes

in fractional anisotropy between CN and aMCI subjects 38-41,

Fiber Tracking
Fiber tractography is a method to map brain white matter pathways such as

tracts, fascicles and commissures connecting brain regions. The use of diffusion
tensor data to visualizing these structural tracts was first proposed by Basser 2.

Deterministic and probabilistic fiber tracking are the most common methodologies
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used to investigate white matter pathways connecting two brain regions. While
deterministic methods are based on the bidirectional nature of fibers, probabilistic
methods provides a distribution of the probability of two points in the brain being
connected. Although fiber tracking has been effectively validated in healthy
individuals, its use in aMCI brains has been relatively limited.

Brain pathways outlined by deterministic fiber tractography allow fiber-
specific measures of white matter organization. FA and MD abnormalities provide
information regarding the impact of a disease process on a specific white matter
pathway. One study focusing on memory-related white matter pathways used fiber
tracking to determine their area of interest. They found abnormal FA (reduction) in
the fornix and abnormal MD (increased) in the inferior and superior longitudinal
fasciculus as well as the corpus callosum of patients with AD. However no
abnormality was found in aMCI subjects 43. Another study found that the total
volume of fiber tracts connecting the hippocampus and the rest of the brain was
reduced in AD 44, Although deterministic fiber tractography provided significant
advance of white matter abnormalities in AD and aMCI this method does not allow
accurate or unbiased group comparisons, since it relies on manual placement of
seed points 4>. Moreover, inability to discriminate crossing white matter pathways
limits the results of deterministic fiber tractography studies 4.

Probabilistic methods, in contrast with deterministic, better deal with the
uncertainty involved in fiber tracking such as crossing fibers. Preliminary work
conducted in patients with AD found reductions in anatomical connectivity between
the putamen and the rest of the brain as compared to healthy controls 46. However
this study didn’t use optimized MRI acquisition parameters to conduct fiber
tractography techniques giving them a lower signal to noise ratio as compared to
the present study 4°.

In summary, MRI offers a wide range of techniques to explore structural
integrity of white matter projections connecting brain regions involved in
neurodegenerative disease. In the case of AD and aMC], these techniques could

explore defects on the structural connectivity underlying memory circuits.
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Aims and Goals
Recent advances in image acquisition (increase of image sensitivity and

resolution) and methods of analysis (tractography) make DTI an ideal imaging
modality for investigation of white matter connectivity in aMCI. Here, we used
probabilistic fiber tractography to quantify white matter abnormalities in patients
with aMCI, naMCI and AD, focusing on white matter changes in memory pathways
within the temporal lobe (as these areas are primarily affected by Alzheimer’s

pathology) >.

The goals of the present thesis are:

1) To quantify white matter abnormalities in naMCI, aMCI and AD individuals by
examining fractional anisotropy, mean diffusivity; and

2) To create maps of hippocampal structural connectivity using probabilistic fiber

tracking techniques 4748,

Hypothesis
1) There will be reduced FA and increased MD in both the aMCI and AD

population as compared to CN subjects.
2) White matter tracts connecting areas of the brain associated with memory
will have reduced hippocampal connectivity in both aMCI and AD patients as

compared to CN subjects.
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Introduction
Alzheimer’s disease (AD) has been conceptualized by a succession of

pathophysiological events beginning with progressive extracellular accumulation of
amyloid followed by a variety of neurodegenerative changes such as intracellular
accumulation of neurofibrillary inclusions, brain atrophy and cell depletion 4°. In AD,
neurodegenerative changes (i.e. tau hyperphosphorylation and cell depletion)
follows a typical 6-stage topographic pattern starting in the entorhinal cortex,
propagating to the limbic cortex and subsequently to the polymodal association
cortex 5. In fact, the asymptomatic AD, mild cognitive impairment (MCI) and
dementia stages correspond similary to the severity of AD neuropathology
propagation > 39,

From pathophysiological perspective, there is a growing consensus that
white matter (WM) abnormalities in MCI constitute an integral part of the
degenerative processes associated with AD pathophysiology. Chen and colleagues
proposed that white matter pathology, as measured in-vivo in dementia patients,
may be a sign of ‘anterograde Wallerian degeneration’, in which gray matter
pathology could be preceded by axonal dysfunction 13. WM structural changes such
as myelin breakdown, loss of myelin basic protein!5, neuroinflammation as well as
abnormal axonal transport have been recognized as part of AD WM
neuropathological features 16.17,14,

The role of WM degeneration in AD has been explored in vivo with Magnetic
Resonance Imaging (MRI; see review >1.52), Mean diffusivity (MD) and fractional
anisotropy (FA) are MRI diffusion tensor imaging (DTI) outcome measures
informative of microstructural organization of water in WM compartments. High
MD conveys local increase of free water diffusivity in WM, which possibly is linked
to reduction in myelin content, axonal depletion or declines on extracellular matrix
53, Low FA indicates loss of diffusion directionality, which is imposed by abnormal
axonal membranes. In fact, post mortem data show a correlation between FA axonal
and myelin WM contents >3. Advances in image processing allow the estimations of

WM pathways, which are derived from Bayesian mathematical models (probabilistic
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tractography) 54 These techniques provide a metric to estimate the degree in which
WM abnormalities disrupt long pathways connecting distinct brain regions. Thus,
assessment of WM abnormalities using MRI can expand classic neuropathological
approach by estimating WM structural connectivity in major WM pathways 18 19,
MCI due to AD is a condition characterized by objective cognitive deficits
which minimally interfere with activities of daily living 3. Peterson and colleagues
outlined a classification of MCI as amnestic mild cognitive impairment (aMCI) and
non-amnestic mild cognitive impairment (naMCI), based on the predominance of
memory deficits over other cognitive domains 1. It has been established that local
WM disconnections between the entorhinal cortex and hippocampus (i.e. perforant
path) are involved in AD and MCI pathophysiology, however large-scale
hippocampal WM connectivity has never been systematically assessed in these
populations % 55, Large-scale hippocampus structural connectivity indicates the
severity of disconnections between limbic and polymodal association cortex. Here,
we aimed to compare patterns of brain FA and MD abnormalities as well as
hippocampal connectivity among aMCI, naMCI and AD individuals. We hypothesized
that there will be greater severity of MD and FA abnormalities in AD. In addition, we

predict disconnections on large-scale hippocampal WM networks in aMCI and AD.

Methods
Two cohorts were analyzed in this study. The first cohort of aMCI and

cognitively normal (CN) individuals was recruited at the McGill Centre for Studies in
Aging (MCSA cohort) located in Montreal, Quebec, Canada. An independent cohort of
CN, MCI (classified into aMCI and naMCI), and AD was obtained from Alzheimer’s
Disease Neuroimaging Initiative Go /2 (ADNI cohort). Informed consent was
obtained from each subject in accordance with local institutions’ Research Ethic
Boards (REB) ¢. The McGill University Research and Ethics committee approved

these protocols.

MCSA Cohort Data Acquisition
The McGill Centre for Studies in Aging (MCSA) staff was responsible for

patient recruitment, screening and enrollment in the MCSA cohort. Patients with
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subjective memory complaints, substantiated by a knowledgeable informant were
clinically assessed (SG). Subsequently, patients underwent a full medical,
neurological examination and battery of neuropsychological tests including the
standard Mini Mental State Examination (MMSE) and Rey Auditory Verbal Learning
Test 57. Diagnosis of aMCI was achieved by a consensus in a clinical diagnosis
meeting based on the Peterson criteria 11.

Age and gender matched controls enrolled in this study, referred here as CN,
were recruited by advertisements in local newspapers. CN exclusion criteria were
(1) presence of current or past neurological or psychiatric condition and (2) history
of memory complaints. Exclusion criteria for all subjects included a history of
psychological problems, intellectual inability, past psycho stimulant drug use or
brain vascular lesions on the Fluid attenuation inversion recovery (FLAIR) MRI.

MRI data was acquired on a Siemens 3T Trio MR scanner (Siemens Medical
Systems, Erlangen, Germany) using a 32-channel phased-array head coil. Diffusion
encoding was achieved using a single-shot spin-echo echo planar sequence with
twice-refocused balanced diffusion encoding gradients. High angular resolution
reconstruction was acquired with 99 diffusion encoding and 10 resting (b0)
directions, 2Zmm isotropic voxel size, 63 slices, b=1000 s/mm?, TE=89ms, TR=8.3s. A
1mm isotropic resolution T1-weighted anatomical scan was also acquired
(TR=18ms, TE=10ms, FA=30 degrees). The two datasets were registered using a
mutual information based algorithm >8 to remove image misregistration from echo
planar induced image shifts and motion. All scans were conducted at the Montreal

Neurological Institute.

ADNI Cohort Data Description
A second dataset used in the preparation of this article was obtained from

the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.ucla.edu). The ADNI was launched in 2003 by the National Institute on
Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering
(NIBIB), the Food and Drug Administration (FDA), private pharmaceutical

companies and non-profit organizations, as a $60 million, 5-year public-private
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partnership. The primary goal of ADNI has been to test whether serial magnetic
resonance imaging (MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s
disease (AD). Determination of sensitive and specific markers of very early AD
progression is intended to aid researchers and clinicians to develop new treatments
and monitor their effectiveness, as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W. Weiner, MD, VA
Medical Center and University of California - San Francisco. ADNI is the result of
efforts of many co-investigators from a broad range of academic institutions and
private corporations, and subjects have been recruited from over 50 sites across the
U.S. and Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI has
been followed by ADNI-GO and ADNI-2. To date these three protocols have recruited
over 1500 adults, ages 55 to 90, to participate in the research, consisting of
cognitively normal older individuals, people with early or late MCI, and people with
early AD. The follow up duration of each group is specified in the protocols for
ADNI-1, ADNI-2 and ADNI-GO. Subjects originally recruited for ADNI-1 and ADNI-GO
had the option to be followed in ADNI-2. For up-to-date information, see www.adni-
info.org.

From the ADNI-GO and ADNI-2 dataset, we selected all participants aged 55
to 90 years of age (inclusive) who had completed, during the course of a single visit,
the following clinical, imaging and neuropsychological assessments: T1 MRI, DTI,
Mini Mental State Examination (MMSE), Clinical Dementia Rating scale (CDR),
Wechsler Memory Scale Logical Memory II, Alzheimer’s disease assessment scale
(ADAS)-cog, Rey auditory verbal learning test (RAVLT). Selected individuals were
classified as CN, MCI (divided into aMCI, naMCI) and AD, on the basis of clinic-
behavioral measures put forth by ADNI.

The data was acquired from 14 centers around the USA and Canada between
2010 and 2012. The scanning parameters were as follows. All diffusion images were
scanned on GE 3 tesla scanners. There were 41 diffusion encoding and 5 resting (b0)

directions, 1.4mm x 1.4mm x 2.7mm voxel size, b=1000 s/mm?2. All scans used were
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already EPI-eddy current corrected by ADNI. T1 scans were acquired on the same
GE 3T scanner with a 1.2 mm x 1mm x 1mm voxel size. Further acquisition details

are available from ADNI website (ADNI-INFO.org)

Clinical Operational Definitions
The criteria for CN included an MMSE score ranging between 24-30

(inclusive), and a CDR score of 0 5960, ADNI2 and ADNIGO define MCI as individuals
with subjective memory complaint, an MMSE score between 24-30 (inclusive),
objective memory loss as shown on scores on delayed recall of one paragraph from
the Wechsler Memory Scale Logical Memory II, a CDR of 0.5, preserved activities of
daily living, and the absence of dementia 6162,

We reclassified ADNI MCI individuals in aMCI or naMCI as defined as 1.5 std.
below CN on 30 min auditory verbal learning test (AVLT) delay recall ¢3. In addition
to the NINCDS/ADRDA criteria for probable AD, mild AD dementia subjects had
MMSE scores between 20-26 (inclusive) and a CDR of 1 ¢4,

T1 Processing
Individual T1 MRIs were skull stripped 65, non-uniformity corrected ¢¢ and

registered to MNI152 space nonlinearly ¢7. The T1 was then classified into grey
matter, white matter, and cerebrospinal fluid with a validated automated
classification algorithm 68 and subsequently automatically labeled using Automatic,
Nonlinear, Imaging Matching and Anatomical Labeling (ANIMAL)®%°. Individual
segmented hippocampus was used as a seed region for the hippocampal structural

connectivity (HSC).

DTI Processing
FA and MD maps were generated using FSL-DTIFIT from the skull-stripped 70

eddy current corrected images in MRI native space.

HSC Processing
HSC maps were generated using a pipeline based on FSL 4.1-FDT (Figure 1).

In brief, (1) DTI images were skull-stripped using BET2 and Eddy current-corrected
71, (2) At each voxel of individual DTI images, a probability distribution of fiber

direction was generated using FSL-bedpostx with a maximum of two fiber directions
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per voxel 72 ; (3) single voxel level probabilistic maps were generated for every
voxel of the seed region using FSL-probtrackx (approx. 400 maps per region; see
animation in the supplementary materials). These maps represented the probability
that any given voxel in the brain was connected to a seed voxel. Finally (4) a single
HSC map of the entire hippocampus was computed via the max function derived
from the single voxel level maps. Thus a given voxel value in the HSC map
represents the likelihood of this voxel being connected to the hippocampus. HSC

maps were generated with seed regions in both the left and right hippocampus.

DTI Statistics
FA, MD and HSC statistical group differences were created using the track-

based spatial statistic tool (TBSS) 73. Firstly, all FA images were aligned to the MNI
152 standard space 74 Then a skeleton was created from the mean FA > 0.2. Local
maxima of FA images of each subject were then projected onto the skeleton. At each
voxel in the skeleton statistical group differences were determined using
permutations tests (FSL randomize) 7>. MD and HSC maps were projected onto the
same skeletons to determine statistical group differences. The statistical results
were thickened to allow better visualization of group differences. Correction for
multiple corrections was estimated using family wise error (FWE) and the
threshold-free cluster enhancement (TFCE) option 7>. Additionally, global averages
for FA and MD were calculated for each subject using the WM skeleton as a ROI. To
estimate the normalized abnormal MD or FA volumes, we computed the ratio
between the volume of abnormal voxels when compared to CN as defined by TBSS

(corrected p <0.05) and the total WM skeleton volume.

Results

Demographics
In the MCSA cohort an unpaired one-tailed t-test showed that CN and aMCI

groups did not differ in terms of gender, age, and educations (table 1a). As expected,
MMSE, RAVLT, and APOE status was different between groups.

In the ADNI cohort a 1-way ANOVA of the ADNI demographics showed the
CN, aMCI, naMCI and AD groups did not differ in terms of gender, age, and education

33



White matter abnormalities in aMCI and AD Rowley, J.

(table 1b). Post-hoc comparisons using Tukey’s HSD indicated significant
differences in MMSE, AVLT, and APOE status. There was no demographic difference
between the aMCI group and the naMCI group other than the AVLT score.

DTI Outcome Measures
Average FA and MD values are represented in figures 2A and 2B. Note that

global average FA and MD were significantly different between cohorts. Figure 3A
shows the average HSC obtained in the CN, depicting patterns of hippocampal
connectivity known from experiments obtained in post mortem tissue, such as
projections to the entire temporal neocortex as well as to cingulate cortex as well as

associative parietal occipital and frontal cortices.

DTI Group Differences
In the MCSA aMCI cohort, 29% of normalized WM volume had significantly

elevated MD compared to the CN group. Corpus callosum, arcuate, uncinate,
superior and inferior longitudinal fascicles were affected (Figure 4A). Voxels with
abnormal MD in aMCI were on average 7.1% higher than CN (Figure 2B). Global WM
MD was elevated 5.5% in aMCI (p=0.003) compared to CN. None of the clusters of
reduced FA were significant after correcting for multiple comparisons. HSC revealed
no hippocampal connectivity abnormalities in aMCI.

In the ADNI cohort (Figure 4B) aMCI (aMCI>CN) showed abnormal mean
diffusivity in 27.6% of normalized WM volume, particularly on the corpus callosum,
splenium, superior and inferior longitudinal fascicles, and arcuate fascicles. These
abnormal voxels had an average of 5.8% higher MD than CN. Global WM MD was
elevated 4.1% in aMCI compared to CN (p=0.039) (Figure 2B). Similarly to the MCSA
cohort, ADNI aMCI had no significant declines in FA. No WM abnormalities were
observed in the reverse statistical comparison [aMCI< CN]. No hippocampal
connectivity abnormalities were observed in aMCI.

In naMClI, part of ADNI cohort, neither FA nor MD values differed from CN.

The AD patients in the ADNI cohort (Figure 4C) showed abnormally elevated
MD in 66.3 % of normalized WM volume compared to CN. These abnormalities were

observed particularly in the genu and splenium of the corpus callosum, uncinate,
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superior and inferior longitudinal fascicles and cingulate bundle. Abnormal voxels in
these pathways had an average of 8.5% higher MD than CN. Global WM MD was
elevated 7.1% in AD (p=0.0001) (Figure 2B). In addition, FA was abnormally low in
54.3% of the normalized WM volume. In these abnormal voxels, FA was 11.3%
lower than CN. Interestingly, 75% of WM regions with abnormally lower FA also had
abnormally higher MD. Global WM FA was reduced by 7.9% (p=0.0004) (Figure 2A).
No FA elevations or MD declines were observed in AD.

HSC showed reduced hippocampal connectivity (Figure 3B and 5) in the
temporal lobe (angular bundle, inferior longitudinal and uncinate fascicles), limbic
projections (cingulate bundle and fornix), inferior parietal cortex (arcuate fascicles)
and frontal (occipito-frontal and superior longitudinal fascicles) in AD patients
compared to CN. All other contrasts were not significant after correcting for
multiple comparisons.

The contrasts between AD and naMCI patients of the ADNI cohort revealed
abnormally high MD in 54% of AD normalized WM volumes (Figure 4D). Abnormal
normalized WM volume in AD had an average of 7% higher MD than naMCI. Global
WM MD was elevated 5.2% in AD as compared to naMCI (p=0.001) (Figure 2B). In
comparison with naMCI, AD patients had abnormally reduced FA in 57.7% of the
normalized WM volume. These abnormal voxels had an average of 10.6% lower FA
in AD in comparison with naMCI. Global WM FA was reduced by 6% (p=0.003) in AD
in comparison with naMCI (Figure 2A).

The AD to aMCI contrast of the ADNI cohort (Figure 4A) revealed no
abnormal MD voxels after correcting for multiple comparisons. Global WM MD was
elevated 3.5% in AD as compared to naMCI (p=0.047), however this was just barely
significant. FA was abnormal in 0.34% of the normalized WM voxels. Abnormal
voxels had 12.5% lower FA than CN. Global WM FA was reduced by 5.3% (p=0.03)
(Figure 2A).

Both FA and MD values in ADNI cohort, showed no abnormalities in naMClI

(aMCI vs. naMCI) after correcting for multiple comparisons.
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Discussion
Brain WM forms the backbone of a large network connecting multiple

segregated cortical regions, which occupies nearly as much of brain volume as the
gray matter 76. There is a growing body of the literature suggesting active WM
degeneration as part of the repertoire of pathophysiological process underlying AD.
Although neglected, the impact of WM abnormalities in AD has been reported to be
large 13.19.53,

Here, we report increased MD (6-7%) occurring in approximately 28% of
normalized WM volume and no FA declines in aMCI. In contrast, the WM of AD
individuals had higher MD (8.5%) and lower FA (11.3%) affecting a larger
proportion (66%) of normalized WM volume. The magnitudes of MD or FA group
differences reported here are above expected variability as revealed by several DTI
test-retest studies 77. In addition, we report, for the first time, the deleterious effects
of WM abnormalities in the hippocampal connectivity of AD patients using the FSL'’s
probabilistic tractography method >4. This technique provides the likelihood of
connectivity between the hippocampus and any given brain region. Our results
support the hypothesis that AD brain undergoes a progressive WM degeneration
characterized firstly by increased MD, followed by declines in FA and reduction of
hippocampal connectivity.

The modest but significant increase of MD found in aMCI (both MCSA and
ADNI cohorts) supports the construct that increased WM water diffusivity
constitutes an early neurodegenerative event associated to AD pathophysiological
processes. Although high MD has been frequently reported in aMCI populations 39 41,
there has been some disagreement. For instance, Agosta and colleagues only found
widespread changes in axial diffusivity but no significant MD differences in 15 aMCI
individuals 38, however, this disparity could be explained by the both fact they were
using a 1.5 T MRI and had lower in-plane resolution.

Increase of tissue water diffusivity, measured as m2e¢s-1, might occur due the
reduction of tissue barriers imposed by various causes (i.e. tissue atrophy,
neuroinflammation), however empirical evidence supporting this claim is

undermined by effects of tissue fixation typically utilized in post-mortem / DTI
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correlation studies >3. Absence of FA reduction in aMCI, as reported here, is
consistent with previous studies using similar methodology (i.e. same MCI inclusion
criteria, 3T acquisitions and strict TBSS analysis) 38-41. Interestingly, evidence
suggests that aMCI patients 10 years older than those in the present study have
present brain regions displaying abnormal FA 78.

Two previous studies focusing on FA and MD abnormalities in naMCI provide
conflicting results 41 78, In fact, older age and the presence of multiple pathologies
could account for these conflicting results 78.

The two-fold increase of normalized WM volume showing increased MD in
demented patients (as compared to aMCI) supports the hypothesis that WM
pathology also progresses in AD. Higher normalized WM volume showing lower FA
in demented individuals in comparison with aMCI or naMCI further corroborates
WM progressive degeneration in AD. In fact, progression of WM abnormalities has
been previously suggested by cross sectional and longitudinal DTI studies 39-41.79. As
a whole, these studies suggest increases of MD as an early WM degenerative event in
AD.

In addition to the Wallerian degeneration originating in cortical cell bodies,
recent advances in pathophysiological mechanisms underlying FA and MD
abnormalities described in AD can be partially attributable to independent WM
neurodegeneration. A growing body of literature suggests that WM DTI
abnormalities might be secondary to neuroinflammatory factors 8°. Corroborating
this hypothesis, imaging studies with PET and molecular imaging agents show
increase of microglia activation and astrocytosis in the WM of aMCI 81-83, [n addition,
it is noteworthy that ventricular enlargement (a surrogate of WM atrophy) is able to
accurately distinguish between MCI and AD and has been proposed as tool for
measuring disease progression in the short term 84.

We also demonstrated hippocampal WM connectivity abnormalities in AD
dementia. Hippocampal connectivity abnormalities affected hippocampal
connections predominantly to the temporal, parietal, occipital and frontal
polymodal associative areas (Figure 5). The structural connectivity outcome

measure described here (HSC) represents the probability of a given brain area to be
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connected with the hippocampus. WM areas with significant decline of probability
to be connected to the hippocampus were interpreted as depleted from normal
hippocampal connectivity. The results from our HSC CN maps are in excellent
agreement with the post-mortem data describing hippocampal connectivity 8>.
Individual connectivity maps generated by this study in CN captured the classical
reciprocal hippocampal connections with temporal, cingulate, inferior parietal and
frontal cortices. Since the nature of DTI does not permit the inference of
directionality, one cannot discriminate between hippocampal-petal and
hippocampal-fugal fibers. Areas with reduced structural connectivity revealed by
the HSC technique in AD was consistent with functional disconnections frequently
reported by the literature. For example, low hippocampal connectivity in the
cingulate bundle might explain functional disconnection reported between the
hippocampus and the posterior cingulate / precuneus frequently described by
numerous AD rsfMRI studies 86.87. Moreover, the WM connectivity reduction of the
arcuate fascicles, inferior longitudinal and uncinate fascicles and superior
longitudinal fascicles is a possible mechanism underling the [18F] FDG signature of
AD (hypometabolism in the posterior cingulate, inferior parietal, temporal and
prefrontal cortices) 88. Hippocampal WM disconnections as described here
corroborate the theoretical framework that emphasizes cortical disconnections as a
key feature of AD 8. In fact, neuropathological, functional neuroimaging and
neuropsychological evidence indicate WM disconnections as a pathophysiological
mechanism involved in AD.

The relative integrity of hippocampal connections in aMCI or naMCl, as
predicted in our hypothesis, is supported by histopathology evidence showing
tangle pathology and WM disconnection affecting predominantly transentorhinal
projections to the dentate gyrus (perforant path) in aMCI, while projections from
the hippocampus and subiculum and the rest of entorhinal cortex are affected in
more advanced stages of the disease >. Possibly, a seed point in the transentorhinal
cortex could better capture perforant path depletion in aMCI stage, however

transentorhinal connectivity is beyond the scope of this specific study.
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Limitations
Some methodological issues limit the interpretations of the present results.

Since this is a cross sectional study, inferences regarding progression of WM
pathology in the spectrum of AD clinical manifestations are speculative. The
hypothesis posing MD increases as an early WM AD pathophysiology change
followed by FA declines should be assessed by appropriate longitudinal studies.

Vascular pathology is certainly a potential confounder in all studies of this
nature, since vascular insults and small vessel disease constitute a frequent finding
in the MRI of elderly populations. For example, white matter intensities detected in
T2 or FLAIR images may have an impact on various DTI outcome measures.
However, since all patients recruited in this study, had Hachinski scores lower than
4, the impact of these lesions are not clinically significant. Particularly on the MCSA
cohort, the presence of white matter intensities was minimal and monitored with
3D FLAIR MRI. Since the results obtained from the MCSA and ADNI cohorts were
identical, it seems that vascular pathology affects these two populations in a similar
fashion.

Although ADNI provides a powerful database for AD research, the drawback
of utilizing DTI acquisitions acquired in 14 different scanners might represent a
limitation for this study. While there were large efforts taken to cross-validate MRI
scanners, multiple scanners acquisition is an undeniable confounding factor.

Regarding statistical analysis, TBSS is a conservative but extensively utilized
method to compare WM change in numerous experimental populations 41.90.91,
Particularly in the case of this study, the results using voxel-based non-parametric
statistics provide similar results to TBSS (data not shown). Analytical protocols can
potentially constitute a bias particularly for those studies utilizing voxel-based
parametric statistical analysis without correcting for multiple comparisons.

In conclusion, we found in aMCI WM abnormalities are characterized by high
MD, which are possibly secondary to brain inflammatory changes or WM axons or
myelin content depletion. Furthermore, the concomitance of MD and FA
abnormalities observed in AD suggests higher degree of WM microstructural lesion,

which impacts in large-scale brain structural connectivity. Further longitudinal
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studies are necessary to corroborate whether a progression of WM disease occurs in

the spectrum of clinical manifestation of dementia.
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Tables and Figures

I I I I I N
N 15 19 25 21 47 15

Gender (M/F) 7/8 8/11 13/12 12/9 29/18 9/6
Age (years) 67+5.7 71.6+8.2 73.3+5.5 73.3%6.9 73.4%+7.7 75.7+11.3
Weight (kg) 76+12.6 64.9+12.4 79.9+14.4 76.3+11.6 79.3+%13.5 76+15.9

Education (years)  15.3+2.9  14.11+3.4  16.2%2.7 16.3+3 16.2+2.6 16+2.8
MMSE 292+1.1  259+2.4% 289x15bd 27.7+1.32¢ 282+1.5¢ 23.3+1.83bc
RAVALT/AVLT 9+2.1 4+3%* 12.9+1.6°d 6.711.43¢ 12.6+1.7¢ 5.4%4 33¢
APOE (carrier/n) 1/8 7/10 4/13 6/10 15/41 4/6
A B

Table 2.1: Demographics
Summary of Demographic and memory scores for all groups in the ADNI and MCSA cohorts.

*-> t-test in the MCSA cohort revealed significant difference (p>0.05).Post-hoc Tukey HSD tests
is indicated by abbreviations. a -> significantly different (p<0.05) when compared to CN. B ->
significantly different (p<0.05) when compared to aMClI. c -> significantly different (p<0.05)
when compared to naMCl. d -> significantly different (p<0.05) when compared to AD.
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MCSA: CN (n=15) ; ADNI: CN (n=25), aMCI (n=21),
aMCI (n=19) naMCI (n=47) and AD (n=15)
DTI (99 direction DTI (41 directions
b=1000 10 b=0) b=1000 5 b=0)
2mm?3 voxel 1.4x1.4x2.7 voxel

Eddy current correction
(eddy_correct)

Skull strip (BET2) |

Processing \Acquisition

Generate individual FA, Generate probability distribution
MD maps (DTIFIT) | at each voxel (bedpostX)

N\

N

N\

<
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; = ; Generate Connectivity map for
Nonlinear registration of each voxel in hippocampal VOI*

individual FA maps to (probtrackX) (~400 maps)
MNI152 template )

4
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{ Create Mean FA Map or a single subject with a max

& function )
2]
- \ v
Skeletonize mean FA Nonlinear registration of MD and
Map (FA>0.2) ) connectivity maps using
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Track-Based Spatial Statistics Statistical
Contrasts:
[CN > aMCI], [CN > naMCI], [CN > AD],
[aMCI > naMCI]|, [aMCI > AD] and [naMCI > AD]

Outcomes <

X

Figure 2.1: Summary Imaging Analysis Pipeline.
*Hippocampal VOI was estimated using individualized brain segmentations.

42



White matter abnormalities in aMCI and AD

Rowley, J.

kkk

0.42-

(ssepiun) Adossiuy [euonouel

0.401

XX

kKX

Xk

880+

860-

840-

(s/zwm) Ajaisnyig uesiy

Figure 2.2: Global FA and MD Statistics

Global FA (A) and MD (B) values by group. The 4 columns on the left are from the ADNI

cohort and the 2 on the right are from the MCSA cohort. *p<0.05 **p<0.005 ***p<0.0005

43



White matter abnormalities in aMCI and AD Rowley, J.

ADNI average connectivity

Strength of connection

ADNI probabilistic connectivity

Figure 2.3: Connectivity Volume Space
Average hippocampal structural connectivity (A) for the CN group. Statistically significant

reduction of connectivity is observed in AD as compared to CN (B). Note connectivity
reduction on angular bundle, fornix, superior longitudinal, inferior longitudinal, cingulate,

uncinate and arcuate fascicles.
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MCSA MD: ADNI MD:
aMCl >CN

T
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-
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e . -'l"h
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E ADNI FA:
AD < aMClI

Figure 2.4: FA and MD Group Differences
Statistically significant group differences of MD (yellow), FA (blue). Notice figure C and D

show overlap of MD and FA in red. Contrasts not shown were not significant.
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Figure 2.5: Connectivity Statistics Surface Space
Areas of reduced connectivity in AD projected on WM pathways on surface space. Note

connectivity reduction on angular bundle, fornix, superior longitudinal, inferior

longitudinal, cingulate, uncinate and arcuate fascicles. (See animation

http://www.youtube.com/watch?v=LuRg00I4TZU ).
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Chapter 3: Summary, Conclusions, and Future Directions

While Alzheimer’s disease is classically viewed as a gray matter disease, here,
using two independent cohorts, we were able to show white matter abnormalities in
patients with aMCI and AD. The white matter of the brain is composed of highly
organized tracts of myelinated axons that connect distinct cortical areas 26. Cortical
areas connected by white matter tracts form complex brain networks, which
subserves normal cognitive function. From a simplified perspective, disruption of
these connections could lead to cognitive dysfunctions by disconnecting cortical
regions.

The results presented in this thesis indicate WM abnormalities in AD. In two
independent cohorts of aMCI subjects, we demonstrated increased water diffusion
within white matter tracts associated with memory circuits. A more extensive and
severe increase in water diffusivity could be seen in the AD patients. We found no
significant declines in fiber directionality in either aMCI population when compared
to CN but did find significant declines in the AD population. Together, these findings
suggest that while increased water diffusivity constitutes an early abnormality,
fractional anisotropy declines represent a later event in AD pathophysiology.

Finally, as expected, we found reduced hippocampal structural connectivity
in patients with AD as compared to CN but not in aMCI or naMCI groups. Differently
from fMRI connectivity, structural connectivity indicates deterioration of white
matter bundles connecting the hippocampus with the entire brain. The presence of
disconnections in the AD but not aMCI or naMCI suggests that hippocampal
connectivity as measured by probabilistic fiber tractography occurred later in the
AD pathophysiological evolution.

The current framework of biomarker cascade of AD pathophysiological
events (Jack’s curves) has been recently updated °2. The revised Jack’s curve now
incorporates conceptual changes such as biomarker sensitivity, assuming that
Alzheimer’s disease pathophysiological process starts years before it is detectable

by current biomarkers. Moreover, Jack’s curve also incorporates a hypothetical
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timeline of when different biomarkers of Alzheimer’s can be detected using current
techniques. Specifically CSF AP is the first to be detected followed by amyloid PET,
CSF tau, MRI and finally cognitive impairment 92, This comprehensive model,
depicted in figure 3.1, has been widely cited as a summary of current research into
Alzheimer’s disease. The horizontal line, labeled ‘detection threshold,’ signifies the
level of abnormality that must exist before detection is present. Based on the
evidence presented here we would like to suggest that white mater abnormalities
could occur between CSF-tau and [18F]FDG changes (represented in the plot as the
yellow shade). The focus of the thesis was not to compare biomarkers so it is

difficult to speculate where exactly the DTI curve should be placed.

Max 4 — CSFAB,

—— Amyloid PET
CSFtau

— MRI + FDG PET
Cognitive impairment

3\

E Dementia
S

= P

2 DTI . \Q&

g ®

= -
T 54
= MCI )
= 8

@ &

Detection
threshold

i A 4 ‘L G Normal

Min =

A 4

Time

Figure 3.1: hypothetical model of dynamic biomarkers in AD
Figure adapted from Jack et. al. 92 to include a hypothetical curve representing DTI.

Future Directions
As the population ages the incidence of Alzheimer’s is expected to grow 2,

exacerbating the need for effective treatment. Preclinical diagnosis of Alzheimer’s
disease using biomarkers will certainly expand therapeutic opportunities for testing

novel treatments. Current research methods have identified a number of markers
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for diagnosis of preclinical AD 93 94, but none of these methods are able to predict
with high accuracy the development of the disease at the individual level.
Development of these prognostic biomarkers will represent an important step
toward treatment. Once patients with preclinical AD °5 can be accurately identified,
clinical treatments will have a better chance at slowing or stopping the disease
progression.

While the results presented here show white matter decline, clinical use of
DTI in AD diagnosis will likely be more valuable in combination with information
from other biomarkers. It seems unlikely that a single prognostic biomarker will
ever be discovered and that the best hope for early detection of AD lies in the form
of a combination of modalities °¢. For example, a prognostic risk could be calculated
from a combination of amyloid imaging, hippocampal volume, hippocampal
connectivity, and CSF measurements, combined with genetic risk factors. These
measurements in combination could give a risk likelihood score, which might allow
for potential treatment options to be considered 9¢.

This multi-modal biomarker theory is the basis for the ADNI database 7.
ADNI is designed to collect a wide range of information at regular time points in a
large patient population (a large scale, longitudinal, multi-modal study). Ideally,
once the sample is large enough, researchers can take current AD subjects and look
retrospectively at various imaging data to a time before cognitive symptoms existed.
The results presented in this thesis provide a rationale for longitudinal assessment
of WM abnormalities in individuals with MCI, such as comparison between the
trajectories of MCI who progress to dementia and those who don’t. This comparison
would take excess noise out of the study that is being introduced by MCI patients
that will never go on to develop AD. At writing, no ADNI or MCSA subjects with DTI
baseline scans had converted to AD making this analysis a topic for future research.

As technology improves we continue to get better and more precise tools for
measuring the brain. Larger magnets and better scanning parameters are just two of
the more obvious developments allowing for better in vivo imaging sensitivity 98 99.
Hopefully soon, MRI data obtained high field MRI (i.e. 7 Tesla) will greatly expand

the results presented in this thesis. In essence improvement in imaging sensitivity
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will lower the hypothetical ‘detection threshold’ depicted in the in figure 3.1
allowing for AD brain abnormalities to be detected in a preclinical stage. Higher
sensitivity is a vital step in the quest to identify novel prognostic biomarkers.

Alzheimer’s disease causes a devastating toll on the cognition of its patients
and there is currently little effective treatment 2. Despite these shortcomings there
are reasons for hope. There are a number of large-scale databases, such ADNI,
currently running that will allow large scale, longitudinal multimodal study of
Alzheimer’s disease. Utilization of the multimodal aspects of these databases has
only just begun.

Increased awareness and research funding are already making there way to
both the Canadian and US governments. The Canadian Institute of Health research
recently awarded $49.5 million for the Canadian longitudinal study on aging to
study 50,000 Canadians over the next 2 decades 190. Additionally, the Obama
administration announced a plan calling for a decade long study to comprehensively
map brain activity 101, In the press conference Alzheimer’s disease was specifically
mentioned as one of the areas that could benefit from the study. This is obviously
incredibly ambitious but the fact that the study of the brain and in particular
Alzheimer’s disease is being made a political priority is a good sign for research
funding and eventual breakthrough.

Bearing in mind all the limitations previously discussed, we were able to
demonstrate white matter abnormalities in both AD and aMCI patient populations
as compared to cognitively normal subjects. Continued study of DTI combined with
other potential biomarkers could lead to a better understanding of the pathological

progression of Alzheimer’s disease and potentially effective treatment options.
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Appendix 1: Extended Method Explanation
T1 Pipeline

Using an in-house processing pipeline, the T1 MRI underwent the following
processes:

(1) The T1 MRl is skull stripped meaning a mask was created that excluded
non-brain tissue 65. This mask is primarily used for registration purposes.

(2) The t1 MRI is corrected for non-uniformities (NU correct) ¢. The purpose
of this stage is to correct for signal in homogeneity usually due to a non-uniform RF
(Radio Frequency) field. A simplified way to see it is before the correction grey
matter in the fontal lobe will have different values than grey matter in the occipital
lobes. The NU correct makes it so the grey matter through out the brain has
approximately the same value.

(3) The T1-weighted image is registered to the MNI-151 space 192 using
mutual information with a linear transformation with 9 free parameters.
Subsequently a nonlinear transformation is applied in order to warp the t1 image to
the best possible fit. In order to minimize anatomical variability, a 4mm isotropic
Jacobean field is used. This nonlinear transformation (from diffusion native space to
MNI space) was then inverted in order to allow images to be moved from MNI space
to diffusion native space nonlinearly.

(4) The T1 is then classified into grey matter, white matter, and
cerebrospinal fluid using INSECT, an automated classification algorithm ¢8,

(5) The classified image was automatically labeled using Automatic,
Nonlinear, Imaging Matching and Anatomical Labeling (ANIMAL)%°. ANIMAL uses an
anatomical template to generate an unbiased probabilistic parcellation of each

structural MRI.
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Figure 3.1: Visual Depiction of the T1 MRI Pipeline

Skull Strip Nu Correct Registration Classify Segment
(nonlinear)

Fractional Anisotropy and Mean Diffusivity

Fractional anisotropy (FA) is a unitless number between 0 and 1 used to
describe the white matter structural organization by modeling the restriction of
water diffusivity using DTI data. A value of 0 signifies the water is completely
unconstrained and can move freely in any direction (a water molecule in the middle
of a lake). A value of 1 signifies the water is perfectly constrained meaning it can
only move one of two directions (forward or back). Equation 1 is used to determine
the FA value of a given voxel.

Fractional Anisotropy (FA) =

V(A= 22)" + (32 = A3)" + (A1 - A3)°
V2VAL + 427 + A3 (1)

On a group level, reduction of FA indicates tissue disorganization and loss of
connections. Using post mortem histological studies, it has been shown that the
degree of white matter pathology correlated significantly with gradually lower FA
values 103. Mean diffusivity (MD) expresses the free water diffusion in a voxel. It is
generally measured in millimeters squared per second (mm?/s). Equation 2 is used

to determine the MD of a given voxel.

Mean Diffusivity (MD) =
A+ A2+ A3
P ®

FA and MD were both first proposed in 1996 by Basser and Pierpaoli 104.
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Figure 3.2: Example of FA and MD images

A: Example of Fractional Anisotropy B: Example of Mean Diffusivity

Fiber Tracking

First a seed region of interest (ROI) is automatically generated on the
individual T1 using ANIMAL ©°. In this case the seed regions are drawn in both the
left and right hippocampus. These ROIs are then nonlinear resampled to each
participant’s native diffusion space. An inspection is preformed to ensure accurate
placement. The ROIs are to be used as seed regions for the probabilistic fiber
tracking.

The probabilistic fiber tracking is done using an in-house pipeline based on
FMRIB's Diffusion Toolbox (FSL), part of the FMRIB Software Library tool 105,
Hippocampal probabilistic fiber- maps were generated from the diffusion-weighed
image for each subject using the following process:

Step 1: Preprocessing. Non-brain tissue is removed from diffusion-weighted
images using BET2 70 and are motion corrected using eddy-correct.

Step 2: Fiber direction. At each voxel in the diffusion image, a probability
distribution of fiber direction is generated using FSL-BedpostX 72. To account for
non-dominant tracks and crossing fibers, a maximum of 2 fiber directions were
modeled per voxel. This has been shown to significantly improve fiber tracking
results 4.

Step 3: Probabilistic connectivity from a seed voxel. At a given voxel, 5000

sample fibers are sent out using FSL-probtrackx. For each fiber sample, a sample
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direction is drawn from the probabilistic map generated in the previous step. The
sample fiber proceeds at a fixed distance of 0.5mm in this direction, then samples
another fiber direction from the current voxel’s fiber direction map and moves
again. This process is repeated, where a fiber samples a direction, moves 0.5mm to a
new position and then samples a new direction again, until a the fiber reaches the
edge of the brain or the fiber loops back on itself. Thus a probabilistic tractography
map is generated for a given seed voxel such that each voxel in the brain has a
number between 0 and 5000 representing the total number of sample fibers from
the seed voxel that passed through that voxel of the brain. A probability of
connection can be determined where the number of sample fibers that reach target
voxel t divided by the number samples sent out from seed voxel s is probability p.
That is to say, p represents the probability that the major fiber track passing
through voxel s also passes through voxel ¢ >4

Step 4: Regional tractography. Variation of brain structure between
individuals makes seed point selection difficult. As such it makes sense from both a
practical and theoretical perspective to use anatomical structures as seed regions
rather than a single seed voxel. To accomplish this a regional tractography method
was developed. This process is repeated for each ROI for each subject. For a given
seed region a probabilistic fiber map is created for each voxel in the region as
defined in step 3. Thus n probabilistic fiber tracking maps were generated where n
is the number of voxels in the seed region. These maps are combined to make one
probabilistic fiber-tracking map for the entire seed region. To do this, all voxel-
based fiber-tracking maps were aligned. The probability at each voxel in the new
regional connectivity map was computed as the maximum value of any of the n fiber
tracking maps at that voxel. Thus each voxel in this new regional tractography map
still had a number between 0 and 5000. The value in a given voxel, divided by 5000,

now represented the probability of that voxel being connected to the seed region.
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