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ABSTRACT

DETERMINATION OF DIFFUSION WEIGHTED
MAGNETIC RESONANCE IMAGING BASED
BIOMARKERS OF MILD COGNITIVE IMPAIRMENT IN
PARKINSON’S DISEASE

Parkinson’s Disease (PD) results in structural changes on white matter (WM)
of the brain, creating cognitive deficits in addition to motor problems generally end-
ing up with Parkinson’s disease dementia (PDD). Mild cognitive impairment (MCI)
is the middle stage of this cognitive decline. There is a need for finding non-invasive
biomarkers for early diagnosis of PD-MCI. In this study, 27 cognitively intact PD (PD-
CI), 32 PD-MCI and 18 healthy controls (HC) were included to assess the structural
differences. Diffusion weighted magnetic resonance images (DW-MRI) were obtained
at a Philips 3T clinical scanner. Fractional anisotropy (FA) and mean diffusivity (MD)
maps were estimated from DW-MRI via FMRIB Software Library (FSL) tools. Mean
FA and MD values were calculated at regions of Johns Hopkins University (JHU) 81
WM atlas and Montreal Neurological Institute (MNI) atlas. For each region, a Kruskal
Wallis test was applied to detect statistically significantly FA or MD differences be-
tween the three subject groups, followed by a Mann Whitney rank sum test for pairwise
comparisons. FA and MD maps were also fed into tract based spatial statistics (TBSS)
tool of FSL and permutation tests were applied. Region based results showed that
mean FA and MD values significantly differed in some WM regions mostly between
PD-MCI and HC groups. TBSS results showed that there was a statistically signifi-
cant difference between PD-MCI and HC FA maps at all of the regions assessed. Less
number of regions had significant FA differences between PD-MCI and PD-CI groups,
but no regions were found to be different between PD-CI and HC. The results obtained

with this study may contribute into an early detection of PD-MCI.

Keywords: Parkinson’s disease, mild cognitive impairment, diffusion weighted mag-

netic resonance imaging.
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OZET

PARKINSON HASTALIGI HAFIF KOGNITIF
BOZUKLUGUNUN DIiFUZYON AGIRLIKLI MANYETIK
REZONANS GORUNTULEME TEMELLI
BIYOISARETLEYICILERININ BELIRLENMESI

Parkinson hastaligi (PH) beyin ak maddesinde yarattigr yapisal degigimler se-
bebiyle, motor problemlere ek olarak, genelde Parkinson hastaligi demansa (PHD)
dontigen biligsel kayiplara sebep olur. Parkinson hastaligi hafif kognitif bozuklugu (PH-
HKB), bu biligsel diisiigiin orta seviyesidir. PH-HKB’nin teghisinde invaziv olmayan
biyoigaretleyicilerin bulunmasi gerekmektedir. Gruplar arasi istatistiksel anlaml fark-
larin belirlenmesi igin, 32 PH-HKB, 27 Parkinson kognitif normal hastasi (PH-KN)
ve 18 saglikh kontrol (SK) galigmaya dahil edilmigtir. Difiizyon agirlikli manyetik re-
zonans goriintilleme goriintiilleme (DA-MRG) verileri 3T Philips klinik MR tarayic
ile alinmigtir. DA-MR goriintiilerinden FMRIB yazilim kiitiiphanesi (FMRIB’s Soft-
ware Library - FSL) araglar1 kullanilarak, fraksiyonel anizotropi (FA) ve ortalama
difiizivite (MD) haritalar1 ¢ikarilmistir. Johns Hopkins Universitesi (JHU) 81-DTG
atlas1 ve Montreal Noroloji Enstitiisii (MNI) atlas1 bolgeleri tizerinde ortalama FA ve
MD degerleri hesaplanmistir. Her bolgede, gruplar aras: istatistiksel anlamli farklarin
belirlenebilmes: i¢in Kruskal Wallis testi ve ikili karsilagtirmalar i¢in, Mann Whit-
ney sira toplam testi uygulanmigtir. Ayrica, FA ve MD haritalari, FSL’in yolak bazli
uzamsal istatistik (Tract Based Spatial Statistics - TBSS) yontemiyle incelenmis, per-
miitasyon testi uygulanmigtir. Bolgesel sonuglar, FA ve MD degerlerinin, PH-HKB ve
SK arasindaki bir¢cok bélgede anlaml farklarin bulundugunu gostermektedir. TBSS
sonuglarinda ise, PH-HKB ve SK arasinda biitiin bolgelerde fark goriiliirken, PH-KN
ve SK arasinda hicbir bolgede fark bulunamamigtir. Bu ¢aligmada ulagilan sonuglar,

PH-HKB’nin erken belirlenmesinde yardimci olabilir.

Anahtar Sozciikler: Parkinson hastaligi, hafif kognitif bozukluk, difiizyon agirlikli

manyetik rezonans goriintiileme.
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1. INTRODUCTION

1.1 Principles of Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is an imaging technique, providing high
soft tissue contrast. Studies on the field has started with electromagnetism in late
18" century. However, the turning point of MRI started with the discovery magnetic
resonance phenomenon by F. Bloch, and E. Purcell. Magnetic resonance is defined as
some atomic nuclei absorbs or emits radio waves under strong magnetic field. Until
1970’s MRI was used for chemical and physical analysis. In the year of 1971, R. Dama-
dian showed that relaxation times of tissues and tumors differ under a magnetic field.
Afterwards, first NMR image was acquired by P. Lauterbur. Evolution of MRI contin-
ued with, phase and frequency encoding, development of antenna coils, development
of first fast imaging technique, EPI (Echo Planar Imaging) that reduced five hours of
scan time to minutes. When it came to 1980’s MRI modalities began to emerge. One
of the first MR modalities introduced by D.Le Bihan was DWI (Diffusion Weighted

Imaging) [1], that will be discussed in the latter sections.

MRI hardware consists of many equipments. A schematic of an MRI system
is presented in Figure 1.1 [2]. These can be classified as the ones located in the con-
trol center, used by the operator and the others located the imaging room, shielded
with copper and some other material due to magnetic field homogeneity and sound
insulation issues. The control center, houses the host computer, providing a graphical
user interface (GUI) for the operator [2]. The imaging room contains the hardware to

generate and receive MR signals.

Magnets are the essentials of an MRI system. The main magnet, made up
of superconducting metal-alloy, creates a constant magnetic field, By. Amplitude of
magnetic field is measured in terms of Tesla and MRI systems used in clinics nowadays

are either 1.5T or 3T.



A patient undergone an MRI scan is first exposed to the By main magnetic field.
On the other hand, in order to determine some certain coordinates on the subject, gra-
dient coils located in orthogonal directions are used. Gradient coils generate magnetic
fields in x, y, z directions, yet as their name implies, the strength of their magnetic

field changes gradually.

- - |_ Main magnet coils
v LJ- Gradient coils
%@o) ™ Integral RF coil
[
N

Figure 1.1: Basic MRI hardware.

RF Coils, which are located beneath the gradient coils can be considered as the
antenna of an MRI system [2]. They have two functions: the first one is to transmit
RF energy to the tissue of interest and the second one is to receive the RF signal back
from the tissue of interest [3]. When an RF pulse, also called B; magnetic field, is
applied, it is combined with By magnetic field and as a result an MR signal is formed,
that will be explained in detail in the following paragraphs. RF coils are separately
assigned to perform transmission and receive RF signals, yet some coils do both of the

tasks on a single device.

Apart from the pieces explained above, there are shimming coils, that ensure
the homogeneity of magnetic field inside the coils. Homogeneity of magnetic field is
required because it provides better image quality, but it is disturbed because of objects

placed within the By magnetic field.

1.1.1 Origins of MR Signal

The primary origin of the MR signal used to generate almost all clinical images

comes from hydrogen nuclei [2]. A hydrogen atom, consists of a single proton and one



electron moving around the nucleus. The atom spins around itself, creating a small
magnetic field around the atom (Figure 1.2a). The magnetic field for each proton is
known as a magnetic moment [2], where for a normal group of atom magnetic mo-
ments are aligned randomly (Figure 1.2b). When an external magnetic field is applied,
magnetic moments align either parallel or anti-parallel to By, depending on the energy
state of the atom, yet, net magnetization is always in the same direction of By magnetic
field (Figure 1.2¢). Apart from that, the group of atoms that are being exposed to the
external magnetic field, precess about By. The most frequent explanation of precession
is movement of a spinning top, and the imaginary main axis of the top forms a cone

shape. A schematic of precession of a single atom around By is shown in Figure 1.2d.

88 ¢
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(a) Spin movement of an (b)  Spins are (c¢) Under a magnetic field, (d) Precession move-

atom. aligned randomly. spins align parallel or anti- ment.
parallel to the main mag-
netic field but net magneti-
zation vector is always to-
wards the main magnetic

field.

Figure 1.2: Spin movement of atoms in natural state and under B effect.

The frequency of precession in MHz is called Larmor frequency (wp). The Lar-

mor frequency is calculated by the following equation,

Wo :’7307 (11)

stating that, rate of precession (i.e. frequency) is directly proportional to the strength

of the main magnetic field. ~ indicates the gyromagnetic ratio of the atom under



interest (the gyromagnetic ratio of hydrogen = 42.68 MHz/T [2]). As protons under
align with By, they form a net magnetization M. Next, an RF pulse is applied
at Larmor frequency, with an aim of distracting the alignment of spins. The net
magnetization is tilted towards the transverse plane with a flip angle of o with respect
to the main axis. As the RF pulse pushes the net magnetization vector off the main
axis, this results in a reduction of the longitudinal magnetization and growth of the
transverse magnetization. RF pulse, also causes protons to move in phase (i.e. same
direction, at the same time) [2]. When RF pulse is turned off, spins relax while the
phase harmony fades and the net magnetization returns to the beginning state, causing
a longitudinal magnetization regrowth. This process is called 77 relaxation. At the
same time, transverse magnetization reduces, which is called as T relaxation. These
parameters are the main cause of contrast in MR images (see Figure 1.3, [4]) since the

signal intensity varies for different type of tissues due to their varying relaxation times.

Figure 1.3: T} (left) and 75 (right) weighted MR images of human brain.

In physics, it has been stated that if a closed loop is placed around a changing
magnetic field, an electric current is induced on the closed loop. The same principle is
used in MR signal receiving as well. The motion of transverse magnetization creates an
alternating magnetic field inducing a potential difference across the conductive receiver
coil, resulting in an electric current. This current is what we call an MR signal. The
vectorial summation of longitudinal and transverse magnetization components is called

free induction decay (FID). (Figure 1.4 [2]).

Echo is another type of MR signal formed as a result of the interaction of two or
more RF pulses. There are two main types of echo signals, spin echo (SE) and gradient

echo (GRE). RF pulse sequences differ according to the type of echo we would like to
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Figure 1.4: Basic MR signal, FID, formed after an RF pulse.

acquire, yet, further details would be out of scope of this study. The factors influencing
MR signal intensity that enables us to differentiate between tissues are, proton density,
Ti, T relaxation times, flow of liquids like water or blood, repetition time of pulse

sequences, echo time, inversion time and magnetic susceptibility [2].

1.2 Diffusion Weighted Magnetic Resonance Imaging

In MRI we create the contrast due to the different properties of tissues. The
composition or flow of the tissue can be used as contrast mechanisms. While magnetic
characteristics of tissues make them vary in relaxation times (i.e.T}, T5), molecular
differences add spectroscopic features and fluid movement creates differentiation in
terms of perfusion and diffusion. Proton density weighted MR images, T}, Ts weighted
MR imaging, MR spectroscopic imaging, perfusion and diffusion weighted MR imaging
(DWI) are MRI techniques with discrete characteristics. The scope of this study covers

DWI, for this reason, an overview of this technique will be presented.

The advantage of DWI is that deductions drawn are very sensitive due to the
fact that water diffusion apply on much smaller length scales than the nominal image

resolution [5].



Apart from the usage in brain, DWI is used in other applications, like character-
ization of renal disease and measuring cartilage intensity [6]. As a side note, we should
add that, one step further of DWI is diffusion tensor imaging (DTI), that is used in
3D visualization of neural pathways [7]. To construct a DTI image, DWT images ac-
quired with at least six directions are required. The technique is used to observe white
matter (WM) integrity in normal brain or diseases like multiple sclerosis (MS), stroke,
dementia, and schizophrenia [7|. Likewise, it is a valuable technique for presurgical

evaluation, primarily in patients with tumors and epilepsy [5].

1.2.1 Physics of Diffusion Weighted Imaging

In order to understand how the diffusion weighted images are acquired by using
MRI, the concept of "diffusion" must be understood first. Diffusion is transfer of one
material from one spatial location to another [8]. In numeric perspective, diffusion, D,
is described by a probability density function given as,

<A >

D
2At

(1.2)

where t is time, and it is assumed that there are no boundaries that would prevent
motion. This type of diffusion is called "isotropic". When there are some structures
that directs motion along an axis, the motion becomes "anisotropic". At this point,

the expression becomes a multivariate normal distribution given as [§],

1 AT Dm1AF
P = (A7 Al) = .
N (v T Ay

(1.3)

A schematic comparing isotropic and anisotropic motion is given in Figure 1.5
[9]. The term anisotropy was first introduced by Basser et al. [§]. Each material has its’

own diffusion coefficient depending on molecular shape, size, viscosity or the medium
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Isotropic Anisotropic

Figure 1.5: A schematic of isotropic vs. anisotropic motion.

it is located in. It is described by Einstein’s diffusion coefficient equation given as [§],

< Ar? >

2nAt (1.4)

which states that diffusion coefficient is a function of mean square displacement divided
by the number of dimensions and time elapsed [8]. As water is the most abundant
compound in the human body, it moves in between, within, outside or through the cells,
even in postmortem brain [8,10]. In biological tissues, diffusion is mostly anisotropic.
If the motion is restricted by any tissue, water moves within the remaining space. If we
could detect mobile and stationary water, then we could have a clue on the structure
of the surrounding area. Diffusive motion is also modified as structure of the tissue
changes [8]. For this reason, by observing the water motion in a region over time, it is
possible to detect any morphological change that have occurred. Based on its principle,

information that DTI provides is more structural than physiological [10].

Diffusion tensor is a matrix, where diffusion coefficients are shown in all di-
rections [8]. When diffusion movement is perfectly isotropic, diffusion tensor matrix
becomes zero, except diagonal elements that are equal (see Equation 1.5). This means,
diffusion in x, y, z axes are in equal rate, thus, motion is symmetrical. On the other
hand, when there is anisotropy, due to the inequality in diffusion rates in different

directions, diagonal elements are unequal and off-diagonal elements change as well



(Equation 1.6).

D, 0 0

D= 0 D, 0 (1.5)
0 0 D,
Dyy Doy Dy

D=| D, D, D,. (1.6)
D.. D., D..

1.2.2 Diffusion Weighted Image Acquisition

DTTI uses water as a probe to infer the neuroanatomy [10] and motion of water
is detected by the phase difference, described in Section 1.1. MRI can be sensitized
to diffusion process by some pulse sequence alterations [5]. First, a diffusion gradient
is applied and the frequency of water molecules change with respect to their location.
This is called the "dephasing gradient" and when it ends, although the frequencies
go back to Larmor frequency, phases of spins remain different. After 10-100 ms of
dephasing gradient, another "rephasing" gradient is applied in the opposite direction.
In case of no water motion, rephasing pulse is able to unwind the phase of the spins.
If water moves in between these two pulses, rephasing pulse could not unwind phase

differences, and some signal loss occurs due to dephasing [8,10] (Figure:1.6 [8,10]).

So, how exactly do we proceed to measure the diffusion coefficients, if the pulse
sequence gives measures of the signal loss due to water motion? This could be achieved
by a simple method proposed by Stejskal and Tanner, by obtaining two images of the

same tissue with two different b values given as [11],

Experimentl : S; = Spe P (1.7)
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Figure 1.6: DWI acquisition.

Experiment2 : Sy = Sye 2P (1.8)

Taking the ratio of these signals, the Sy term cancels out and the equation becomes,

51 p-tamtp (1.9)

S2

We could then estimate the diffusion coefficient, D, by taking the natural logarithm of
both sides as,

~in(%)
D= le) (1.10)

1.2.3 Diffusion Weighted Image Parameters

Many diffusivity-based measures derived from DWT have been proposed [12-15]
and some of them are the essential parameters of our study. For this reason, some of

these will be discussed in detail.

DTT metrics are usually derived from a mathematical combination of the three
eigenvectors [16]. Calculation of diffusivity value, for a single voxel is shown in Figure

1.2.2. If diffusivity is calculated for each voxel, an apparent diffusion coefficient (ADC)
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map is derived. ADC measures the freedom of water molecules encircled by a tissue.
In other words, it measures the axial diffusivity (AD) in one direction, either x, y or
z, represented by a single A. Radial diffusivity (RD) is the mean diffusion in one of
the cartesian planes. When considered in physiological aspect, it can be defined as the
diffusivity perpendicular to the fibers/myelin content [17]. Because we are dealing on
a 2D basis, the equation becomes [17]:

_>\2+>\3

D
R 2

(1.11)

Mean diffusivity (MD), reflects the average degree of diffusion. Mean diffusivity of a

voxel is the average of its eigenvalues [§],

A+ A+ A
MD = % (1.12)
in ”;fm; units [17]. Fractional anisotropy (FA) is the most widely used DTI based

parameter [7]. Derived from eigenvalues, FA values vary in a range of 0 to 1, and it
is widely used for white matter anisotropy [5]. On a FA map, areas with high signal
intensity (i.e. areas appearing white) shows the regions with anisotropic motion (FA
value of 1 means the motion is fully anisotropic), while low signal intensity (areas
appearing in black) refers to the regions that are fully isotropic. FA value for a voxel

is calculated as [5],

3 (M = A2 (A= A2+ (A3 — A)?
FA _\/75\/ 2002 + M2+ \3) (1.13)

An example set of FA, MD, AD and RD maps of a 28-years old healthy female

volunteer are given in Figure 1.7 [18].

1.3 Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder, following Alzheimer’s

disease (AD) in terms of frequency [19]. Major cause of the disease is thought to be the
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Figure 1.7: An example set of FA, MD, AD and RD maps.

striatal dopamine depletion, i.e. loss of dopaminergic function, that results in charac-
teristic motor symptoms of PD [20,21]. Also the presence of Lewy bodies (LB), which
is intracellular cytoplasmic aggregation composed of protein, lipid and other materials,
is considered as another cause of the disease [22,23|. Further evidence shows the disease
has a pattern beginning in the brain stem and proceeds to higher cortical levels [23,24].
The disease itself is well known with a motor phenotype of tremor, postural instability
and gait disorders [19,20]. Additionally, PD has a large range of non-motor symptoms,
that is recognized broadly [25-27| but often missed in clinical practice [19]. Existence of
these are related with neuromodulators adenosine, enkephalins and neurotransmitters
of glutamergic, cholinergic, serotonergic and adrenergic system [28]. The non-motor
symptoms can be classified as sleep disorders, oddly opposite types like insomnia or
excessive daytime somnolence. Autonomic symptoms include bladder disturbances,
sweating, and sexual difficulties. Gastrointestinal symptoms like bowel incontinence,
sensory symptoms of pain, olfactory disturbance or visual dysfunction are also some-
times observed. Another type of non-motor symptoms is neuropsychiatric ones. The
spectrum of cognitive deficits ranges from mild cognitive impairment (MCI) to PD-
Dementia (PDD), starting with symptoms of executive dysfunction. Researchers have
shown that, 30%-40% of PD patients suffer from dementia [29]. These cognitive im-
pairments might cause confusion or attention loss. At the latest stages, PDD causes
cognitive symptoms like hallucination, mood disorders, anxiety, apathy, and depression.

Beside the disability it creates, it doubles the mortality risk [30].

PD-MCI is the middle stage of the cognitive decline. By definition, it is the
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cognitive decline from a previous performance baseline that is considered abnormal for
the patients age, but with a retention of normal daily functioning [29]. Its progression

has been linked to age, late disease onset, severity of PD and lower educational level [31].

PD-MCI can be categorized according to the affected cognitive domain. Amnes-
tic MCI causes memory deficits, non-amnestic MCI affects other cognitive domains
like executive, visiospatial, attention or language. While cases only memory domain
is affected is called "single domain" MCI, if an additional non-memory domain is af-

fected.the disease is called "multiple domain" MCI [32-34].

PD-MCI to PDD is progressive. There are many studies searching on this
gradual decline. Considering the fact that these studies do not have the same sample
size, drawing a general conclusion by comparing results is not simple yet some numeric
data can be presented [35]. Statistics has shown that 27% (ranging in between 19%-
38%) of PD patients have MCI, and upto 80% of these patients tend to develop PDD
[34]. Community based studies indicated that 20-35% of PD population would develop
PD-MCIT and 10% would progress to PDD per year [29,36]. A similar study showed that
cumulative incidence of developing cognitive impairment was 8.5% within 1 year follow
up [37]. According to a 5 year follow up study of Broeders and a Norwegian Park West
study carried by Pedersen, it was concluded that within 5 years after diagnosis, 25-50%
of patients with PD developed PD-MCI or PDD, and likewise, PD-MCI progressed to
PDD [38,39].

Diagnosis of PD and subtypes might be challenging. Disorders of motor fea-
tures may not present approximately until 50 to 80% of dopaminergic neurons are lost,
meaning that a serious disease progression exists [40,41]. Additionally there are more
than 15 diseases showing similar symptoms like AD, basal ganglia tumor, cerebrovas-
cular disease or dementia with LB [19,20]. Diagnosis criteria of PD-MCI and PDD are
defined in clinical, cognitive and functional aspects [34,35]. There are some diagnostic
criteria of PD-MCI that is based on the definition of MCI and some specificities of
PD [42]. According to the MDS Task Force written by Litvan et al., a four step diag-

nosis criteria is defined. First step is inclusion criteria. As much as inclusion criteria
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are ensured, probability of patient to be diagnosed with PD-MCI increases and second
step is exclusion criteria, where ensurance prevents mis-diagnosis. To start with inclu-
sion criteria, in order for a patient to be diagnosed with MCI, he must be diagnosed
with PD according to UK PD Brain Bank criteria [34]. Secondly, a cognitive decline
should be measured either by the patient himself or a caregiver. The final criteria is

that cognitive decline should not prevent daily activities [19,42].

Exclusion criteria are, diagnosis of PDD, which is already the end point of cog-
nitive problems and the patient should no longer be assessed in PD-MCI category.
Secondly, if there are some other explanations of current problems like stroke, de-
pression, trauma or adverse effects of medication, patient is excluded of the PD-MCI

group [34].

Third step of diagnosing PD-MCI is to define the category, whether level I
or level II. Level I subtype shows symptoms of impairment in a cognitive domain.
Global test scores derived from neuropsychological tests give information on cognitive
profile of the subject. Some common tests are Montreal Cognitive Assessment (MCA),
Parkinson’s Disease Cognitive Rating Scale, Scales for Outcomes of Parkinson’s Disease
Cognition and Mattis Dementia Rating Scale [34]. Level II subtype of PD-MCI requires
a detailed assessment to be diagnosed. Application of two neuropsychological tests for
cach cognitive domain is a necessity [34] and at least two of them are supposed to result

in impairment.

Fourth step of diagnosis is understanding the type of PD-MCI, in terms of single
or multiple domain. For this reason, again, neuropsychological tests for at least two of
each cognitive domain are used. Failure of two tests for one domain, as long as others
are unimpaired is necessary. If at least one impaired result in more than one domain

is concluded, PD-MCI can be said to be multiple domain [34].

The important fact is non-motor symptoms tend to emerge much before motor
symptoms. This makes cognitive complaints especially important on watching the

progression of the disease. If a drug therapy is effective on PDD, it might also be
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effective on PD-MCI, but this hypothesis has not been tested on large clinical trials [19].
Furthermore, another view states that drug intervention might be even more effective

on slowing the disease progression if applied at earlier stages [33].

When quality of life (QOL) decreases due to motor complications caused by
further neurodegeneration and medication effects [25,27], it can be considered that MCI
might be progressing into PDD. Structural brain imaging could demonstrate certain
patterns of atrophy, vascular pathology, or inflammatory changes [43] and could be

used for early diagnosis of PD-MCI.

1.4 The Objective of the Study

There are dozens of studies on PD-MCI that differ in terms of MR modalities
used, methods of analysis or stages of disease they compare. Moreover, while some
researches focus on gray matter atrophies and cortical thickness, some others assess
WM disintegrity at different regions. Even these studies vary according to the brain
region labels they use, since there are many brain atlases where boundaries or naming of
regions slightly differ. On the other hand, there have been a few studies that compared
PD-MCI, cognitively intact PD (PD-CI) and healthy control (HC) groups by using
voxel based morphometry (VBM) and tract based spatial statistics (TBSS) analysis,

but none of these studies were conducted at a 37T clinical MR scanner.

The aim of this study is to find possible biomarkers of PD-MCI by comparing
DW-MRI between PD-MCI, PD-CI and HC groups, using region based parcellation
and TBSS methods at 3T.
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2. MATERIALS and METHODS

2.1 Subjects

We recruited 77 subjects for this study. All subjects provided written informed
consent. The patients showing depression symptoms, antidepressant drug users or
those having less than 5 years of education were excluded from the study. All the
subjects were identified according to their disease status, age, gender and background.
32 of the subjects were PD-MCI, 27 were PD-CI and 18 were HC. The age range was
45-79, yet the distribution peaked at around 60s. The group had an average of 9.6
years of education. Majority of the subjects were male. The demographic information

of the subjects is provided in Table 2.1.

2.2 Diagnostic Assessment

In clinics, in order to detect cognitive impairment, neuropsychological tests are
applied. Similarly, in our study, all participants were examined in order to check their
motor system status and cognitive profile. According to the test scores subjects were

classified as PD-CI or PD-MCI.

In order to measure the stage of the disease, Unified Parkinson’s Rating Scale
(UPDRS), which is a very common scale to measure severity of PD, was applied. UP-
DRS measures mental state, daily living activities, motor examination and therapeutic

complications [44].

The next test applied was Addenbrooke’s Cognitive Examination Revised (ACE-
R) test, which is a very common and inexpensive test that is widely used to assess
one’s cognitive profile. Among 40 types of dementia screening tests, its sensitivity and

better performance, makes it effective for different types of dementia, including PDD,



Table 2.1: The demographic information of subjects included in this study.

# | STATUS | AGE | GENDER | EDUCATION | # | STATUS | AGE | GENDER | EDUCATION

1 | PD-MCI | 63 M 5 40 | PD-N 56 M 5
2 | PD-MCI | 68 M 5 41| PD-N 65 M 7
3 | PD-MCI | 67 M 15 42 | PD-N 58 M 5
4 | PD-MCI | 66 M 15 43| PD-N 50 M 5
5 | PD-MCI | 78 M 11 44| PD-N 72 M 15
6 | PD-MCI | 60 M 7 45| PD-N 48 M 11
7 | PD-MCI | 67 M 5 46 | PD-N 60 M 13
8 | PD-MCI | 63 M 5 47| PD-N 63 M 5
9 | PD-MCI | 57 M 11 48 | PD-N 66 M 5
10 | PD-MCI | 59 M 11 49| PD-N 66 M 11
11 | PD-MCI | 54 M 11 50 | PD-N 69 F 8
12 | PD-MCI | 55 M 5 51| PD-N 51 F 11
13 | PD-MCI | 76 M 11 52| PD-N 81 F 11
14 | PD-MCI | 61 M 5 53| PD-N 52 F 15
15 | PD-MCI | 60 M 8 54| PD-N 58 F 5
16 | PD-MCI | 69 M 5 55| PD-N 63 F 15
17 | PD-MCI | 45 M 11 56 | PD-N 56 F 5
18 | PD-MCI | 77 M 11 57| PD-N 72 F 15
19 | PD-MCI | 71 M 8 58 | PD-N 70 F 11
20 | PD-MCI | 62 M 11 59 | PD-N 61 F 5
21 | PD-MCI | 70 M 15 60 HC 56 M 8
22 | PD-MCI | 70 M 5 61 HC 56 M 15
23 | PD-MCI | 68 M 5 62 HC 52 M 14
24 | PD-MCI | 79 M 15 63 HC 57 M 5
25 | PD-MCI | 45 F 5 64 HC 52 M 11
26 | PD-MCI | 67 F 5 65 HC 56 M 13
27 | PD-MCI | 60 F 11 66 HC 99 M 11
28 | PD-MCI | 55 F 11 67 HC 70 M 8
29 | PD-MCI | 54 F 5 68 HC 60 M 15
30 | PD-MCI | 57 F 5 69 HC 63 M 11
31 | PD-MCI | 63 F 5 70 HC 68 M 15
32 | PD-MCI | 59 F 5 71 HC 72 M 13
33| PD-N 68 M 10 72 HC 67 F 8
34| PD-N 53 M 15 73 HC 51 F 5
35| PD-N 68 M 15 74 HC 46 F 15
36 | PD-N 47 M 15 0] HC 60 F 11
37| PD-N 59 M 12 76 HC 60 F 5
38| PD-N 47 M 12 T HC b)) F 11
39| PD-N 51 M 12
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Alzheimer’s disease dementia (ADD), fronto temporal dementia (FTD) and progressive
supranuclear palsy [45,46]. An ACE-R test takes approximately 15 minutes, and it is
scored out of 100 that is being shared by 5 cognitive domains being tested, which are
attention/orientation, memory, fluency, language and visuospatial domains. This test

does not require a high educational level and it is available in many languages [46].

In order to diagnose depression, 15 item Geriatric Depression Scale (GDS) was
applied. There are numerous studies reporting up to 40% of people with PD having
major depression [47]. GDS is usually applied on elderly, due to the fact that most
people having medical co-morbidities, like cognitive co-morbidity, might be affected in
terms of cognitive processing. On the other hand, GDS is applied effectively on general

adult population too [48].

Examination of attention and working memory were done by Stroop color and
word test [34]. Introduced in 1935, it is used to assess psychiatric disorders, cognition
and stress response [49]. A typical test consists of 3 pages: a word page with color
names written in black, a color page of meaningless words written colored, and a color-
word page with color names from first page written in the colors of second page but
none of them are written in the color that they imply. Subjects were asked to read the

words or say the name of the color [49].

Benton’s Judgment of Line Orientation (BJLOT) test was also applied. This
test was developed in 1978, and it examines visuospatial function [34,50]. Basically, it
asks to pair line segments having similar angular orientation [51]|. It does not require
major motor response, thus, it is applicable on a large range of subjects and limits the

application time to 5 to 10 minutes [50].

Another similar test that was applied was symbol digit modalities test (SDMT),
assessing attention, visual scanning and motor function [52]. In an SDMT, subject is
asked to name nine symbols corresponding to the numbers 1-9 and write the correct
number to the blank space provided below the symbol. Conducted both in written and

oral form, test is completed in 90 seconds and two types of scores, measuring distinct
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types of functioning are evaluated [53].

2.3 Data Acquisition and MR Protocol

After motor and cognitive assessments, diffusion weighted images (DWI) and
T1-Weighted MR data were acquired by using a clinical 3T MR scanner (Philips Med-
ical Systems, Best, Holland) and a 32-channel head coil at Hulusi Behget Life Sciences
Research Center, Istanbul University. DWI were acquired by using a 32 directional
echo planar imaging (EPI) sequence (flip angle= 90°, FOV= 240x240x180mm, voxel
size= 2x2x2mm, b=1000s/mm?). T1l-weighted MR images were acquired by using
a 3D TURBO gradient echo sequence (TR/TE= 8.3/3.8 ms, flip angle= 8°, FOV=

250x250x180mm, voxel size= 1x1x1 mm).

2.4 Image Processing of Experimental Data

Most of the image processing steps of this study were carried out by using
FMRIB Software Library, V5.0 (FSL)(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), which is a
library of analysis tools [54]. In addition to DTI derived from DWI, it allows processing
of fMRI and MRI data as well. Analysis of the images can be done either by using
graphical user interface (GUI) (Figure 2.1) or the command line. However, in order
to avoid any mistakes, a script based approach was adopted and all the scripts were
written as automatized as possible. Steps that were thought to be sequential were
gathered in for loops, that would include whole subjects within the same groups or the

whole dataset.

Before processing, all subjects were given an index number. Next, by us-
ing MATLAB, images were converted from digital imaging and communications in
medicine format (DICOM) to neuroimaging informatics technology initiative (NiFTI)

format, as FSL works with images in NiFTI. Also, in order to acquire b value and b
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Figure 2.1: Graphical user interfaces of the tools used within this study.

a) Main GUI, b) FDT GUI, ¢) BET GUI, d) FLIRT GUI

vector files, MRIcron was used, that is a NiFTI format image viewer, that also converts
a multi layered DICOM image stack into a 4D NifTT file. The program also outputs a

b value and b vector file.

Second step was extraction of by images from DWI and save them as a separate
file. This was required because by images were used in registration process and they
provided the best template of diffusion weighted images where no diffusion gradient

was applied. For this purpose, again a MATLAB script was used.

Data was now ready to be fed into FSL. Analysis of DWI were done by FSL’s
Diffusion Tool (FDT), that includes preprocessing, local diffusion modeling and trac-
tography tools. They are "eddycorrect", "dtifit", "bedpostx" and "probtrackx". The
first two are the ones that were used in our study. An image of FDT GUI is presented

in Figure 2.2.

The first processing step was eddy current correction applied both on DWI and
by images of each subject. Eddy current effect occur during DWI acquisition due to
rapidly switching magnetic field gradients. This alterations induce eddy currents in
the electrically conductive parts of the MR scanner [55], which is reflected as contours

around the image [55]. (Figure 2.3, [56].)

The second step was brain extraction. For this purpose, FDT’s brain extraction
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Figure 2.2: FMRIB’s diffusion toolbox (FDT).

Figure 2.3: Brain MRI before (left) and after (right) eddy current correction.

tool (BET) was used. As its name implies, BET is used for segmentation of brain from
non-brain structures, like skull and spine. Removal of these structures is necessary for
true image registration. Figure 2.4, shows image of a healthy brain before and after

brain extraction. In our study, instead of directly using BET on DWI images, a two

(a) Before BET applied. (b) After BET applied.

Figure 2.4: Brain extraction tool example on a healthy brain.

staged strategy was followed: first, brain extraction was applied on by, then, brain
mask of by acquired as a result of brain extraction was multiplied with eddy current

corrected DWI.
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Estimation of FA and MD maps was carried out by using FDT’s tensor fitting
tool (DTIFIT), where the tool matches tensors to each voxel of a DWI. After brain is
extracted and eddy currents were corrected, DTIFIT was used. The tool uses gradient
directions (i.e. bvec file) and gradient magnitudes (i.e. bval file) as input parameters.
Additionally a brain mask is fed into the tool (for our case by brain mask was used). As
a result, eigenvalue files (V1, V2,V3), eigenvector files (L1,1.2,1.3), FA and MD maps,
mode of anisotropy (MO) file and raw T2 signal (S0) with no diffusion weighting are
estimated. Figure 2.5 shows the outputs of DTIFIT on a healthy volunteer brain. Our
study used FA and MD maps.

Figure 2.5: Outputs of tensor fitting tool.

After estimating the FA and MD maps for our subjects, we needed to align
them onto a common template to evaluate these maps altogether. Image registration
is fitting an image to another standard image to align them. It is useful because it
enables group comparisons by aligning MR images of same or different MR modalities
to a common space [54]. Two types of linear transformations are rigid-body and affine
transformation. Rigid-body transformation is the simplest type of registration, where
rotations and translations are allowed. This enables us to make translations, rotations
and scaling [57]. When voxel locations of an image is represented in a matrix form,

these transformations are then represented in a transformation matrix. Multiplication
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of these two matrices gives the new coordinates of regarding voxels in the new space

(Equation 2.1).
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(2.1)

Compared to rigid body transformation, affine transformation offers a better

sensitivity. This time, lengths and angles are not preserved. In our study, we used linear

affine transformation that is provided by FMRIB’s linear registration tool (FLIRT) in

order to bring all the subjects to the same space. As reference image we used MNI152

Brain Atlas that is shown in Figure 2.6

Figure 2.6: MNI152 brain atlas.

Our aim was to register FA and MD maps to MNI space, however the differences

between MNI brain and acquired maps caused us to follow a differentiated pipeline

apart from what has been proposed in studies examining DWI via FSL. First, by brain

images were linearly registered to MNI152 brain atlas. By doing this, a transformation

matrix was acquired. Afterwards, FA and MD maps were linearly registered to MNI152

map by using the transformation matrix acquired in the previous step. As a result, we

had FA and MD maps of all subjects aligned in the same space.

After registration of FA and MD maps, in order to calculate mean FA and
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MD values, we used masks acquired from ICBM-JHU-DTI-81-WM labels. This is
a structural WM atlas, developed at Johns Hopkins University, Laboratory of Brain
Anatomical MRI, and provided to FMRIB, including 81 subjects (M:42,F:39) with
mean age of 39 [58]. DTI-81 atlas, divides the brain WM into 48 regions and each
region is indexed by a different number. In order to have a general conclusion of brain
regions, we also generated masks from MNI atlas, that segments brain into 9 main
regions. By using "fslmaths" function of FSL, we thresholded the atlas, so that each
region, represented by an index became distinguishable. Afterwards, each region was
binarized again using the same function. Each FA and MD map was multiplied with
48 region masks of DTI-81, and 9 mask of MNI atlas. Figure 2.7 shows an example
output of multiplication. By using MATLAB, pixels whose values were greater than
zero were averaged. Standard deviations were also calculated and all data were saved

in .xls format.

s B

FA Map Frontal Lobe  Frontal Lobe MD Map Frontal Lobe Frontal Lobe
Mask FA Map Mask MD Map

Figure 2.7: Left: Horizontal view of an FA map after multiplication with frontal lobe
mask. Right: Horizontal view of an MD map after multiplication with frontal lobe

mask.

2.5 Statistical Methods

2.5.1 Tract Based Spatial Statistics (TBSS)

Apart from processing tools that have been previously discussed, we should note
that, DTT analyzing tools are based on 3 distinct categories. These are region of interest
(ROI) analysis, voxel based analysis (VBA) (also known as voxel based morphometry

(VBM)), and tract based analysis [59].
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Tract based spatial statistics (TBSS) is one of the tract based analysis tools
that was developed by Smith et al. [60]. It solves the issues of DTT analysis researchers
often face with, like smoothing issues or misalignment problems of voxel based anal-
ysis. It also enables whole brain investigation that is not used in region of interest
based approaches (ROI). So, TBSS could be considered as an improved version of the
predecessors by bringing the advantages of each style [60]. What it basically does is
aligning all white matter tracts for multiple subjects’ FA maps, that enables us to make

multiple subject voxelwise comparisons.

TBSS has four essential steps. Although MD maps can also be fed into the TBSS
pipeline, FA maps are generally used for theoretical explanations. All the functions
(except "stats") are used with "tbss" prefix and the sequenced numbers, that eases
following up the procedure. The first step is preprocessing, named tbss 1 preproc,
where FA maps are slightly eroded and end slices are extracted. Processed FA maps

are carried to a working directory, by default to a folder named FA.

Second step is non-linear registration of FA images into a standard space carried
by thbss 2 reg function. Since main aim of TBSS is to project aligned WM tracts on to
a mean skeleton, it is important not to change natural alignment of tracts, which makes
registration vital. Therefore, choosing right degree of freedom (DoF) is important. If
low DoF is used, alignment does not reflect the correct structure even of the largest
tracts. On the contrary, high DoF may cause excess warping of images, that would
result in unrelated tracts to overlap, multiple bundles may seem as a thick one or a

thick bundle may be divided into two [60].

For non-linear registration, choosing target image is also another discussion
topic. While target could be automatically chosen as the most typical subject within
the study, it can be predefined as well. Moreover, FSL’s FMRIB58FA image can also
be chosen (Figure 2.8). For our study, we preferred FMRIB58FA as the target, due to

processing time considerations.

After registration process is completed, post registration process starts. The
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Figure 2.8: FSL’s FMRIB58 FA image.

tbss 3 postreg function, affine aligns the target to MNI152 space. Then each image
is affine aligned to the target and affine transform to MNI152 space is applied. That
means, each of our FA images are now aligned to the MNI space. The results are
merged into a 4D image file, named all FA, and mean of these are calculated as
another file and named mean FA. mean FA image is skeletonised (i.e. thinned) and
an image showing centers of all common tracts of the group of maps being assessed [61],

mean_ FA skeleton is acquired (Figure 2.9, shown in green).

Figure 2.9: Mean FA skeleton projected on all FA image.

Last TBSS step is named prestats (and carried by the function
tbss 4 prestats), which projects each subjects’ aligned FA image to the



26

mean_FA skeleton at a chosen threshold, which is 0.2 by default. This is achieved
by filling the skeleton with FA from the nearest relevant tract center [60]. The output

image is named all FA skeletonised.

In our study, we fed FA maps acquired at the end of DTIFIT into TBSS. The
reason we did not use registered FA maps is, TBSS already applies non-linear reg-
istration to the input image and as the number of registrations increase, data losses
occur. For each FA image, preprocessing and nonlinear registration were carried out.
Afterwards, folders for three pairwise-comparison groups were created (i.e. PD-MCI
vs. PD-CI, PD-MCI vs. HC and PD-CI vs. HC groups) and related images were
copied to these directories. These files were outputs of non-linearly registered FA maps
(output of second step of TBSS). For each folder containing two groups, post registra-
tion and prestats were repeated and it resulted in all FA skeletonized image of three

pairwise-comparison groups.

Figure 2.10: a,d,g: all FA images, b,e,h: mean FA skeleton images, c,f,i: all FA skele-
tonised images of PD-MCI/HC, PD-CI/HC, and PD-MCI/CI groups, respectively.

After acquisition of skeletonised image of all FA maps (i.e. projection of all FA
maps onto mean skeleton of the group), data was ready for voxelwise analysis that is
comparison of a group of image, voxel by voxel. First step of statistics wa using the
randomise tool of FSL. randomise uses a design matrix file, design.mat (and also a
related contrast matrix file, design.con) as input, in addition to all FA skeletonised im-

age. Controlled by a GUI, a design matrix can also be created simply by the command
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design ttest2. For a two group comparison, number of subjects for each group must
be specified. By using the inputs given, randomise tool carries out permutation based

statistics.

Permutation based statistics is a type of non-parametric test [62]. To explain
briefly, as it is in all statistical tests, the null hypothesis is, there is no difference be-
tween the groups being compared, according to an experimental condition. In this
case assigning any subject either one of the groups randomly does not change the test
statistic and this is called randomization. Grouping the subjects also means we label
them and as long as the difference in between the groups is statistically insignificant,
one can say that labels are exchangeable [62]. For a group of subjects, each possible
permutation results in a statistical value. Significance is tested by comparing distribu-
tion of all of these values. What is being observed is the frequency of difference mean

to exceed the difference found without permutation [63].

In randomise tool we can define the number of permutations. Also, usage of
threshold-free cluster enhancement (TFCE), is strongly recommended by FSL for cor-
rection of family-wise error [64]. At the end of TBSS and statistics, image showing test
statistics of each voxel is presented. Name of the output image is a stat image of raw
t statistics "tbss tstatl" or "tbss tstat2". Suffix 1 or 2 depends on the number of
subjects that the test group includes. If number of subjects in first test group is greater
than second one, "tbss tstatl" should be taken into account, or vice versa. Corrected
p values image is presented as "tbss corrp tstatl". The resulting image shows voxels
differing between 2 groups of subjects. In order to visualize the test statistics, FSLs’
image viewer, FSL View is used. In Figure 2.11a an example of test statistics image
that is also represented in official FSL website is provided, so that we can have a clue
on what our final image looks like. Figure 2.11a shows mean FA skeleton overlaid
on MNI brain, and "tbss corrp tstatl" image is projected onto the two. As long as
t stat image is thresholded at 0.95, it shows p values that are less than 0.05. Figure
2.11b, on the other hand shows the same t stat image, where t-stat image is thickened

by "tbss fill" function.
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(a) Non-filled Version.  (b) Filled version.

Figure 2.11: Output of TBSS: voxelwise test statistics.

Our aim was to examine statistically significant differences between groups. To
start with FA maps, we multiplied our skeletonised FA map by the JHU and MNI
atlases’ region masks. For pairwise comparisons, t statistics were calculated by using

randomise tool of FSL. Number of permutations was set to 5000.

2.5.2 Statistical Analysis of DWI Parameters and Neuropsychological Test

Scores

Our data groups differed from each other in terms of disease stage, where HC’s
had no PD at all, PD-CI patients had PD but there was no cognitive decline, and
PD-MCI patients had cognitive decline. Due to the possiblity of insufficient sample
size, we assumed all the data to be not normally distributed. In such cases, usage of
distribution free methods (non-parametric methods) is a necessity [65], where rank of
observations are used as inputs. For analysis of variance of three test groups, Kruskal
Wallis test was used. For pairwise comparisons, Mann Whitney rank sum test was
applied with Bonferroni correction, where p values smaller than 0.05 were assumed
to show a difference trend and p values smaller than 0.05/3 showed a statistically
significant difference. These tests were carried out to assess regional FA and MD
differences of the three groups. All test were carried out on both DTI-81 and MNI

regions, which makes 57 regions in total.

Mann Whitney rank sum test was also used to analyze neuropsychological test
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score differences between groups. All tests, except UPDRS, were compared in between
pairwise combinations of three test groups. UPDRS scores were compared only in

between PD-MCI and PD-CI groups, since this test was not applied on HC’s.

In order to identify the associations between neuropsychological test scores
and DWI derived parameters, Spearman’s rank correlation coefficient was calculated.
Spearman’s rank correlation test gives information on type of relation and strength of
association between two test groups of ordinal scale [65]. Thresholded p values show
a relation, two variables are either positively correlated, that means the variables tend
to increase or decrease together, or negatively correlated, meaning that the variables
decrease or increase oppositely. First, the test was applied in between mean FA value
of each region, and each neuropsychological test score of all subjects regardless of their
disease status (The same test was repeated for MD values as well.) Secondly, FA or
MD values of each region was correlated to each test score for PD-MCI, PD-CI and HC
groups separately. A p value of less than 0.05 was assumed to indicate a statistically

significantly correlation.
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3. RESULTS

3.1 Demographic Assessments

Out of the 77 subjects, 53 were male (M) and 24 were female (F). For all groups,
the number of male subjects was higher than the number of female subjects. The M/F
ratio was 3 for PD-MCI, 1.7 for PD-CI and 2 for HC’s. The mean age was 63.2848.46
for PD-MCI, 60.64+8.87 for PD-CI and 58.67+7.05 for HC’s. Mean education level
was, 8.37£3.67 for PD-MCI, 10.15+3.98 years for PD-CI and 10.78+3.85 for HC’s (see
Table 3.1). Patients included in the study were chosen from similar education levels as
much as possible. Table 3.2 shows the ACE-R, GDS, STROOP, BJLOT, SDMT and
UPDRS scores of all subjects.

Table 3.1: Demographic information summary.

GENDER | NUMBER | AGE (Mean + Std ) | EDUCATION (Mean + Std)
M 24 65.21 + 8.24 9.0 + 3.76
PD-MCI
F 8 57.5 + 6.59 6.5 + 2.77
Total 32 63.28 + 8.46 8.37 + 3.67
M 17 58.64 + 8.21 10.18 + 4.00
PD-CI
F 10 63.3 + 9.61 10.1 + 4.17
Total 27 60.64 + 8.87 10.15 + 3.98
. M 12 59.75 + 6.91 11.28 + 3.23
H
F 6 56.5 & 7.45 9.16 + 3.92
Total 18 58.67 + 7.05 10.78 + 3.55
Total 77 61.18 + 8.42 9.55 + 3.85

Table 3.3, 3.4 and 3.5 show the pairwise group comparison results of neuropsy-
chological test scores. All comparisons showed statistically significant differences of
ACE-R test scores (for PD-MCI/PD-CI p<0.001, for PD-MCI/PD-HC p<0.001, for
PD-CI/HC p=0.01). A difference trend was found in between line orientation test
scores of PD-MCI/PD-CI groups (p=0.03), while the same test scores differed signif-
icantly in between PD-MCI/HC groups (p=0.01). SDMT scores significantly differed
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Table 3.2: Neuropsychological test scores.

# | STATUS | ACE-R | GDS | STROOP | BJLOT | SDMT | UPDRS | # | STATUS | ACER | GDS | STROOP | BJLOT | SDMT | UPDRS
1 | PD-MCI 63 5 203 20 7 47 40 | PD-N 91 2 60 14 35 55
2 | PD-MCI T 3 130 25 20 31 41| PD-N 89 4 39 22 29 36
3 | PD-MCI 81 1 81 29 23 63 42 | PD-N 88 8 46 22 20 38
4 | PD-MCI 82 1 47 25 36 22 43| PD-N 87 2 48 25 26 80
5 | PD-MCI 83 5 97 27 27 32 44 | PD-N 85 6 88 30 28 47
6 | PD-MCI 72 12 46 26 34 56 45 | PD-N 88 4 45 26 31 31
7 | PD-MCI 72 10 60 21 20 79 46 | PD-N 92 2 67 26 44 39
8 | PD-MCI 71 9 72 18 14 4 47| PD-N 84 1 46 26 17 30
9 | PD-MCI 80 9 54 26 38 70 48 | PD-N 86 1 65 13 9 29
10 | PD-MCI 82 11 23 25 35 33 49 | PD-N 91 3 15 24 35 23
11 | PD-MCI 71 7 86 19 17 55 50 | PD-N 84 11 79 23 30 46
12 | PD-MCI 67 2 12 18 18 27 51| PD-N 85 11 49 22 23 87
13 | PD-MCI 79 4 33 13 22 66 52| PD-N 85 9 81 24 31 24
14 | PD-MCI 72 10 67 19 20 43 53 | PD-N 92 0 28 28 39 45
15 | PD-MCI 81 11 68 25 28 71 54 | PD-N 95 11 37 18 29 30
16 | PD-MCI 74 6 101 8 8 65 55 | PD-N 93 0 43 26 42 15
17 | PD-MCI 82 5 65 24 35 46 56 | PD-N 93 2 60 25 24 31
18 | PD-MCI 72 12 136 8 11 102 57| PD-N 88 8 63 26 35 54
19 | PD-MCI 81 3 57 25 17 48 58 | PD-N 93 3 59 25 29 29
20 | PD-MCI 83 9 96 23 21 55 59 | PD-N 93 7 85 25 32 52
21 | PD-MCI T 3 95 19 16 84 60 HC 91 2 33 27 31

22 | PD-MCI 83 7 166 23 12 22 61 HC 100 9 33 28 51

23 | PD-MCI 82 1 79 17 16 64 62 HC 96 7 27 29 67

24 | PD-MCI 83 6 114 26 12 88 63 HC 87 3 68 22 22

25 | PD-MCI 68 2 14 22 20 13 64 HC 95 0 33 24 20

26 | PD-MCI 76 4 T 14 8 34 65 HC 84 6 56 24 43

27 | PD-MCI 72 3 23 21 27 51 66 HC 94 5 78 23 38

28 | PD-MCI 80 3 26 24 38 17 67 HC 84 1 54 23 20

29 | PD-MCI 68 2 55 24 21 49 68 HC 100 3 43 24 51

30 | PD-MCI 66 11 55 27 16 66 69 HC 96 11 76 20 36

31 | PD-MCI I 8 48 15 17 68 70 HC 95 1 52 26 34

32 | PD-MCI 81 12 64 26 35 53 71 HC 97 3 38 27 50

33| PD-N 89 11 69 24 19 57 72 HC 89 12 43 23 40

34| PD-N 90 5 65 26 26 70 73 HC 96 0 39 29 50

35| PD-N 90 10 47 26 24 45 74 HC 99 7 30 30 59

36 | PD-N 98 11 27 27 53 53 5 HC 97 5 50 25 39

37| PD-N 90 5 57 27 50 52 76 HC 85 5 61 21 16

38| PD-N 97 10 30 25 41 54 T HC 96 0 21 28 55

39| PD-N 84 8 39 24 40 47

for PD-MCI/PD-CI (p=0.001) and for PD-MCI/PD-HC comparisons (p<0.001), and
showed a difference trend for PD-CI/HC comparison (p=0.04).



Table 3.3: Comparison of neuropsychological test scores between PD-MCI and PD-CI

groups.
PD-MCI PD-CI
Test Name Mean + Std | Mean + Std P

ACE-R 76.19 £ 5.94 | 89.63 £ 3.93 | <0.001**
GDS 6.16 + 3.71 5.74 4+ 3.88 0.61
STROOP 73.44 £ 42.80 | 53.22 £ 18.56 | 0.05
BJLOT 21.31 &£ 5.34 | 24.04 £3.79 | 0.03*
SDMT 21.53 &£ 9.26 | 31.15 £ 10.01 | 0.001**
UPDRS 52.94 £ 21.75 | 44.41 £+ 14.56 | 0.09

*trend, **p<0.05,

/3

Table 3.4: Comparison of neuropsychological

test scores

between PD-MCI and HC

groups.
PD-MCI HC
Test Name Mean + Std | Mean £ Std P
ACE-R 76.19 £ 5.94 | 93.39 £+ 5.37 | <0.001**
GDS 6.16 £+ 3.71 4.44 £+ 3.70 0.13
STROOP 73.44 £ 42.80 | 46.39 £ 16.67 | 0.01**
BJLOT 21.31 £ 5.34 | 25.17 £ 2.96 | 0.01**
SDMT 21.53 +9.26 | 40.11 & 14.56 | <0.001**

Table 3.5: Comparison of neuropsychological test scores between PD-CI and HC

*trend, **p<0.05

/3

groups.
PD-CI HC
Test Name Mean + Std | Mean + Std P
ACE-R 89.63 +3.93 | 93.39 £ 5.37 | 0.01**
GDS 5.74 + 3.88 4.44 + 3.70 0.29
STROOP 53.22 + 18.56 | 46.39 £+ 16.67 | 0.19
BJLOT 24.04 £3.79 | 25.17 £296 | 0.58
SDMT 31.15 4 10.01 | 40.11 & 14.56 | 0.04*
*trend, **p<0.05/3
3.2 Neuropsychological Test Scores and DWI Parameter Cor-

relations

On Table 3.6 Spearman’s rank correlation test results of all subjects regional

mean FA value versus neuropsychological test scores are reported. ACE-R test scores
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showed a positive correlation with FA values of all subjects at body of corpus callosum
(p=0.02 r=0.26), splenium of corpus callosum (p=0.01, r=0.31), left cerebral peduncle
(p=0.05, r=0.23), left posterior limb of internal capsule (p=0.05, r=0.23), bilateral
posterior thalamic radiation (right: p=0.04, r=0.24, left: p= 0.01, r=0.29), right sagit-
tal stratum (p=0.02, r= 0.26), left fornix (p=0.01, r=0.28), bilateral tapetum (right:
p=0.003, r=0.33, left: p=0.04, r=0.23), and parietal lobe (p=0.016, r=0.27). BJLOT
scores were positively correlated to mean FA values at bilateral retrolenticular internal
capsule (right: p=0.3, r=0.25, left: p=0.01, r=0.28). Another positive correlation was
seen in between FA values and SDMT scores at splenium of corpus callosum (p=0.05,
r=0.23), left retrolenticular internal capsule (p=0.01, r=0.31), bilateral sagittal stra-
tum (right: p=0.01, r=0.3, left: p=0.02, r=0.26) and tapetum (p=0.04, r=0.23). GDS
test scores were found to be negatively correlated to mean FA value at right inferior
cerebellar peduncle (p=0.001, r=-0.37). Similarly, STROOP test showed a negative
correlation to FA at right fornix (p=0.2, r=-0.26).

All subjects’ mean MD values were found to be negatively correlated to neu-
ropsychological test scores. Correlation coefficients are listed on Table 3.7. ACE-R
test scores showed a negative correlation to mean MD values at left cerebral pedun-
cle (p=0.03, r=-0.25), right anterior corona radiata (p=0.001, r=-0.30), right superior
corona radiata (p=0.03, r=-0.25), bilateral sagittal stratum (right: p=0.002, r=-0.34,
left: p=0.01, r=-0.3), left external capsule (p=0.02, r=-0.27), right tapetum (p=0.02,
r=-0.26), parietal lobe (p=0.05, r=-0.23), putamen (p=0.01, r=-0.28) and temporal
lobe (p=0.03, r=-0.24). Negative correlations were identified in between MD values
and GDS scores at right superior cerebellar peduncle (p=0.04, r=-0.24) and MD val-
ues and SDMT scores at right superior cerebellar peduncle (p=0.03, r=-0.25), left
retrolenticular internal capsule (p=0.04, r=-0.24), and right sagittal stratum (p=0.05,
r—-0.23).

Table 3.6: Spearman’s correlation coefficients between regional mean FA values and

neuropsychological test scores for PD-MCI, PD-CI and HC groups.

FA
ACE-R GDS STROOP BJLOT SDMT

Region
r 1% r P r P r P r P

Middle Cerebellar Peduncle 0.09 0.43 -0.16 0.18 -0.21 0.06 -0.06 0.63 -0.01 0.96
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Pontine Crossing Tract -0.08 0.50 0.09 0.42 -0.01 0.92 -0.08 0.47 -0.03 0.80
Genu of Corpus Callosum 0.13 0.25 0.09 0.42 -0.09 0.42 0.05 0.64 0.02 0.84
Body of Corpus Callosum 0.26 0.02* -0.01 0.90 -0.13 0.25 0.12 0.30 0.12 0.31
Splenium of Corpus Callosum 0.31 0.01%* 0.04 0.75 0.01 0.94 0.15 0.21 0.23 0.05*
Fornix 0.18 0.12 -0.11 0.35 -0.17 0.13 0.06 0.60 0.14 0.22
Corticospinal Tract R 0.02 0.88 -0.10 0.40 -0.09 0.45 -0.05 0.65 0.05 0.68
Corticospinal Tract L 0.15 0.18 -0.03 0.82 -0.12 0.29 -0.03 0.81 0.18 0.12
Medial Lemniscus R 0.08 0.49 -0.07 0.53 -0.09 0.43 -0.10 0.36 0.01 0.92
Medial Lemniscus L 0.13 0.24 0.15 0.20 -0.11 0.35 -0.07 0.55 0.09 0.42
Inferior Cerebellar Peduncle R -0.10 0.38 -0.37 0.001* 0.02 0.85 -0.13 0.28 -0.14 0.24
Inferior Cerebellar Peduncle L 0.13 0.26 -0.08 0.50 -0.13 0.26 -0.04 0.75 0.15 0.18
Superior Cerebellar Peduncle R 0.19 0.11 0.20 0.08 -0.04 0.73 0.13 0.24 0.22 0.06
Superior Cerebellar Peduncle L 0.05 0.66 -0.06 0.58 0.01 0.97 -0.04 0.70 -0.08 0.51
Cerebral Peduncle R 0.10 0.37 -0.10 0.40 -0.02 0.85 -0.02 0.88 0.09 0.42
Cerebral Peduncle L 0.23 0.05* 0.03 0.81 0.04 0.75 -0.03 0.80 0.16 0.17
Anterior Limb of Internal Capsule R 0.09 0.45 -0.06 0.61 -0.01 0.91 -0.11 0.35 0.12 0.29
Anterior Limb of Internal Capsule L 0.03 0.81 -0.07 0.53 -0.08 0.47 -0.10 0.36 0.04 0.70
Posterior Limb of Internal Capsule R 0.18 0.12 0.10 0.38 0.01 0.91 0.00 0.97 0.10 0.39
Posterior Limb of Internal Capsule L 0.23 0.05* -0.06 0.58 0.05 0.65 -0.03 0.80 0.01 0.92
Retrolenticular Internal Capsule R 0.02 0.84 0.18 0.12 0.07 0.54 0.25 0.03* 0.08 0.47
Retrolenticular Internal Capsule L 0.22 0.05* 0.11 0.35 -0.01 0.94 0.28 0.01%* 0.31 0.01%*
Anterior Corona Radiata R 0.12 0.28 0.01 0.93 -0.07 0.55 0.05 0.69 0.12 0.32
Anterior Corona Radiata L 0.07 0.55 0.09 0.42 0.002 0.99 -0.04 0.70 -0.03 0.78
Superior Corona Radiata R 0.13 0.25 0.03 0.76 0.03 0.77 -0.03 0.78 0.02 0.86
Superior Corona Radiata L 0.17 0.14 -0.06 0.58 0.09 0.44 0.04 0.73 -0.07 0.54
Posterior Corona Radiata R 0.02 0.84 0.20 0.07 0.18 0.11 0.16 0.15 0.04 0.75
Posterior Corona Radiata L 0.05 0.69 0.22 0.06 0.23 0.04* 0.16 0.16 0.01 0.96
Posterior Thalamic Radiation R 0.24 0.04* -0.03 0.78 -0.05 0.67 0.03 0.80 0.15 0.18
Posterior Thalamic Radiation L 0.29 0.01%* 0.14 0.22 -0.04 0.71 0.08 0.50 0.21 0.07
Sagittal Stratum R 0.26 0.02%* 0.16 0.16 -0.17 0.13 0.21 0.07 0.30 0.01%*
Sagittal Stratum L 0.22 0.06 0.20 0.09 -0.13 0.27 0.22 0.05 0.26 0.02%*
External Capsule R 0.05 0.69 -0.02 0.83 -0.18 0.11 0.08 0.47 0.06 0.62
External Capsule L 0.11 0.36 -0.06 0.63 -0.02 0.86 0.14 0.23 -0.03 0.83
Cingulum (Cing.Gyrus) R 0.07 0.52 -0.13 0.27 -0.07 0.56 0.06 0.58 0.08 0.47
Cingulum (Cing.Gyrus) L -0.04 0.74 -0.15 0.18 0.07 0.56 0.05 0.64 -0.20 0.09
Cingulum (Hippocampal) R -0.03 0.79 0.18 0.11 0.05 0.69 -0.09 0.43 -0.03 0.82
Cingulum (Hippocampal) L 0.11 0.36 0.01 0.95 -0.20 0.08 -0.03 0.79 0.08 0.50
Fornix R 0.17 0.14 0.08 0.51 -0.26 0.02%* 0.07 0.52 0.14 0.23
Fornix L 0.28 0.01%* 0.06 0.59 -0.05 0.66 0.07 0.52 0.12 0.30
Superior Longitudinal Fasciculus R 0.10 0.38 0.09 0.41 -0.10 0.39 0.07 0.54 0.08 0.46
Superior Longitudinal Fasciculus L 0.18 0.12 -0.01 0.94 -0.09 0.45 0.17 0.15 0.09 0.42
Superior Fronto Occipital Fasciculus R 0.19 0.10 -0.10 0.36 -0.10 0.41 -0.04 0.72 0.18 0.11
Superior Fronto Occipital Fasciculus L -0.01 0.90 -0.11 0.34 -0.09 0.42 -0.04 0.75 -0.06 0.60
Uncinate Fasciculus R 0.09 0.46 0.06 0.61 -0.10 0.40 -0.02 0.88 0.04 0.70
Uncinate Fasciculus L 0.05 0.65 0.11 0.34 0.14 0.21 -0.05 0.65 -0.05 0.68
Tapetum R 0.33 0.003* -0.01 0.93 -0.12 0.31 0.05 0.66 0.23 0.04%*
Tapetum L 0.23 0.04* -0.03 0.82 0.12 0.29 -0.04 0.75 0.10 0.38
Caudate 0.04 0.73 0.05 0.68 0.03 0.81 -0.08 0.47 -0.01 0.92
Cerebellum -0.13 0.26 -0.02 0.83 0.05 0.65 -0.15 0.20 -0.09 0.41
Frontal Lobe 0.21 0.07 -0.04 0.71 -0.03 0.80 -0.05 0.66 0.06 0.59
Insula 0.12 0.30 0.03 0.82 -0.07 0.57 0.10 0.41 0.17 0.15
Occipital Lobe 0.004 0.97 0.20 0.08 0.01 0.95 0.12 0.29 -0.02 0.88
Parietal Lobe 0.27 0.016* 0.14 0.22 0.01 0.92 0.17 0.13 0.12 0.30
Putamen 0.03 0.77 -0.01 0.95 -0.11 0.33 0.04 0.74 0.15 0.21
Temporal Lobe -0.004 0.97 0.13 0.24 0.01 0.91 -0.06 0.61 0.02 0.86
Thalamus 0.12 0.30 0.02 0.89 -0.03 0.76 -0.04 0.72 0.01 0.96
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Table 3.7: Spearman’s correlation coefficients between regional mean MD values and

neuropsychological test scores for PD-MCI, PD-CI and HC groups.

MD
ACE-R GDS STROOP BJLOT SDMT
Region
r P r P r P r P r P

Middle Cerebellar Peduncle -0.05 0.65 0.11 0.35 0.17 0.14 0.16 0.16 0.04 0.76
Pontine Crossing Tract -0.12 0.32 0.04 0.75 0.04 0.76 0.08 0.49 0.01 0.90
Genu of Corpus Callosum -0.03 0.77 -0.07 0.54 0.02 0.88 0.01 0.94 0.09 0.44
Body of Corpus Callosum -0.15 0.18 -0.02 0.83 0.10 0.41 0.03 0.82 -0.13 0.27
Splenium of Corpus Callosum -0.22 0.05 0.01 0.95 0.02 0.85 0.01 0.95 -0.13 0.27
Fornix -0.19 0.10 0.05 0.64 0.20 0.09 -0.05 0.64 -0.14 0.23
Corticospinal Tract R -0.16 0.17 0.12 0.30 0.16 0.18 0.06 0.63 -0.10 0.38
Corticospinal Tract L -0.22 0.05 0.06 0.62 0.16 0.16 0.02 0.89 -0.21 0.06
Medial Lemniscus R 0.02 0.87 0.02 0.83 0.03 0.78 -0.02 0.89 0.13 0.27
Medial Lemniscus L 0.001 0.99 -0.06 0.59 0.07 0.52 0.12 0.30 0.01 0.90
Inferior Cerebellar Peduncle R -0.14 0.22 0.22 0.05 0.004 0.98 0.10 0.36 0.10 0.38
Inferior Cerebellar Peduncle L -0.09 0.41 0.02 0.83 0.15 0.20 0.06 0.63 -0.19 0.10
Superior Cerebellar Peduncle R -0.15 0.19 -0.24 0.04* 0.02 0.88 -0.07 0.52 -0.25 0.03*
Superior Cerebellar Peduncle L 0.03 0.77 0.12 0.29 -0.06 0.58 0.15 0.18 0.19 0.10
Cerebral Peduncle R -0.21 0.07 0.07 0.54 0.08 0.48 0.11 0.35 -0.15 0.20
Cerebral Peduncle L -0.25 0.03* -0.06 0.59 0.03 0.78 0.08 0.47 -0.20 0.08
Anterior Limb of Internal Capsule R -0.16 0.15 0.05 0.66 0.03 0.80 0.14 0.23 -0.16 0.16
Anterior Limb of Internal Capsule L -0.08 0.49 0.10 0.39 0.17 0.14 0.06 0.60 -0.08 0.46
Posterior Limb of Internal Capsule R -0.08 0.47 -0.04 0.73 -0.20 0.08 0.07 0.57 -0.01 0.93
Posterior Limb of Internal Capsule L -0.25 0.03* 0.001 0.99 -0.05 0.67 -0.01 0.95 -0.11 0.34
Retrolenticular Internal Capsule R -0.10 0.39 -0.09 0.46 0.02 0.86 -0.18 0.12 -0.10 0.38
Retrolenticular Internal Capsule L -0.21 0.07 0.01 0.96 0.05 0.67 -0.21 0.06 -0.24 0.04*
Anterior Corona Radiata R -0.30 0.001* 0.06 0.58 0.06 0.58 -0.01 0.94 -0.20 0.08
Anterior Corona Radiata L -0.20 0.08 -0.05 0.65 0.11 0.36 0.003 0.98 -0.14 0.22
Superior Corona Radiata R -0.25 0.03* 0.04 0.71 0.03 0.79 0.07 0.57 -0.17 0.13
Superior Corona Radiata L -0.20 0.09 0.08 0.50 0.03 0.80 0.004915 0.97 -0.13 0.26
Posterior Corona Radiata R -0.20 0.08 -0.09 0.42 -0.00204 0.99 -0.01 0.91 -0.16 0.17
Posterior Corona Radiata L -0.15 0.19 -0.03 0.82 -0.05 0.66 0.03 0.83 -0.11 0.35
Posterior Thalamic Radiation R -0.25 0.03* -0.05 0.66 0.03 0.80 -0.004 0.97 -0.15 0.21
Posterior Thalamic Radiation L -0.22 0.05 -0.10 0.39 0.01 0.90 0.03 0.82 -0.11 0.36
Sagittal Stratum R -0.34 0.002* -0.09 0.42 0.10 0.37 -0.14 0.21 -0.23 0.05%*
Sagittal Stratum L -0.30 0.01%* -0.05 0.67 0.09 0.44 -0.13 0.27 -0.21 0.07
External Capsule R -0.11 0.36 -0.01 0.96 0.13 0.26 0.02 0.87 -0.05 0.68
External Capsule L -0.27 0.02* 0.04 0.72 0.18 0.12 -0.22 0.06 -0.17 0.13
Cingulum (Cing.Gyrus) R -0.23 0.04* 0.17 0.13 0.08 0.51 -0.06 0.62 -0.11 0.33
Cingulum (Cing.Gyrus) L -0.09 0.43 0.04 0.76 -0.01 0.92 -0.08 0.48 0.02 0.89
Cingulum (Hippocampal) R -0.07 0.53 -0.06 0.58 0.12 0.31 0.08 0.51 -0.11 0.34
Cingulum (Hippocampal) L -0.07 0.55 -0.02 0.87 0.22 0.05 0.04 0.70 -0.03 0.82
Fornix R -0.17 0.14 -0.14 0.21 0.15 0.20 -0.10 0.41 -0.14 0.23
Fornix L -0.20 0.09 -0.06 0.58 -0.01 0.96 0.05 0.67 -0.06 0.58
Superior Longitudinal Fasciculus R -0.06 0.62 -0.09 0.42 0.14 0.24 0.03 0.82 -0.03 0.82
Superior Longitudinal Fasciculus L -0.19 0.10 -0.04 0.76 0.13 0.24 -0.005 0.97 -0.13 0.26
Superior Fronto Occipital Fasciculus R -0.19 0.10 0.11 0.34 0.06 0.61 0.11 0.35 -0.17 0.14
Superior Fronto Occipital Fasciculus L -0.10 0.39 0.12 0.31 0.14 0.23 0.08 0.48 -0.04 0.70
Uncinate Fasciculus R -0.07 0.55 -0.03 0.83 0.10 0.39 0.06 0.58 -0.06 0.59
Uncinate Fasciculus L -0.03 0.81 0.06 0.59 0.07 0.55 0.10 0.39 -0.01 0.92
Tapetum R -0.26 0.02%* 0.03 0.77 0.12 0.28 -0.01 0.93 -0.18 0.11
Tapetum L -0.12 0.30 0.05 0.69 -0.09 0.42 0.12 0.29 -0.01 0.91
Caudate -0.05 0.68 0.01 0.96 0.04 0.74 0.14 0.22 0.02 0.84
Cerebellum -0.03 0.81 -0.01 0.92 0.06 0.60 0.11 0.36 0.04 0.74
Frontal Lobe -0.19 0.10 0.09 0.43 0.19 0.10 0.01 0.92 -0.07 0.55
Insula -0.22 0.06 0.05 0.66 0.15 0.20 -0.04 0.70 -0.12 0.28
Occipital Lobe -0.15 0.19 -0.13 0.27 0.12 0.30 -0.11 0.34 -0.07 0.55
Parietal Lobe -0.23 0.05* -0.01 0.92 0.17 0.15 -0.06 0.61 -0.12 0.32
Putamen -0.28 0.01%* -0.04 0.76 0.14 0.23 -0.07 0.55 -0.21 0.06
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Temporal Lobe -0.24 0.03* -0.01 0.90 0.21 0.06 -0.03 0.82 -0.14 0.23

Thalamus -0.13 0.26 0.04 0.72 0.09 0.45 0.08 0.48 -0.03 0.80

The correlation coefficients of mean FA and mean MD values to neuropsycho-
logical test scores for PD-MCI, PD-CI and HC groups are presented at tables 3.8 to
3.17.

For PD-MCI group, ACE-R test scores showed negative correlation with mean
FA (p=0.04, r=-0.36) and positive correlation with mean MD (p=0.02, r=0.41) at cere-
bral peduncle. Similarly, for mean FA values, a negative correlation was found at right
fornix (p=0.01, r=-0.45) and for MD values, a positive correlation was found (p=0.02,
r=0.41). Also, ACE-R scores were negatively correlated to mean FA values at middle
cerebellar peduncle (p=0.02, r=-0.40), right retrolenticular capsule (p=0.045, r=-0.36),
left anterior corona radiata (p=0.02, r=-0.4), and left external capsule (p=0.048, r—-
0.35) and positive correlation was found at left cingulum (cingulate gyrus) (p=0.02,
r=0.41), right cingulum (hippocampal) (p=0.03, r=0.38) and left superior longitudinal
fasciculus (p=0.03, r=0.39). GDS test scores showed a positive correlation to mean FA
values at occipital lobe (p=0.016, r=0.42) and negative correlation to mean MD values
were observed at the same region (p=0.04, r=-0.36). Also for mean FA values, positive
correlations with GDS scores were found at left posterior thalamic radiation (p=0.03,
r=0.39), left sagittal stratum (p=0.016, r=0.42) and parietal lobe (p=0.02, r=0.41).
STROOP test scores showed positive correlation to FA values at left posterior corona
radiata (p=0.01, r=0.43) and negative correlation to MD values at right posterior
limb of internal capsule (p=0.048, r=-0.35). BJLOT scores were negatively correlated
to mean FA values (p=0.03, r=-0.39) and positively correlated to mean MD values
(p=0.004, r=0.49) at middle cerebellar peduncle. Likewise, a negative correlation to
mean FA was found for BJLOT at bilateral cerebral peduncle (right: p=0.01, r=-0.44,
left: p=0.04, r=-0.37) and negative correlation with mean MD value was found at the
same region (right: p=0.003, r=0.51, left: p=0.01, r=0.46). For BJLOT scores, a nega-
tive correlation to FA value was also found at bilateral medial lemniscus (right: p=0.01,

r=-0.44, left: p=0.02, r=-0.41), and a positive correlation to mean MD values existed
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at the same region (left: p=0.01, r=0.44). BJLOT scores were negatively correlated
to mean FA values at right uncinate fasciculus (p=0.01, r=-0.43). Positive correlation
to mean MD was found at right inferior cerebellar peduncle (p=0.01, r=-0.43), right
anterior limb of internal capsule (p=0.04, r=0.36), frontal lobe (p=0.045, r=0.36), and
temporal lobe (p=0.04, r=0.36). SDMT scores were negatively correlated to mean FA
at left superior corona radiata (p=0.004, r=-0.49), left external capsule (p=0.049, r—-
0.35) and positively correlated to mean MD values at right medial lemniscus (p=0.01,

r=0.44) and right inferior cerebellar peduncle (p=0.01, r=0.43).

For PD-CI group, correlations between mean FA values and test scores showed
both positive and negative directions while correlations with mean MD values were only
negatively correlated. Mean FA values were positively correlated with ACE-R scores at
splenium of corpus callosum (p=0.01, r=0.5), and with GDS scores at sagittal stratum
(p=0.02, r=0.44), and right uncinate fasciculus (p=0.03, r=0.43), while they were neg-
atively correlated with GDS scores at inferior cerebellar peduncle (p=0.03, r=-0.41)
and right superior fronto occipital fasciculus (p=0.04, r=-0.40). For STROOP test
scores, a positive correlation with mean FA values was found at left superior cerebellar
peduncle (p=0.04, r=0.4), right retrolenticular internal capsule (p=0.01, r=0.52), left
uncinate fasciculus (p=0.002, r=0.57), and left tapetum (p=0.001, r=0.58). STROOP
test scores were also found to be negatively correlated to mean MD values at sple-
nium of corpus callosum (p=0.001, r=-0.59) and left tapetum (p=0.0005, r=-0.63).
For BJLOT scores, a positive correlation with mean FA values (p=0.01, r=0.51) and a
negative correlation with mean MD values (p=0.02, r=-0.45) was found at right supe-
rior cerebellar peduncle. Additionally, a positive correlation between mean FA values

and BJLOT scores was found at right posterior corona radiata (p=0.03, r=0.41).

For HC group, mean FA values were found to be correlated with ACE-R scores
at superior cerebral peduncle (p=0.03, r=0.51), left superior corona radiata (p=0.03,
r=0.52), left external capsule (p=0.05, r=0.47), and superior longitudinal fascicle
(p=0.01, r=0.62). GDS scores showed positive correlation with mean FA values at
right posterior corona radiata (p=0.05, r=0.47), and hippocampal cingulum (p=0.01,

r=0.59). Also, GDS scores had negative correlations at middle cerebellar peduncle
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(p=0.05, r=-0.48), left cingulum (cingulate gyrus) (p=0.04, r=-0.48), and right infe-
rior cerebral peduncle (p=0.03, r=-0.52). A positive correlation of GDS scores with
FA was found at right posterior corona radiata (p=0.05, r=0.47). Additionally mean
MD values were positively correlated with GDS scores at right inferior cerebral pedun-
cle (p=0.016, r=0.56). While SDMT scores were positively correlated to mean FA at
right sagittal stratum (p=0.04, r=0.49), a negative correlation was found at cerebellum

(p=0.03, r=-0.51).
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Table 3.8: Spearman’s correlation between FA values and ACE-R, GDS, STROOP test
scores for PD-MCI group.

FA
Region ACE-R GDS STROOP
r P r P r P
Middle Cerebellar Peduncle -0.40 0.02%* 0.11 0.54 -0.17 0.34
Pontine Crossing Tract -0.14 0.45 0.10 0.60 -0.12 0.53
Genu of Corpus Callosum -0.08 0.64 0.07 0.70 -0.01 0.98
Body of Corpus Callosum -0.07 0.71 0.02 0.92 -0.23 0.21
Splenium of Corpus Callosum 0.14 0.46 -0.13 0.46 -0.08 0.65
Fornix -0.03 0.87 -0.08 0.66 -0.07 0.70
Corticospinal Tract R -0.26 0.16 -0.03 0.86 -0.06 0.73
Corticospinal Tract L -0.23 0.21 0.10 0.59 -0.01 0.95
Medial Lemniscus R -0.22 0.23 0.15 0.41 -0.05 0.78
Medial Lemniscus L -0.32 0.07 0.27 0.13 -0.10 0.59
Inferior Cerebellar Peduncle R -0.12 0.53 -0.26 0.15 -0.04 0.83
Inferior Cerebellar Peduncle L 0.02 0.90 0.10 0.60 -0.13 0.50
Superior Cerebellar Peduncle R -0.10 0.60 0.29 0.10 0.01 0.96
Superior Cerebellar Peduncle L -0.13 0.49 -0.15 0.42 0.01 0.97
Cerebral Peduncle R -0.34 0.05 -0.22 0.24 0.01 0.97
Cerebral Peduncle L -0.36 0.04* 0.11 0.53 0.15 0.40
Anterior Limb of Internal Capsule R 0.07 0.69 -0.14 0.46 0.03 0.87
Anterior Limb of Internal Capsule L -0.25 0.17 -0.07 0.69 -0.22 0.23
Posterior Limb of Internal Capsule R 0.05 0.81 0.18 0.32 0.25 0.16
Posterior Limb of Internal Capsule L -0.01 0.95 0.04 0.82 0.15 0.40
Retrolenticular Internal Capsule R -0.36 0.045* 0.26 0.14 -0.03 0.88
Retrolenticular Internal Capsule L -0.03 0.89 0.21 0.24 -0.0033 0.99
Anterior Corona Radiata R -0.23 0.21 0.19 0.29 0.02 0.90
Anterior Corona Radiata L -0.40 0.02%* 0.27 0.13 0.02 0.91
Superior Corona Radiata R -0.21 0.26 -0.01 0.96 0.18 0.34
Superior Corona Radiata L -0.17 0.34 0.04 0.85 0.30 0.09
Posterior Corona Radiata R 0.02 0.90 0.32 0.07 0.31 0.09
Posterior Corona Radiata L 0.11 0.55 0.26 0.15 0.43 0.01%*
Posterior Thalamic Radiation R -0.02 0.92 0.23 0.20 -0.05 0.77
Posterior Thalamic Radiation L 0.05 0.80 0.39 0.03% -0.02 0.90
Sagittal Stratum R -0.31 0.08 0.16 0.38 -0.15 0.43
Sagittal Stratum L -0.16 0.39 0.42 0.016* -0.24 0.19
External Capsule R -0.22 0.22 0.05 0.81 -0.30 0.09
External Capsule L -0.35 0.048* 0.17 0.35 0.11 0.54
Cingulum (Cing.Gyrus) R 0.02 0.92 -0.02 0.93 0.02 0.91
Cingulum (Cing.Gyrus) L -0.16 0.39 0.03 0.89 0.17 0.36
Cingulum (Hippocampal) R -0.31 0.08 0.09 0.64 -0.07 0.68
Cingulum (Hippocampal) L -0.16 0.38 0.19 0.30 -0.23 0.21
Fornix R -0.45 0.01* 0.03 0.89 -0.20 0.27
Fornix L 0.002 0.99 0.08 0.64 0.05 0.79
Superior Longitudinal Fasciculus R -0.28 0.12 0.25 0.17 0.01 0.97
Superior Longitudinal Fasciculus L -0.32 0.07 0.25 0.17 0.14 0.45
Superior Fronto Occipital Fasciculus R 0.10 0.60 0.06 0.73 -0.05 0.78
Superior Fronto Occipital Fasciculus L 0.02 0.90 -0.12 0.51 -0.20 0.27
Uncinate Fasciculus R -0.28 0.12 -0.11 0.56 -0.19 0.29
Uncinate Fasciculus L -0.30 0.09 0.14 0.44 -0.08 0.64
Tapetum R 0.18 0.31 -0.03 0.86 -0.16 0.39
Tapetum L 0.18 0.33 -0.02 0.91 -0.05 0.80
Caudate 0.03 0.87 -0.01 0.97 0.0004 1.00
Cerebellum -0.14 0.43 0.07 0.70 0.03 0.88
Frontal Lobe -0.17 0.34 0.22 0.23 0.06 0.76
Insula -0.12 0.53 0.13 0.49 0.03 0.87
Occipital Lobe -0.03 0.87 0.42 0.016* 0.02 0.92
Parietal Lobe -0.03 0.89 0.41 0.02* 0.29 0.11
Putamen -0.23 0.21 -0.10 0.59 -0.15 0.40
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Temporal Lobe -0.20 0.27 0.17 0.35 -0.14 0.45

Thalamus 0.05 0.79 0.03 0.86 0.15 0.42

Table 3.9: Spearman’s correlation between regional mean FA values and BJLOT,

SDMT, UPDRS test scores for PD-MCI group.

FA
BJLOT SDMT UPDRS
Region
r p r p r p
Middle Cerebellar Peduncle -0.39 0.03* -0.09 0.62 -0.01 0.94
Pontine Crossing Tract -0.19 0.30 -0.21 0.25 -0.02 0.90
Genu of Corpus Callosum -0.13 0.48 -0.21 0.26 0.12 0.51
Body of Corpus Callosum -0.01 0.96 0.06 0.74 0.02 0.91
Splenium of Corpus Callosum 0.19 0.30 0.19 0.29 -0.13 0.47
Fornix -0.20 0.26 0.12 0.50 -0.27 0.14
Corticospinal Tract R -0.26 0.15 -0.12 0.53 -0.01 0.94
Corticospinal Tract L -0.27 0.14 -0.08 0.68 0.03 0.87
Medial Lemniscus R -0.44 0.01%* -0.32 0.07 0.14 0.44
Medial Lemniscus L -0.41 0.02* -0.10 0.57 0.21 0.24
Inferior Cerebellar Peduncle R -0.24 0.19 -0.19 0.29 0.02 0.91
Inferior Cerebellar Peduncle L -0.10 0.57 0.20 0.28 -0.08 0.66
Superior Cerebellar Peduncle R -0.13 0.48 0.05 0.77 0.16 0.39
Superior Cerebellar Peduncle L -0.32 0.07 -0.24 0.19 -0.02 0.90
Cerebral Peduncle R -0.44 0.01%* -0.22 0.23 0.02 0.90
Cerebral Peduncle L -0.37 0.04%* -0.29 0.10 -0.04 0.83
Anterior Limb of Internal Capsule R -0.31 0.09 0.03 0.86 -0.28 0.12
Anterior Limb of Internal Capsule L -0.35 0.05 0.03 0.88 -0.27 0.13
Posterior Limb of Internal Capsule R -0.05 0.80 -0.07 0.72 -0.24 0.19
Posterior Limb of Internal Capsule L -0.22 0.23 -0.27 0.13 -0.21 0.25
Retrolenticular Internal Capsule R 0.28 0.12 0.07 0.71 0.26 0.16
Retrolenticular Internal Capsule L 0.15 0.40 0.08 0.68 0.14 0.44
Anterior Corona Radiata R -0.09 0.62 -0.08 0.66 0.04 0.81
Anterior Corona Radiata L -0.33 0.07 -0.21 0.26 0.11 0.56
Superior Corona Radiata R -0.33 0.06 -0.29 0.11 -0.11 0.55
Superior Corona Radiata L -0.25 0.17 -0.49 0.004* -0.02 0.92
Posterior Corona Radiata R 0.09 0.64 -0.20 0.28 0.05 0.79
Posterior Corona Radiata L 0.07 0.70 -0.29 0.11 0.20 0.27
Posterior Thalamic Radiation R 0.04 0.84 0.04 0.83 -0.005 0.98
Posterior Thalamic Radiation L -0.06 0.74 0.04 0.83 0.04 0.84
Sagittal Stratum R -0.15 0.42 -0.03 0.86 -0.01 0.94
Sagittal Stratum L 0.01 0.96 0.11 0.53 0.17 0.35
External Capsule R -0.05 0.79 0.10 0.57 -0.002 0.99
External Capsule L -0.16 0.38 -0.35 0.049* -0.02 0.92
Cingulum (Cing.Gyrus) R 0.09 0.61 0.06 0.76 -0.27 0.13
Cingulum (Cing.Gyrus) L 0.01 0.96 -0.22 0.22 -0.26 0.15
Cingulum (Hippocampal) R -0.28 0.12 -0.14 0.46 -0.03 0.88
Cingulum (Hippocampal) L -0.24 0.18 0.002 0.99 -0.24 0.18
Fornix R -0.24 0.18 -0.08 0.66 0.08 0.67
Fornix L -0.10 0.59 -0.04 0.83 0.21 0.25
Superior Longitudinal Fasciculus R -0.09 0.64 -0.12 0.51 -0.06 0.76
Superior Longitudinal Fasciculus L -0.04 0.84 -0.16 0.38 -0.05 0.77
Superior Fronto Occipital Fasciculus R -0.12 0.52 0.17 0.35 -0.18 0.31
Superior Fronto Occipital Fasciculus L -0.06 0.73 0.14 0.45 -0.40 0.02*
Uncinate Fasciculus R -0.43 0.01%* -0.14 0.46 0.15 0.42
Uncinate Fasciculus L -0.30 0.10 -0.15 0.41 0.07 0.70
Tapetum R -0.13 0.49 0.21 0.25 -0.06 0.75
Tapetum L -0.01 0.97 0.23 0.20 -0.15 0.40
Caudate -0.22 0.22 -0.01 0.94 -0.08 0.66
Cerebellum -0.21 0.24 -0.10 0.60 -0.17 0.35
Frontal Lobe -0.31 0.09 -0.07 0.69 -0.23 0.21




41

Insula -0.28 0.12 -0.09 0.64 0.24 0.18
Occipital Lobe 0.06 0.76 0.04 0.83 -0.06 0.74
Parietal Lobe 0.05 0.78 -0.12 0.50 0.03 0.85
Putamen -0.23 0.21 0.04 0.83 0.04 0.84
Temporal Lobe -0.32 0.08 -0.03 0.88 -0.27 0.13
Thalamus -0.20 0.27 -0.09 0.63 -0.28 0.12

Table 3.10: Spearman’s correlation between regional mean MD values and ACE-R,

GDS, STROOP test scores for PD-MCI group.

MD
ACE-R GDS STROOP
Region
r p r p r p

Middle Cerebellar Peduncle 0.33 0.07 -0.04 0.82 0.22 0.23
Pontine Crossing Tract 0.33 0.06 -0.01 0.97 -0.04 0.82
Genu of Corpus Callosum -0.02 0.93 -0.03 0.85 -0.05 0.81
Body of Corpus Callosum 0.09 0.62 -0.02 0.90 0.18 0.34
Splenium of Corpus Callosum 0.12 0.50 0.10 0.60 0.25 0.17
Fornix -0.03 0.85 0.07 0.68 0.13 0.48
Corticospinal Tract R 0.20 0.28 -0.03 0.85 0.09 0.62
Corticospinal Tract L 0.20 0.26 -0.09 0.62 0.13 0.46
Medial Lemniscus R 0.28 0.13 -0.11 0.54 -0.11 0.56
Medial Lemniscus L 0.29 0.10 -0.12 0.52 0.18 0.32
Inferior Cerebellar Peduncle R 0.31 0.09 0.11 0.54 -0.06 0.73
Inferior Cerebellar Peduncle L 0.11 0.54 0.03 0.87 0.27 0.14
Superior Cerebellar Peduncle R -0.01 0.95 -0.33 0.07 0.02 0.93
Superior Cerebellar Peduncle L 0.004 0.98 0.32 0.07 -0.07 0.70
Cerebral Peduncle R 0.32 0.07 0.07 0.70 -0.003 0.99
Cerebral Peduncle L 0.41 0.02%* -0.12 0.53 -0.06 0.73
Anterior Limb of Internal Capsule R -0.04 0.84 -0.09 0.63 -0.08 0.67
Anterior Limb of Internal Capsule L 0.27 0.13 -0.07 0.70 0.20 0.28
Posterior Limb of Internal Capsule R 0.09 0.64 -0.11 0.54 -0.35 0.048%*
Posterior Limb of Internal Capsule L -0.01 0.96 -0.15 0.40 -0.18 0.32
Retrolenticular Internal Capsule R 0.29 0.11 -0.20 0.27 0.01 0.95
Retrolenticular Internal Capsule L -0.10 0.60 -0.04 0.84 0.08 0.65
Anterior Corona Radiata R -0.29 0.11 -0.03 0.86 -0.11 0.56
Anterior Corona Radiata L 0.19 0.30 -0.22 0.23 0.11 0.55
Superior Corona Radiata R -0.04 0.82 -0.04 0.83 -0.10 0.59
Superior Corona Radiata L 0.06 0.76 -0.06 0.75 -0.07 0.72
Posterior Corona Radiata R -0.14 0.44 -0.23 0.21 -0.02 0.91
Posterior Corona Radiata L -0.02 0.90 -0.09 0.61 -0.09 0.64
Posterior Thalamic Radiation R -0.0004 1.00 -0.17 0.35 0.03 0.88
Posterior Thalamic Radiation L 0.03 0.86 -0.25 0.17 0.14 0.44
Sagittal Stratum R 0.05 0.80 -0.19 0.30 0.05 0.79
Sagittal Stratum L 0.05 0.78 -0.25 0.17 0.13 0.46
External Capsule R 0.16 0.37 -0.16 0.38 0.02 0.90
External Capsule L 0.22 0.23 -0.31 0.08 -0.16 0.40
Cingulum (Cing.Gyrus) R 0.07 0.69 0.15 0.40 -0.04 0.84
Cingulum (Cing.Gyrus) L 0.41 0.02%* -0.10 0.58 -0.04 0.83
Cingulum (Hippocampal) R 0.38 0.03* -0.16 0.38 0.19 0.30
Cingulum (Hippocampal) L 0.28 0.12 -0.28 0.12 0.24 0.19
Fornix R 0.41 0.02%* -0.25 0.17 0.04 0.82
Fornix L -0.05 0.80 -0.04 0.83 -0.21 0.25
Superior Longitudinal Fasciculus R 0.30 0.10 -0.27 0.13 -0.04 0.81
Superior Longitudinal Fasciculus L 0.39 0.03* -0.25 0.16 0.03 0.88
Superior Fronto Occipital Fasciculus R -0.13 0.47 -0.01 0.94 0.02 0.91
Superior Fronto Occipital Fasciculus L 0.17 0.36 0.02 0.92 0.13 0.46
Uncinate Fasciculus R 0.10 0.57 -0.06 0.74 0.16 0.37
Uncinate Fasciculus L 0.30 0.10 -0.10 0.58 0.17 0.35
Tapetum R -0.12 0.53 0.06 0.73 0.11 0.55
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Tapetum L -0.02 0.90 0.07 0.69 0.09 0.61
Caudate -0.05 0.80 -0.01 0.97 0.04 0.84
Cerebellum 0.29 0.11 -0.19 0.29 -0.0014 0.99
Frontal Lobe 0.22 0.22 -0.06 0.75 0.01 0.97
Insula 0.17 0.35 0.03 0.88 0.01 0.96
Occipital Lobe 0.14 0.45 -0.36 0.04* 0.05 0.79
Parietal Lobe 0.08 0.68 -0.20 0.27 -0.02 0.93
Putamen 0.16 0.39 -0.31 0.08 -0.09 0.63
Temporal Lobe 0.22 0.23 -0.27 0.14 0.13 0.49
Thalamus 0.01 0.94 -0.02 0.90 -0.05 0.79

Spearman’s correlation between regional mean MD values and BJLOT,

SDMT, UPDRS test scores for PD-MCI group.

MD
BJLOT SDMT UPDRS
Region
r p T p T p

Middle Cerebellar Peduncle 0.49 0.004* 0.06 0.75 0.07 0.71
Pontine Crossing Tract 0.31 0.09 0.34 0.06 -0.03 0.87
Genu of Corpus Callosum 0.12 0.50 0.23 0.21 -0.06 0.74
Body of Corpus Callosum 0.22 0.24 -0.05 0.77 -0.10 0.57
Splenium of Corpus Callosum 0.18 0.32 -0.07 0.72 0.05 0.80
Fornix 0.21 0.26 -0.14 0.44 0.22 0.23
Corticospinal Tract R 0.28 0.12 0.01 0.97 0.0002 1.00
Corticospinal Tract L 0.28 0.12 -0.04 0.83 0.05 0.77
Medial Lemniscus R 0.34 0.06 0.44 0.01%* -0.20 0.28
Medial Lemniscus L 0.44 0.01* -0.01 0.97 0.06 0.73
Inferior Cerebellar Peduncle R 0.44 0.01* 0.43 0.01%* -0.06 0.73
Inferior Cerebellar Peduncle L 0.24 0.19 -0.21 0.25 0.16 0.38
Superior Cerebellar Peduncle R 0.12 0.52 -0.19 0.31 -0.15 0.41
Superior Cerebellar Peduncle L 0.34 0.05 0.28 0.12 0.01 0.97
Cerebral Peduncle R 0.51 0.003* 0.29 0.11 -0.12 0.50
Cerebral Peduncle L 0.46 0.01* 0.26 0.15 -0.13 0.46
Anterior Limb of Internal Capsule R 0.36 0.04* -0.002 0.99 0.10 0.60
Anterior Limb of Internal Capsule L 0.26 0.14 -0.02 0.90 0.04 0.82
Posterior Limb of Internal Capsule R 0.19 0.29 0.22 0.23 0.003 0.98
Posterior Limb of Internal Capsule L 0.18 0.31 0.21 0.25 -0.06 0.75
Retrolenticular Internal Capsule R -0.19 0.30 0.002 0.99 -0.11 0.55
Retrolenticular Internal Capsule L -0.22 0.22 -0.23 0.20 0.13 0.47
Anterior Corona Radiata R 0.19 0.29 0.07 0.71 0.04 0.83
Anterior Corona Radiata L 0.18 0.31 0.09 0.64 -0.12 0.50
Superior Corona Radiata R 0.31 0.09 0.12 0.50 0.11 0.53
Superior Corona Radiata L 0.16 0.39 0.12 0.52 -0.03 0.89
Posterior Corona Radiata R 0.03 0.88 -0.07 0.71 0.07 0.72
Posterior Corona Radiata L 0.05 0.77 0.03 0.88 0.10 0.59
Posterior Thalamic Radiation R 0.13 0.47 -0.06 0.73 0.08 0.67
Posterior Thalamic Radiation L 0.05 0.79 -0.13 0.49 -0.04 0.83
Sagittal Stratum R 0.13 0.46 0.02 0.91 0.04 0.81
Sagittal Stratum L 0.06 0.76 -0.06 0.74 -0.10 0.58
External Capsule R 0.27 0.13 0.25 0.17 -0.15 0.41
External Capsule L 0.19 0.30 0.32 0.08 0.05 0.79
Cingulum (Cing.Gyrus) R 0.02 0.91 0.08 0.66 0.20 0.27
Cingulum (Cing.Gyrus) L -0.06 0.74 0.13 0.48 0.14 0.44
Cingulum (Hippocampal) R 0.35 0.05 0.15 0.42 0.01 0.97
Cingulum (Hippocampal) L 0.28 0.12 0.18 0.31 0.01 0.96
Fornix R 0.15 0.41 0.13 0.46 -0.10 0.57
Fornix L 0.24 0.19 0.14 0.46 -0.29 0.11
Superior Longitudinal Fasciculus R 0.20 0.28 0.27 0.14 0.005 0.98
Superior Longitudinal Fasciculus L 0.15 0.41 0.20 0.27 0.09 0.62
Superior Fronto Occipital Fasciculus R 0.29 0.11 -0.02 0.93 0.06 0.73




Table 3.12:

GDS, STROOQOP test scores for PD-CI group.
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Superior Fronto Occipital Fasciculus L 0.28 0.12 -0.03 0.89 0.17 0.35
Uncinate Fasciculus R 0.26 0.15 0.04 0.82 -0.06 0.76
Uncinate Fasciculus L 0.25 0.17 0.04 0.81 -0.07 0.70
Tapetum R 0.20 0.28 -0.13 0.49 0.09 0.62
Tapetum L 0.11 0.55 -0.16 0.37 0.16 0.38
Caudate 0.26 0.15 -0.03 0.87 0.18 0.33
Cerebellum 0.30 0.09 0.19 0.29 0.19 0.30
Frontal Lobe 0.36 0.045* 0.20 0.28 0.28 0.12
Insula 0.31 0.08 0.12 0.50 -0.01 0.98
Occipital Lobe 0.10 0.60 0.05 0.78 0.12 0.52
Parietal Lobe 0.20 0.28 0.10 0.59 0.20 0.27
Putamen 0.33 0.07 0.27 0.14 -0.34 0.06
Temporal Lobe 0.36 0.04* 0.13 0.49 0.12 0.53
Thalamus 0.23 0.20 0.02 0.90 0.27 0.13

Spearman’s correlation between regional mean

FA values and ACE-R,

FA
ACE-R GDS STROOP
Region
r p r p r p

Middle Cerebellar Peduncle 0.14 0.48 -0.16 0.42 -0.25 0.21
Pontine Crossing Tract -0.20 0.33 0.19 0.33 0.20 0.33
Genu of Corpus Callosum -0.02 0.94 0.23 0.25 -0.04 0.83
Body of Corpus Callosum -0.002 0.99 0.001 1.00 0.24 0.23
Splenium of Corpus Callosum 0.50 0.01%* 0.17 0.40 0.21 0.30
Fornix 0.04 0.86 -0.16 0.42 0.02 0.92
Corticospinal Tract R 0.12 0.56 -0.22 0.27 -0.11 0.60
Corticospinal Tract L 0.19 0.35 -0.22 0.27 -0.15 0.46
Medial Lemniscus R 0.11 0.59 -0.19 0.33 0.08 0.71
Medial Lemniscus L 0.16 0.44 0.14 0.47 0.07 0.74
Inferior Cerebellar Peduncle R 0.01 0.96 -0.41 0.03* -0.08 0.70
Inferior Cerebellar Peduncle L 0.19 0.33 -0.08 0.68 -0.31 0.12
Superior Cerebellar Peduncle R 0.29 0.14 0.13 0.51 0.12 0.56
Superior Cerebellar Peduncle L -0.14 0.49 0.02 0.94 0.40 0.04*
Cerebral Peduncle R 0.05 0.79 0.02 0.91 0.15 0.46
Cerebral Peduncle L 0.11 0.60 0.08 0.70 0.27 0.18
Anterior Limb of Internal Capsule R 0.12 0.55 -0.13 0.51 0.11 0.60
Anterior Limb of Internal Capsule L 0.20 0.33 -0.23 0.26 0.28 0.15
Posterior Limb of Internal Capsule R -0.05 0.79 0.05 0.82 -0.10 0.63
Posterior Limb of Internal Capsule L 0.29 0.14 -0.19 0.34 0.19 0.33
Retrolenticular Internal Capsule R -0.26 0.20 0.19 0.34 0.52 0.01%*
Retrolenticular Internal Capsule L 0.30 0.13 -0.04 0.83 0.17 0.39
Anterior Corona Radiata R 0.18 0.38 -0.19 0.36 -0.07 0.72
Anterior Corona Radiata L -0.01 0.95 0.01 0.95 0.06 0.75
Superior Corona Radiata R 0.31 0.12 0.02 0.91 -0.10 0.61
Superior Corona Radiata L 0.01 0.94 -0.11 0.60 0.09 0.67
Posterior Corona Radiata R 0.19 0.35 -0.06 0.76 0.11 0.59
Posterior Corona Radiata L -0.02 0.93 0.16 0.43 0.03 0.89
Posterior Thalamic Radiation R -0.03 0.89 -0.22 0.28 0.29 0.14
Posterior Thalamic Radiation L 0.38 0.05 -0.01 0.96 0.13 0.53
Sagittal Stratum R -0.03 0.86 0.44 0.02* 0.18 0.36
Sagittal Stratum L 0.20 0.31 0.11 0.58 0.25 0.21
External Capsule R -0.13 0.50 -0.10 0.62 -0.03 0.86
External Capsule L -0.14 0.49 -0.18 0.36 0.14 0.48
Cingulum (Cing.Gyrus) R 0.18 0.37 -0.24 0.22 -0.29 0.15
Cingulum (Cing.Gyrus) L -0.06 0.75 -0.31 0.12 -0.11 0.58
Cingulum (Hippocampal) R 0.07 0.71 0.14 0.49 0.18 0.38
Cingulum (Hippocampal) L 0.04 0.85 -0.17 0.41 -0.06 0.76
Fornix R -0.11 0.60 0.25 0.20 -0.21 0.30




Table 3.13:

SDMT, UPDRS test scores for PD-CI group.

Fornix L 0.06 0.78 0.30 0.12 0.15 0.47
Superior Longitudinal Fasciculus R 0.32 0.11 0.08 0.68 -0.21 0.29
Superior Longitudinal Fasciculus L 0.29 0.15 -0.14 0.48 -0.28 0.15
Superior Fronto Occipital Fasciculus R 0.22 0.26 -0.40 0.04* -0.12 0.54
Superior Fronto Occipital Fasciculus L 0.02 0.90 -0.21 0.30 0.15 0.46
Uncinate Fasciculus R 0.19 0.35 0.43 0.03* 0.11 0.60
Uncinate Fasciculus L 0.05 0.80 0.29 0.14 0.57 0.002*
Tapetum R -0.13 0.52 0.16 0.41 0.18 0.38
Tapetum L -0.19 0.35 -0.04 0.86 0.58 0.001*
Caudate -0.06 0.77 0.02 0.92 0.08 0.68
Cerebellum -0.09 0.66 -0.02 0.93 -0.23 0.26
Frontal Lobe 0.10 0.62 -0.18 0.36 0.02 0.93
Insula -0.23 0.24 0.11 0.58 -0.10 0.63
Occipital Lobe -0.07 0.74 0.11 0.57 -0.07 0.73
Parietal Lobe -0.17 0.39 0.11 0.58 -0.02 0.93
Putamen 0.02 0.93 0.08 0.67 0.01 0.97
Temporal Lobe -0.19 0.35 0.21 0.28 0.23 0.26
Thalamus -0.04 0.85 -0.002 0.99 -0.08 0.68
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Spearman’s correlation between regional mean FA values and BJLOT,

FA
Region BJLOT SDMT UPDRS
r p r p r p

Middle Cerebellar Peduncle 0.09 0.64 -0.20 0.31 0.04 0.86
Pontine Crossing Tract -0.09 0.66 -0.05 0.82 0.003 0.99
Genu of Corpus Callosum 0.04 0.83 -0.01 0.97 -0.13 0.50
Body of Corpus Callosum 0.22 0.27 -0.14 0.48 -0.12 0.54
Splenium of Corpus Callosum 0.18 0.36 0.09 0.67 0.21 0.28
Fornix 0.16 0.44 -0.05 0.79 0.06 0.78
Corticospinal Tract R 0.17 0.38 0.05 0.82 0.13 0.52
Corticospinal Tract L 0.11 0.60 0.02 0.93 0.09 0.67
Medial Lemniscus R -0.002 0.99 0.06 0.77 -0.24 0.24
Medial Lemniscus L 0.13 0.52 0.03 0.90 0.06 0.78
Inferior Cerebellar Peduncle R 0.09 0.65 0.20 0.31 -0.09 0.67
Inferior Cerebellar Peduncle L 0.11 0.58 0.14 0.49 -0.10 0.64
Superior Cerebellar Peduncle R 0.51 0.01%* 0.22 0.26 0.20 0.31
Superior Cerebellar Peduncle L 0.16 0.43 -0.30 0.12 -0.22 0.27
Cerebral Peduncle R 0.20 0.32 0.04 0.85 0.07 0.72
Cerebral Peduncle L 0.04 0.83 0.13 0.50 -0.22 0.27
Anterior Limb of Internal Capsule R 0.09 0.67 0.20 0.31 0.02 0.92
Anterior Limb of Internal Capsule L 0.19 0.34 0.004 0.99 -0.17 0.40
Posterior Limb of Internal Capsule R 0.02 0.94 -0.14 0.49 0.32 0.10
Posterior Limb of Internal Capsule L -0.05 0.81 0.02 0.94 -0.17 0.38
Retrolenticular Internal Capsule R 0.10 0.61 -0.18 0.36 0.12 0.55
Retrolenticular Internal Capsule L 0.32 0.10 0.44 0.02* 0.04 0.85
Anterior Corona Radiata R 0.27 0.17 0.14 0.48 0.05 0.81
Anterior Corona Radiata L 0.22 0.27 -0.09 0.65 -0.05 0.82
Superior Corona Radiata R 0.32 0.11 0.15 0.45 0.28 0.16
Superior Corona Radiata L 0.19 0.33 -0.02 0.94 0.09 0.67
Posterior Corona Radiata R 0.41 0.03* 0.13 0.52 0.35 0.07
Posterior Corona Radiata L 0.17 0.39 0.11 0.58 0.55 0.003*
Posterior Thalamic Radiation R -0.10 0.61 0.03 0.88 -0.17 0.41
Posterior Thalamic Radiation L 0.10 0.62 0.09 0.67 -0.24 0.22
Sagittal Stratum R 0.20 0.31 0.25 0.21 0.003 0.99
Sagittal Stratum L 0.24 0.22 0.12 0.54 -0.13 0.51
External Capsule R 0.10 0.62 -0.20 0.32 -0.01 0.95
External Capsule L 0.33 0.09 -0.17 0.40 -0.08 0.70
Cingulum (Cing.Gyrus) R 0.05 0.79 0.03 0.87 0.34 0.08




Table 3.14:

Cingulum (Cing.Gyrus) L 0.12 0.56 -0.27 0.18 0.28 0.16
Cingulum (Hippocampal) R 0.08 0.68 -0.10 0.62 -0.05 0.79
Cingulum (Hippocampal) L -0.06 0.76 -0.12 0.54 -0.30 0.13
Fornix R -0.07 0.72 -0.18 0.36 -0.19 0.34
Fornix L -0.13 0.53 -0.05 0.82 -0.05 0.82
Superior Longitudinal Fasciculus R 0.37 0.06 0.09 0.65 0.10 0.62
Superior Longitudinal Fasciculus L 0.16 0.42 0.05 0.82 0.04 0.84
Superior Fronto Occipital Fasciculus R 0.01 0.96 0.12 0.55 0.04 0.84
Superior Fronto Occipital Fasciculus L 0.08 0.69 -0.33 0.09 -0.07 0.73
Uncinate Fasciculus R 0.24 0.23 -0.04 0.85 0.19 0.35
Uncinate Fasciculus L 0.05 0.82 -0.13 0.52 -0.02 0.92
Tapetum R 0.04 0.84 -0.05 0.82 -0.09 0.66
Tapetum L -0.10 0.60 -0.20 0.31 -0.24 0.22
Caudate 0.24 0.23 -0.04 0.83 -0.004 0.98
Cerebellum -0.003 0.99 0.10 0.62 0.04 0.85
Frontal Lobe 0.20 0.32 -0.10 0.62 0.04 0.85
Insula 0.12 0.56 0.24 0.23 0.12 0.55
Occipital Lobe 0.25 0.21 -0.20 0.31 0.41 0.03*
Parietal Lobe 0.13 0.51 -0.21 0.29 0.27 0.17
Putamen 0.32 0.11 0.15 0.45 0.22 0.27
Temporal Lobe 0.20 0.32 -0.19 0.33 0.12 0.55
Thalamus 0.05 0.82 -0.17 0.39 0.05 0.80

45

Spearman’s correlation between regional mean MD values and ACE-R,

GDS, STROOQOP test scores for PD-CI group.

MD
Region ACE-R GDS STROOP
r p r p r p

Middle Cerebellar Peduncle 0.01 0.96 -0.01 0.96 0.16 0.42
Pontine Crossing Tract -0.11 0.59 0.04 0.86 -0.14 0.47
Genu of Corpus Callosum 0.05 0.79 -0.19 0.33 0.04 0.83
Body of Corpus Callosum -0.003 0.99 -0.11 0.59 -0.13 0.51
Splenium of Corpus Callosum -0.18 0.37 -0.07 0.74 -0.59 0.001%*
Fornix -0.01 0.97 0.10 0.61 0.09 0.64
Corticospinal Tract R -0.06 0.75 0.18 0.38 0.09 0.65
Corticospinal Tract L -0.28 0.16 0.27 0.17 0.14 0.49
Medial Lemniscus R 0.16 0.42 0.14 0.47 -0.06 0.76
Medial Lemniscus L 0.03 0.88 0.04 0.86 -0.21 0.29
Inferior Cerebellar Peduncle R 0.12 0.55 0.03 0.86 -0.13 0.52
Inferior Cerebellar Peduncle L -0.22 0.26 0.04 0.83 0.13 0.51
Superior Cerebellar Peduncle R -0.28 0.16 -0.18 0.38 0.0003 1.00
Superior Cerebellar Peduncle L 0.17 0.40 -0.15 0.46 -0.27 0.18
Cerebral Peduncle R -0.10 0.63 -0.16 0.43 -0.13 0.51
Cerebral Peduncle L -0.31 0.12 -0.16 0.42 -0.16 0.42
Anterior Limb of Internal Capsule R -0.03 0.87 0.17 0.39 -0.03 0.90
Anterior Limb of Internal Capsule L -0.10 0.63 0.24 0.23 -0.12 0.56
Posterior Limb of Internal Capsule R 0.23 0.26 -0.06 0.75 -0.23 0.24
Posterior Limb of Internal Capsule L -0.003 0.98 0.13 0.50 -0.26 0.18
Retrolenticular Internal Capsule R 0.30 0.13 -0.06 0.77 -0.35 0.07
Retrolenticular Internal Capsule L -0.14 0.49 -0.02 0.92 -0.30 0.14
Anterior Corona Radiata R -0.09 0.66 0.18 0.36 0.17 0.39
Anterior Corona Radiata L -0.16 0.42 0.06 0.77 0.06 0.77
Superior Corona Radiata R 0.02 0.93 -0.02 0.93 -0.07 0.71
Superior Corona Radiata L -0.003 0.98 0.14 0.48 -0.18 0.37
Posterior Corona Radiata R -0.002 0.99 0.02 0.91 -0.13 0.51
Posterior Corona Radiata L 0.001 1.00 0.03 0.89 -0.21 0.29
Posterior Thalamic Radiation R 0.30 0.13 -0.06 0.78 -0.36 0.07
Posterior Thalamic Radiation L 0.04 0.86 0.06 0.78 -0.38 0.05
Sagittal Stratum R -0.02 0.90 -0.12 0.56 -0.21 0.30
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Sagittal Stratum L -0.15 0.45 0.04 0.86 -0.20 0.31
External Capsule R 0.08 0.67 -0.02 0.91 0.09 0.65
External Capsule L 0.04 0.83 0.05 0.82 0.09 0.66
Cingulum (Cing.Gyrus) R -0.10 0.62 0.01 0.98 0.07 0.74
Cingulum (Cing.Gyrus) L -0.04 0.85 -0.16 0.43 -0.16 0.43
Cingulum (Hippocampal) R -0.30 0.13 0.01 0.97 0.01 0.95
Cingulum (Hippocampal) L -0.15 0.46 0.19 0.35 0.12 0.55
Fornix R 0.002 0.99 -0.28 0.16 0.14 0.50
Fornix L 0.09 0.66 -0.33 0.10 -0.09 0.65
Superior Longitudinal Fasciculus R 0.07 0.72 -0.14 0.48 0.23 0.25
Superior Longitudinal Fasciculus L -0.18 0.36 -0.03 0.88 0.05 0.82
Superior Fronto Occipital Fasciculus R -0.16 0.44 0.30 0.13 -0.02 0.91
Superior Fronto Occipital Fasciculus L 0.04 0.86 0.28 0.16 -0.19 0.35
Uncinate Fasciculus R 0.01 0.95 -0.24 0.22 0.003 0.98
Uncinate Fasciculus L -0.25 0.21 0.10 0.62 -0.12 0.55
Tapetum R 0.20 0.32 -0.18 0.37 -0.21 0.29
Tapetum L 0.34 0.08 -0.03 0.86 -0.63 0.0005*
Caudate 0.12 0.55 0.07 0.71 -0.09 0.67
Cerebellum 0.17 0.40 0.02 0.90 0.18 0.36
Frontal Lobe 0.06 0.77 0.13 0.51 0.07 0.73
Insula 0.06 0.78 -0.05 0.79 0.07 0.74
Occipital Lobe -0.02 0.91 -0.03 0.90 0.10 0.61
Parietal Lobe 0.06 0.75 0.06 0.76 0.07 0.72
Putamen -0.002 0.99 -0.12 0.54 0.13 0.52
Temporal Lobe -0.11 0.58 0.07 0.73 0.11 0.57
Thalamus 0.02 0.93 0.10 0.63 0.14 0.48

Table 3.15: Spearman’s correlation between regional mean MD values and BJLOT,

SDMT, UPDRS test scores for PD-CI group.

MD
Region BJLOT SDMT UPDRS
r P r p r 1%

Middle Cerebellar Peduncle -0.03 0.90 0.24 0.23 -0.002 0.99
Pontine Crossing Tract 0.11 0.60 0.13 0.53 0.13 0.51
Genu of Corpus Callosum 0.02 0.93 -0.01 0.96 0.21 0.29
Body of Corpus Callosum -0.15 0.46 -0.07 0.74 0.29 0.14
Splenium of Corpus Callosum -0.04 0.82 0.01 0.95 0.14 0.49
Fornix -0.07 0.73 -0.001 1.00 -0.04 0.85
Corticospinal Tract R 0.09 0.65 0.18 0.36 -0.05 0.82
Corticospinal Tract L -0.11 0.59 0.07 0.73 -0.06 0.76
Medial Lemniscus R -0.10 0.61 0.14 0.47 0.37 0.06
Medial Lemniscus L -0.14 0.48 0.0003 1.00 0.11 0.58
Inferior Cerebellar Peduncle R 0.04 0.82 0.09 0.67 0.13 0.50
Inferior Cerebellar Peduncle L -0.30 0.13 -0.17 0.41 0.08 0.70
Superior Cerebellar Peduncle R -0.45 0.02* -0.31 0.12 -0.23 0.25
Superior Cerebellar Peduncle L -0.04 0.83 0.20 0.31 0.21 0.30
Cerebral Peduncle R 0.15 0.44 -0.03 0.87 -0.09 0.64
Cerebral Peduncle L 0.08 0.69 -0.11 0.57 -0.01 0.95
Anterior Limb of Internal Capsule R 0.02 0.91 -0.18 0.37 0.10 0.63
Anterior Limb of Internal Capsule L -0.04 0.83 -0.01 0.96 0.15 0.44
Posterior Limb of Internal Capsule R -0.05 0.80 0.10 0.62 -0.04 0.83
Posterior Limb of Internal Capsule L -0.06 0.76 -0.03 0.87 0.01 0.95
Retrolenticular Internal Capsule R -0.07 0.72 0.11 0.59 -0.04 0.83
Retrolenticular Internal Capsule L -0.20 0.32 -0.24 0.24 -0.03 0.87
Anterior Corona Radiata R -0.16 0.43 -0.19 0.34 0.09 0.66
Anterior Corona Radiata L -0.15 0.44 -0.11 0.59 0.15 0.45
Superior Corona Radiata R -0.01 0.98 -0.09 0.65 0.11 0.58
Superior Corona Radiata L -0.03 0.90 0.06 0.76 0.27 0.18
Posterior Corona Radiata R -0.06 0.77 0.05 0.80 0.02 0.91




Posterior Corona Radiata L 0.05 0.80 -0.05 0.81 0.27 0.17
Posterior Thalamic Radiation R 0.04 0.85 0.18 0.38 0.13 0.50
Posterior Thalamic Radiation L 0.10 0.62 0.19 0.34 0.25 0.21
Sagittal Stratum R -0.21 0.30 -0.05 0.80 0.16 0.43
Sagittal Stratum L -0.21 0.29 -0.06 0.77 0.21 0.30
External Capsule R -0.17 0.41 -0.14 0.48 0.04 0.83
External Capsule L -0.34 0.09 -0.12 0.55 0.07 0.73
Cingulum (Cing.Gyrus) R 0.04 0.86 -0.08 0.68 -0.13 0.51
Cingulum (Cing.Gyrus) L 0.09 0.67 0.13 0.51 -0.06 0.78
Cingulum (Hippocampal) R -0.14 0.47 -0.26 0.19 0.19 0.35
Cingulum (Hippocampal) L 0.01 0.98 -0.03 0.87 0.33 0.09
Fornix R 0.02 0.92 -0.002 0.99 0.07 0.72
Fornix L 0.26 0.20 -0.06 0.78 0.07 0.74
Superior Longitudinal Fasciculus R -0.11 0.60 -0.03 0.90 0.01 0.98
Superior Longitudinal Fasciculus L -0.07 0.73 -0.07 0.74 -0.02 0.93
Superior Fronto Occipital Fasciculus R 0.01 0.96 -0.21 0.30 0.03 0.87
Superior Fronto Occipital Fasciculus L -0.01 0.97 0.22 0.27 0.06 0.77
Uncinate Fasciculus R -0.01 0.96 -0.12 0.55 -0.10 0.60
Uncinate Fasciculus L 0.04 0.84 -0.17 0.40 0.13 0.51
Tapetum R -0.01 0.96 0.05 0.79 0.10 0.62
Tapetum L 0.20 0.33 0.26 0.20 0.16 0.42
Caudate -0.07 0.72 0.13 0.53 0.25 0.20
Cerebellum -0.10 0.63 0.02 0.93 -0.02 0.94
Frontal Lobe -0.09 0.64 0.04 0.83 0.01 0.96
Insula 0.002 0.99 0.05 0.79 0.23 0.26
Occipital Lobe -0.16 0.43 0.04 0.84 -0.13 0.53
Parietal Lobe 0.02 0.94 0.08 0.70 -0.03 0.88
Putamen -0.21 0.28 -0.28 0.16 0.05 0.81
Temporal Lobe -0.15 0.46 0.03 0.88 0.09 0.64
Thalamus 0.04 0.84 0.09 0.65 0.11 0.57
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Table 3.16: Spearman’s correlation between regional mean FA values and ACE-R,

GDS, STROOP, BJLOT, SDMT test scores for HC group.

FA
ACE-R GDS STROOP BJLOT SDMT
Region
r P r P r P r P r P

Middle Cerebellar Peduncle -0.14 0.57 -0.48 0.05* -0.04 0.88 0.15 0.56 -0.09 0.72
Pontine Crossing Tract -0.16 0.52 0.20 0.42 -0.19 0.46 0.06 0.81 0.21 0.39
Genu of Corpus Callosum 0.31 0.21 0.07 0.78 -0.28 0.26 0.14 0.58 0.24 0.35
Body of Corpus Callosum 0.39 0.11 0.12 0.64 -0.14 0.58 -0.02 0.95 0.10 0.70
Splenium of Corpus Callosum 0.24 0.33 0.31 0.20 0.31 0.21 -0.19 0.45 0.06 0.81
Fornix 0.35 0.15 0.05 0.84 -0.45 0.06 0.34 0.17 0.36 0.14
Corticospinal Tract R -0.18 0.48 -0.05 0.85 0.06 0.81 0.07 0.78 0.10 0.70
Corticospinal Tract L 0.002 0.99 0.15 0.56 0.08 0.76 0.04 0.88 0.22 0.38
Medial Lemniscus R 0.004 0.99 -0.27 0.28 -0.19 0.45 0.31 0.21 0.25 0.32
Medial Lemniscus L 0.02 0.92 0.05 0.85 -0.07 0.79 0.07 0.80 0.12 0.63
Inferior Cerebellar Peduncle R -0.34 0.17 -0.52 0.03* 0.29 0.24 -0.29 0.24 -0.31 0.22
Inferior Cerebellar Peduncle L -0.37 0.14 -0.27 0.28 0.30 0.22 -0.34 0.16 -0.21 0.39
Superior Cerebellar Peduncle R 0.51 0.03* 0.21 0.39 -0.14 0.57 0.19 0.46 0.26 0.30
Superior Cerebellar Peduncle L 0.24 0.34 0.13 0.62 -0.23 0.37 0.07 0.79 0.002 0.99
Cerebral Peduncle R -0.06 0.83 0.16 0.53 -0.13 0.60 0.25 0.31 0.16 0.53
Cerebral Peduncle L 0.18 0.48 0.19 0.44 -0.02 0.93 0.09 0.73 0.11 0.66
Anterior Limb of Internal Capsule R -0.05 0.84 0.36 0.14 0.16 0.53 -0.13 0.60 -0.02 0.94
Anterior Limb of Internal Capsule L 0.14 0.58 0.23 0.35 -0.14 0.57 -0.08 0.75 -0.04 0.89
Posterior Limb of Internal Capsule R 0.21 0.39 0.28 0.26 0.17 0.49 -0.06 0.83 0.05 0.84
Posterior Limb of Internal Capsule L 0.31 0.21 0.24 0.34 -0.07 0.79 0.08 0.74 -0.003 0.99
Retrolenticular Internal Capsule R 0.38 0.12 0.15 0.54 -0.27 0.27 0.26 0.29 0.20 0.43
Retrolenticular Internal Capsule L 0.46 0.05 0.21 0.41 -0.20 0.42 0.31 0.21 0.40 0.10
Anterior Corona Radiata R 0.30 0.23 0.20 0.43 0.17 0.51 -0.09 0.71 0.01 0.96
Anterior Corona Radiata L 0.26 0.30 0.05 0.86 0.14 0.57 -0.11 0.65 -0.21 0.39
Superior Corona Radiata R 0.23 0.35 0.17 0.50 0.16 0.52 -0.03 0.90 -0.02 0.93
Superior Corona Radiata L 0.52 0.03* -0.03 0.92 -0.17 0.49 0.24 0.33 0.15 0.56
Posterior Corona Radiata R 0.45 0.06 0.47 0.05* 0.03 0.90 0.14 0.58 0.38 0.12
Posterior Corona Radiata L 0.40 0.10 0.29 0.24 0.001 1.00 0.27 0.28 0.36 0.14
Posterior Thalamic Radiation R -0.002 0.99 -0.01 0.96 0.24 0.33 -0.10 0.69 -0.10 0.71
Posterior Thalamic Radiation L 0.29 0.24 0.15 0.54 0.08 0.75 0.02 0.93 0.10 0.70
Sagittal Stratum R 0.27 0.27 0.02 0.94 -0.44 0.07 0.46 0.05 0.49 0.04*
Sagittal Stratum L 0.36 0.14 0.07 0.78 -0.34 0.17 0.41 0.09 0.46 0.05
External Capsule R 0.40 0.10 0.07 0.78 -0.31 0.21 0.29 0.24 0.30 0.23
External Capsule L 0.47 0.05* -0.09 0.74 -0.18 0.47 0.27 0.27 0.17 0.50
Cingulum (Cing.Gyrus) R 0.05 0.84 -0.10 0.68 -0.05 0.84 0.001 1.00 0.004 0.99
Cingulum (Cing.Gyrus) L -0.01 0.97 -0.48 0.04* -0.21 0.40 0.24 0.33 -0.05 0.85
Cingulum (Hippocampal) R -0.16 0.53 0.59 0.01* 0.19 0.44 -0.08 0.76 0.14 0.58
Cingulum (Hippocampal) L 0.33 0.17 0.07 0.79 -0.37 0.13 0.40 0.10 0.22 0.38
Fornix R 0.23 0.36 0.29 0.25 -0.27 0.28 0.32 0.19 0.33 0.18
Fornix L 0.27 0.28 -0.11 0.67 -0.30 0.22 0.28 0.26 0.16 0.53
Superior Longitudinal Fasciculus R 0.06 0.83 -0.02 0.93 0.19 0.46 -0.01 0.96 -0.04 0.87
Superior Longitudinal Fasciculus L 0.62 0.01%* -0.17 0.51 -0.34 0.17 0.45 0.06 0.28 0.26
Superior Fronto Occipital Fasciculus R 0.17 0.49 0.11 0.65 0.23 0.37 -0.14 0.59 -0.08 0.76
Superior Fronto Occipital Fasciculus L 0.24 0.35 -0.02 0.92 -0.08 0.75 0.001 1.00 -0.05 0.84
Uncinate Fasciculus R 0.14 0.58 -0.15 0.54 -0.28 0.25 0.23 0.35 0.36 0.14
Uncinate Fasciculus L 0.12 0.65 -0.16 0.52 0.01 0.96 -0.04 0.87 -0.17 0.51
Tapetum R 0.23 0.36 0.06 0.80 -0.21 0.41 0.05 0.85 0.12 0.64
Tapetum L 0.01 0.96 0.17 0.51 0.24 0.33 -0.44 0.07 -0.20 0.43
Caudate 0.07 0.78 0.27 0.27 0.12 0.63 -0.20 0.44 -0.10 0.70
Cerebellum -0.24 0.35 -0.29 0.25 0.45 0.06 -0.39 0.11 -0.51 0.03*
Frontal Lobe -0.05 0.84 -0.11 0.67 0.23 0.37 -0.29 0.24 -0.27 0.28
Insula -0.13 0.62 -0.08 0.74 -0.12 0.63 0.29 0.24 0.11 0.67
Occipital Lobe 0.19 0.45 -0.001 1.00 0.12 0.63 -0.07 0.80 -0.03 0.90
Parietal Lobe 0.23 0.37 0.15 0.55 -0.02 0.94 -0.001 1.00 0.07 0.78
Putamen 0.18 0.46 0.24 0.34 -0.16 0.52 0.23 0.36 0.28 0.27
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Temporal Lobe -0.23 0.36 0.03 0.92 0.39 0.11 -0.24 0.34 -0.25 0.32

Thalamus 0.20 0.43 0.22 0.39 -0.05 0.85 -0.02 0.93 -0.03 0.91

Table 3.17: Spearman’s correlation between MD values and ACE-R, GDS, STROOP,
BJLOT, SDMT test scores for HC group.

MD
ACE-R GDS STROOP BJLOT SDMT
Region
r p r P r P T p T p

Middle Cerebellar Peduncle 0.14 0.57 0.41 0.09 -0.11 0.66 -0.001 1.00 0.07 0.77
Pontine Crossing Tract 0.05 0.84 -0.07 0.79 0.16 0.54 -0.05 0.85 -0.08 0.76
Genu of Corpus Callosum -0.08 0.74 -0.02 0.94 0.11 0.66 0.02 0.93 0.02 0.93
Body of Corpus Callosum -0.11 0.67 -0.13 0.61 -0.05 0.83 0.06 0.81 -0.03 0.89
Splenium of Corpus Callosum 0.04 0.87 -0.13 0.60 -0.17 0.51 0.11 0.65 0.14 0.57
Fornix -0.46 0.06 0.03 0.91 0.41 0.09 -0.33 0.18 -0.26 0.30
Corticospinal Tract R 0.10 0.70 0.29 0.24 0.06 0.80 -0.13 0.61 -0.14 0.59
Corticospinal Tract L -0.01 0.97 0.06 0.80 -0.06 0.80 -0.04 0.88 -0.23 0.36
Medial Lemniscus R 0.03 0.89 -0.09 0.72 0.27 0.27 -0.35 0.16 -0.09 0.73
Medial Lemniscus L 0.15 0.55 -0.28 0.26 0.03 0.90 0.11 0.66 0.25 0.32
Inferior Cerebellar Peduncle R 0.01 0.96 0.56 0.016* -0.01 0.96 0.04 0.88 0.26 0.30
Inferior Cerebellar Peduncle L 0.19 0.44 -0.11 0.67 -0.40 0.10 0.36 0.14 0.11 0.66
Superior Cerebellar Peduncle R -0.46 0.05 -0.24 0.35 -0.07 0.78 0.05 0.83 -0.10 0.70
Superior Cerebellar Peduncle L -0.06 0.81 0.14 0.57 0.10 0.68 0.12 0.64 0.26 0.30
Cerebral Peduncle R -0.03 0.91 0.05 0.86 -0.06 0.82 -0.15 0.55 -0.20 0.42
Cerebral Peduncle L -0.13 0.61 -0.08 0.75 -0.13 0.61 -0.03 0.90 -0.21 0.39
Anterior Limb of Internal Capsule R 0.04 0.88 0.06 0.80 -0.13 0.60 0.08 0.75 0.04 0.86
Anterior Limb of Internal Capsule L 0.01 0.96 0.09 0.73 0.26 0.29 -0.12 0.64 0.06 0.81
Posterior Limb of Internal Capsule R -0.06 0.80 -0.06 0.80 -0.26 0.29 0.18 0.47 -0.03 0.91
Posterior Limb of Internal Capsule L -0.14 0.58 0.02 0.94 -0.08 0.75 0.06 0.82 0.02 0.93
Retrolenticular Internal Capsule R -0.43 0.07 -0.08 0.75 0.30 0.23 -0.08 0.75 -0.15 0.56
Retrolenticular Internal Capsule L -0.45 0.06 -0.02 0.93 0.23 0.37 -0.07 0.77 -0.19 0.44
Anterior Corona Radiata R -0.19 0.45 0.0010 1.00 -0.17 0.49 0.09 0.71 0.02 0.95
Anterior Corona Radiata L -0.19 0.45 -0.04 0.88 -0.04 0.89 0.02 0.93 0.003 0.99
Superior Corona Radiata R -0.20 0.43 -0.02 0.92 -0.21 0.40 0.04 0.86 -0.01 0.98
Superior Corona Radiata L -0.28 0.26 -0.03 0.90 -0.08 0.75 -0.10 0.68 -0.16 0.53
Posterior Corona Radiata R -0.18 0.48 -0.20 0.42 -0.18 0.47 0.13 0.59 -0.08 0.75
Posterior Corona Radiata L -0.13 0.61 -0.11 0.67 -0.16 0.51 0.03 0.91 -0.06 0.83
Posterior Thalamic Radiation R -0.07 0.79 -0.03 0.92 0.02 0.92 0.08 0.75 0.14 0.57
Posterior Thalamic Radiation L -0.18 0.48 -0.22 0.39 -0.12 0.65 0.23 0.37 0.02 0.93
Sagittal Stratum R -0.20 0.43 -0.17 0.49 0.30 0.22 -0.25 0.32 -0.24 0.33
Sagittal Stratum L -0.14 0.59 0.01 0.96 0.14 0.58 -0.12 0.64 -0.17 0.51
External Capsule R 0.14 0.57 0.21 0.41 -0.05 0.83 0.01 0.98 0.09 0.72
External Capsule L -0.11 0.66 0.22 0.38 0.15 0.55 -0.23 0.35 -0.11 0.67
Cingulum (Cing.Gyrus) R -0.15 0.55 0.24 0.34 0.05 0.84 -0.06 0.81 0.15 0.56
Cingulum (Cing.Gyrus) L -0.07 0.79 0.43 0.08 -0.06 0.82 -0.18 0.48 0.21 0.40
Cingulum (Hippocampal) R 0.20 0.42 -0.21 0.40 -0.07 0.79 0.07 0.77 -0.13 0.60
Cingulum (Hippocampal) L -0.34 0.17 0.07 0.79 0.54 0.02* -0.44 0.07 -0.46 0.05
Fornix R -0.28 0.25 -0.20 0.44 0.18 0.47 -0.25 0.31 -0.21 0.39
Fornix L -0.19 0.46 0.09 0.71 0.24 0.34 -0.18 0.48 -0.01 0.96
Superior Longitudinal Fasciculus R -0.01 0.98 0.11 0.67 -0.09 0.72 0.03 0.90 0.11 0.67
Superior Longitudinal Fasciculus L -0.25 0.32 0.04 0.88 -0.22 0.38 0.02 0.93 -0.07 0.79
Superior Fronto Occipital Fasciculus R 0.07 0.79 -0.02 0.93 -0.12 0.62 0.16 0.53 0.11 0.67
Superior Fronto Occipital Fasciculus L -0.20 0.41 0.01 0.96 0.17 0.50 -0.05 0.84 -0.02 0.94
Uncinate Fasciculus R -0.05 0.83 0.33 0.18 0.04 0.89 -0.09 0.71 0.01 0.97
Uncinate Fasciculus L -0.10 0.71 0.11 0.66 -0.06 0.80 0.09 0.71 0.13 0.61
Tapetum R -0.15 0.55 0.05 0.84 0.18 0.48 -0.07 0.79 0.002 0.99
Tapetum L 0.003 0.99 -0.07 0.77 -0.15 0.56 0.35 0.15 0.22 0.37
Caudate 0.03 0.91 -0.09 0.72 -0.04 0.87 0.20 0.43 0.16 0.54
Cerebellum -0.03 0.90 0.31 0.21 -0.25 0.33 0.22 0.37 0.23 0.35
Frontal Lobe -0.07 0.79 0.01 0.97 0.12 0.65 -0.15 0.57 0.01 0.96
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Insula 0.09 0.72 -0.09 0.73 0.12 0.63 -0.17 0.50 -0.02 0.93
Occipital Lobe -0.16 0.53 -0.03 0.90 0.06 0.81 -0.13 0.59 0.05 0.83
Parietal Lobe -0.10 0.69 -0.03 0.91 0.18 0.46 -0.26 0.30 -0.12 0.65
Putamen 0.13 0.61 0.13 0.61 -0.11 0.65 0.05 0.86 0.10 0.70
Temporal Lobe 0.05 0.85 -0.18 0.48 0.003 0.99 -0.11 0.66 -0.03 0.90
Thalamus -0.13 0.61 0.06 0.82 0.05 0.85 -0.04 0.88 0.03 0.90

3.3 Region Based Results

Table 3.18 summarizes the data collected from MD and FA maps. Accordingly,
the range of FA values was 0.2-0.57 for PD-MCI and PD-CI patients, while it varied
between 0.2-0.6 for healthy controls. FA values were generally higher for HC group,
lower for PD-CI and much lower for PD-MCI groups. Mean FA values differed in the
range of orders of 0.001 to 0.01 between the groups. Mean and standard deviations did
not significantly vary at frontal lobe (0.2140.01) and cerebellum (0.2440.02) between

the groups.

On the other hand, MD values, which is represented in the order of 107, ranged
between 0.74-2.35 for PD-MCI group, 0.74 to 2.19 for PD-CI group, and 0.71-2.26 for
HC group. On all regions, MD values were higher for PD-MCI group than HC group,
and slightly higher than PD-CI group. Mean MD values differed in the range of orders
of 0.001 to 0.01 between the groups. No regions showed exactly the same mean MD

value and standard deviation for the groups of interest.

Table 3.19 shows the results of the Kruskal Wallis test where mean MD and FA
values between all three groups were compared. For FA values, there was a statistically
significant difference in between PD-MCI, PD-CI and HC groups at pontine crossing
tract, body of corpus callosum, cerebral peduncle, right posterior thalamic radiation,

right sagittal stratum, right fornix, bilateral tapteum and parietal lobe.

On the other hand, for MD values, number of regions that showed significant
differences between the study groups, exceeded number of significantly differing regions

of FA values. Similar to FA maps, pontine crossing tract, right posterior thalamic
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radiation, right sagittal stratum, right tapetum and left cerebral peduncle showed
statistically significant differences. Additionally, right cerebral peduncle, left posterior
limb of internal capsule, left external capsule, left superior longitudinal fascicle, right
superior corona radiata, insula, putamen and temporal lobe were observed to have

statistically significantly different MD values.

Pairwise comparisons were made by Mann Whitney rank sum test with Bonfer-
roni correction and Table 3.20 reports the regions showing difference trends (p<.05)
and statistically significant differences (p<.05/3). For both FA and MD regions, most
of the differences were found in between PD-MCI and HC groups. Mean FA values
showed a significant reduction between PD-MCI and HC at body of corpus callosum
(p=0.005), left cerebral peduncle (p=0.002), and right tapetum (p=0.008). Also, trends
for differences of FA values between PD-MCI and HC were found at right posterior
thalamic radiation (p=0.02), right sagittal stratum (p=0.03), right fornix (p=0.03), left
tapetum (p=0.04) and parietal lobe (p=0.02). For PD-MCI and PD-CI comparison, no
region showed statistically significant differences, but difference trends were observed
at pontine crossing tract (p=0.04), right posterior thalamic radiation (p=0.03), right
sagittal stratum (p=0.017), bilateral tapetum (p=0.04 for both sides), and parietal
lobe (p=0.02). Another significant FA reduction was found at pontine crossing tract
between PD-CI and HC groups (p=0.002). Additionally a difference trend was found
between PD-CI and HC at left cerebral peduncle (p=0.02).

A significant increase of MD values was found between PD-MCI and HC groups
at bilateral cerebral peduncle (right: p=0.003, left: p=0.001), left posterior limb of in-
ternal capsule (p=0.014), right posterior thalamic radiation (p=0.007), bilateral sagit-
tal stratum (right: p=0.005, left: p=0.007), left external capsule (p=0.003), left supe-
rior longitudinal fasciculus (p=0.007), insula (p=0.015) and putamen (p=0.03). More-
over, difference trends between the same groups were found at pontine crossing tract
(p=0.02), splenium of corpus callosum (p=0.04), right superior corona radiata, right
tapetum and temporal lobe (p=0.02). Between PD-MCI and PD-CI groups, while a
significant increase of MD was found at right sagittal stratum (p=0.014), a difference

trend was found at right posterior thalamic radiation (p=0.04) and putamen (p=0.048).
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The least number of different regions were noted in between PD-CI and HC groups.
Only left superior longitudinal fasciculus (p=0.007) and bilateral cerebral peduncle
(right: p=0.003, left: p=0.004) showed significant MD value differences and pontine

crossing tract had a difference trend (p=0.03).

3.4 TBSS Results

As reported in section 2.4, TBSS analysis was carried out on FA and MD maps,
permutation tests were applied for pairwise comparisons by using FSL’s randomise
tool. A sample image of filled version of t stats map of FA image is presented in Figure

3.1.

PD-MCI / HC PD-MCI / PD-CI PD-CI / HC

Corrected P Value |

0.05

Figure 3.1: t statistics maps of pairwise comparisons after TBSS and permutation

tests.

Table 3.21 summarizes the regions where statistically significant (p<.05) FA
differences were found. Accordingly, it can be said that on each region assessed, statis-
tically significant differences were observed between PD-MCI and HC groups, but no
differences were found between PD-CI/HC groups. On the other hand, FA differences
were observed between PD-MCI/PD-CI groups at corpus callosum, cerebral peduncle,
internal capsule, external capsule, bilateral corona radiata, posterior thalamic radia-

tion, sagittal stratum, cingulum, fornix and tapetum.
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Table 3.18: Regional mean and standard deviations of mean FA and MD values for the

study groups.

FA MD (10°-6)
Region MCI CI HC MCI CI HC

Mean£Std | Mean£Std | Mean+Std Mean=£Std | Mean+Std | Mean+Std
Middle Cerebellar Peduncle 0.4240.04 | 0.4240.04 | 0.45%0.05 1.1+0.19 1.1+0.18 1.04+0.19
Pontine Crossing Tract 0.43+0.04 | 0.41+0.04 | 0.4440.03 0.74+£0.05 | 0.7440.05 | 0.71+0.03
Genu of Corpus Callosum 0.46+0.09 | 0.49+0.08 | 0.49+0.08 1.4240.48 | 1.3540.42 | 1.36+0.31
Body of Corpus Callosum 0.46+0.08 | 0.47+0.11 | 0.51£0.03 1.2940.44 | 1.26+0.53 | 1.07+0.21
Splenium of Corpus Callosum 0.5340.08 | 0.56+0.07 | 0.57+0.05 1.18+0.28 | 1.054+0.27 | 1.03+0.18
Fornix 0.28+0.09 | 0.31£0.08 | 0.31£0.07 2.33+0.37 | 2.19£0.32 | 2.26+0.29
Corticospinal Tract R 0.4640.07 | 0.47+0.06 | 0.48+0.06 1.03+£0.26 | 0.97£0.17 | 0.95%0.19
Corticospinal Tract L 0.43£0.08 | 0.4440.06 | 0.474+0.06 1.134+0.31 | 1.02+0.17 | 1.03£0.22
Medial Lemniscus R 0.4740.06 | 0.4740.05 | 0.5+0.05 0.7540.05 | 0.7440.05 | 0.73+0.03
Medial Lemniscus L 0.46+0.06 | 0.474+0.06 | 0.49+0.05 0.7640.05 | 0.7640.05 | 0.75+0.03
Inferior Cerebellar Peduncle R 0.4140.05 | 0.414+0.06 | 0.41£0.06 0.914+0.19 | 0.89+0.12 | 0.87+0.09
Inferior Cerebellar Peduncle L 0.3940.06 | 0.39+0.06 | 0.41£0.05 1.02+0.22 | 0.99£0.16 | 0.9440.12
Superior Cerebellar Peduncle R 0.5240.07 | 0.53£0.06 | 0.5440.07 1.27+£0.2 | 1.2940.23 | 1.2540.23
Superior Cerebellar Peduncle L 0.54£0.07 | 0.53%+0.05 | 0.57+0.07 1.1940.21 | 1.23+0.23 | 1.15+0.19
Cerebral Peduncle R 0.5740.06 | 0.57+0.05 | 0.6+£0.04 0.96£0.14 | 0.92+0.1 | 0.8240.08
Cerebral Peduncle L 0.5540.05 | 0.5540.04 | 0.59-+0.04 0.9640.11 | 0.9340.08 | 0.85+0.08
Anterior Limb of Internal Capsule R 0.46+0.1 | 0.4740.09 | 0.49+0.06 0.8240.16 | 0.7840.18 | 0.75+0.08
Anterior Limb of Internal Capsule L 0.4240.1 | 0.4340.09 | 0.44-0.06 0.85£0.15 | 0.83+£0.2 | 0.79+0.13
Posterior Limb of Internal Capsule R 0.564+0.06 | 0.57+0.06 | 0.58+0.05 0.76+0.05 | 0.76+0.08 | 0.73+0.03
Posterior Limb of Internal Capsule L 0.5540.05 | 0.560.05 | 0.57£0.05 0.79£0.05 | 0.7840.08 | 0.75£0.04
Retrolenticular Internal Capsule R 0.5£0.06 | 0.5140.04 | 0.52£0.04 1.01£0.21 | 0.97£0.19 | 0.9240.14
Retrolenticular Internal Capsule L 0.49£0.05 | 0.5£0.05 | 0.5140.04 0.974+0.2 | 0.9440.17 0.9£0.1
Anterior Corona Radiata R 0.3840.04 | 0.3840.03 | 0.39+0.04 0.8840.1 0.84+0.1 | 0.8340.08
Anterior Corona Radiata L 0.36+0.04 | 0.3740.03 | 0.37+0.04 0.9+0.1 0.87+0.14 | 0.854+0.09
Superior Corona Radiata R 0.4240.04 | 0.4340.03 | 0.43£0.03 0.8440.12 | 0.82+0.14 | 0.77+0.06
Superior Corona Radiata L 0.4140.04 | 0.42+0.03 | 0.42+0.03 0.85+0.1 | 0.85£0.17 | 0.79+0.07
Posterior Corona Radiata R 0.4240.04 | 0.41£0.04 | 0.4140.04 1.02+0.23 140.28 0.91£0.12
Posterior Corona Radiata L 0.4+0.04 0.39£0.03 | 0.39+0.04 1.03+0.25 | 1.04£0.36 | 0.93%0.12
Posterior Thalamic Radiation R 0.43£0.06 | 0.46+0.04 | 0.47£0.05 1.254:0.32 | 1.08+0.23 | 1.05£0.22
Posterior Thalamic Radiation L 0.4240.07 | 0.4440.06 | 0.46+0.04 1.334+0.38 | 1.18+0.35 | 1.16+0.24
Sagittal Stratum R 0.440.06 | 0.4440.05 | 0.44-0.06 1.1940.25 | 1.04+0.17 | 1.01+0.13
Sagittal Stratum L 0.3940.06 | 0.41£+0.07 | 0.43£0.06 1.234£0.24 | 1.12+0.26 | 1.03+0.13
External Capsule R 0.4£0.04 | 0.41£0.04 | 0.41£0.03 0.8+0.07 | 0.78+0.04 | 0.77+0.04
External Capsule L 0.3740.03 | 0.38+0.04 | 0.38+0.02 0.85+0.06 | 0.82+0.05 | 0.84+0.04
Cingulum (Cingulate Gyrus) R 0.3740.09 | 0.38+0.09 | 0.37£0.05 0.83£0.05 | 0.8240.06 | 0.840.05
Cingulum (Cingulate Gyrus) L 0.39£0.1 | 0.41£0.09 | 0.3640.06 0.84+£0.08 | 0.8340.1 0.8+0.04
Cingulum (Hippocampus) R 0.3240.05 | 0.34%0.05 | 0.32+0.05 1.074+0.18 | 1.05+0.22 | 1.05+0.15
Cingulum (Hippocampus) L 0.340.05 0.3+£0.06 | 0.31+0.04 1.114+0.23 | 1.140.25 1.1140.22
Fornix R 0.36+0.07 | 0.384+0.05 | 0.41£0.07 1.23£0.22 | 1.1540.22 | 1.1£0.23
Fornix L 0.38+0.06 | 0.4£0.05 | 0.42+0.06 1.14£0.21 | 1.06+0.21 | 1.03+0.18
Superior Longitudinal Fasciculus R 0.4140.03 | 0.42+0.03 | 0.4240.03 0.78+0.05 | 0.7630.03 | 0.75£0.04
Superior Longitudinal Fasciculus L 0.440.03 0.4+0.03 0.4£0.03 0.7940.05 | 0.7840.03 | 0.7620.04
Superior Fronto Occipital Fasciculus R 0.33+0.1 0.3440.08 | 0.35+0.06 1.03+0.39 | 0.97+0.44 | 0.92+0.23
Superior Fronto Occipital Fasciculus L 0.354£0.08 | 0.35+0.08 | 0.3440.06 1.034+0.37 | 0.96+0.45 | 0.92+0.25
Uncinate Fasciculus R 0.484+0.07 | 0.484+0.08 | 0.49+0.06 0.7740.07 | 0.7440.08 | 0.75+0.04
Uncinate Fasciculus L 0.4440.08 | 0.4440.08 | 0.48+0.06 0.844+0.1 | 0.82+0.06 | 0.840.05
Tapetum R 0.2740.15 | 0.35+0.15 | 0.4+0.15 2.33+0.63 | 2.07+£0.53 | 1.82+0.64
Tapetum L 0.26+0.14 | 0.33£0.15 | 0.34£0.14 2.35+0.66 | 2.03£0.64 | 2.09+0.65
Caudate 0.2640.05 | 0.26£0.05 | 0.2640.04 1.66+0.34 | 1.57+£0.34 | 1.61+0.27
Cerebellum 0.24£0.02 | 0.24%0.02 | 0.2440.02 1.05%0.1 1.0340.08 | 1.03%0.08
Frontal Lobe 0.21£0.01 | 0.21£0.01 | 0.2140.01 1.2240.13 | 1.15+0.13 | 1.15+£0.11
Insula 0.2240.02 | 0.234+0.02 | 0.23£0.02 1.2240.15 | 1.1540.12 | 1.124+0.13
Occipital Lobe 0.240.01 | 0.21£0.01 | 0.2+0.01 0.9840.08 | 0.9540.07 | 0.96+0.07
Parietal Lobe 0.2140.01 | 0.224+0.01 | 0.22+0.01 1.19£0.12 | 1.13+0.09 | 1.14+0.12
Putamen 0.36+0.03 | 0.36£0.03 | 0.37£0.02 0.8£0.05 | 0.78+0.04 | 0.76+0.04
Temporal Lobe 0.2140.01 | 0.21+0.01 | 0.21£0.01 1.19+0.1 1.1340.09 | 1.13+0.08
Thalamus 0.33£0.03 | 0.33£0.04 | 0.3340.03 1.1940.1 1.1340.09 | 1.1340.08




Table 3.19: Kruskal Wallis test results.

FA
Region PD-MCI PD-CI HC p value
Mean Std Mean Std Mean Std
Pontine Crossing Tract 0.43£0.04 0.41£0.04 0.44+£0.03 0.006
Corpus Callosum (Body) 0.46£0.08 0.47£0.11 0.51£0.03 0.03
Cerebral Peduncle L 0.5540.05 0.5540.04 0.5940.04 0.006
Posterior Thalamic Radiation R 0.43+£0.06 0.46£0.04 0.47£0.05 0.02
Sagittal Stratum R 0.440.06 0.44%0.05 0.4440.06 0.03
Fornix R 0.3640.07 0.3840.05 0.4140.07 0.05
Tapetum R 0.274£0.15 0.3540.15 0.440.15 0.014
Tapetum L 0.2640.14 0.3340.15 0.3440.14 0.047
Parietal Lobe 0.21£0.01 0.2240.01 0.2240.01 0.02
MD
Region PD-MCI PD-CI HC p value
Mean Std(10°-3) | Mean Std(10°-3) | Mean Std(10°-3)
Pontine Crossing Tract 0.7440.05 0.7440.05 0.7140.03 0.05
Corpus Callosum (Splenium) 1.18+0.28 1.05£0.27 1.03+0.18 0.05
Cerebral Peduncle R 0.96£0.14 0.92+0.1 0.8240.08 0.004
Cerebral Peduncle L 0.96£0.11 0.93£0.08 0.85+£0.08 0.002
Posterior Limb of Internal Capsule L 0.7940.05 0.78%0.08 0.7540.04 0.045
Superior Corona Radiata R 0.8440.12 0.824+0.14 0.7740.06 0.04
Posterior Thalamic Radiation R 1.2540.32 1.0840.23 1.0540.22 0.013
Sagittal Stratum R 1.1940.25 1.04£0.17 1.01+£0.13 0.005
Sagittal Stratum L 1.234+0.24 1.1240.26 1.034+0.13 0.018
External Capsule L 0.8540.06 0.8240.05 0.840.04 0.01
Superior Longitudinal Fasciculus L 0.7940.05 0.78%0.03 0.7640.04 0.01
Tapetum R 2.33+0.63 2.0740.53 1.8240.64 0.04
Insula 1.2240.15 1.1540.12 1.1240.13 0.02
Putamen 0.840.05 0.78+0.04 0.7640.04 0.005
Temporal Lobe 1.19£0.1 1.13£0.09 1.13£0.08 0.04
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Table 3.20: Mann Whitney rank sum test results.

Region Group FA Mean + Std p Value
PD-MCI/ PD-CI | 0.4340.04 / 0.41£0.04 | p=0.04*
Pontine Crossing Tract
PD-CI / HC 0.41£0.04 / 0.44+0.03 | p=0.002**
Corpus Callosum (Body) PD-MCI/ HC | 0.46+0.08 / 0.51£0.03 | p=0.005**
PD-MCI/ HC | 0.5540.05 / 0.5940.04 | p=0.002**
Cerebral Peduncle L
PD-CI/ HC 0.5540.04 / 0.59+0.04 | p=0.02*
PD-MCI/ HC | 0.4340.06 / 0.4740.05 | p=0.02*
Posterior Thalamic Radiation R
PD-MCI/PD-CT | 0.4340.06 / 0.464-0.04 | p=0.03*
PD-MCI/ HC 0.4£0.06 / 0.4440.06 | p=0.03*
Saggital Stratum R
PD-MCI/PD-CT | 0.440.06 / 0.44+0.05 | p=0.02*
PD-MCI/ PD-CT | 0.2740.15 / 0.3540.15 | p=0.04*
Tapetum R
PD-MCI/HC 0.2740.15 / 0.4£0.15 | p=0.008**
PD-MCI/ PD-CT | 0.264+0.14 / 0.334£0.15 | p=0.04*
Tapetum L
PD-MCI/HC 0.264+0.14 / 0.34+0.14 | p=0.04*
Fornix R PD-MCI/ HC | 0.3640.07 / 0.41+0.07 | p=0.03*
PD-MCI/ PD-CI | 0.21+0.01 / 0.22+0.01 | p=0.02*
Parietal Lobe
PD-MCI/ HC | 0.2140.01 / 0.22+0.01 | p=0.02*
Region Group MD Mean + Std p Value
PD-MCI/ HC | 0.74£0.05 / 0.71£0.03 | p=0.02*
Pontine Crossing Tract
PD-CI/ HC 0.74+0.05 / 0.71+0.03 | p=0.03*
Corpus Callosum (Splenium) PD-MCI/ HC | 1.27+0.35 / 1.08+0.23 | p=0.04*
PD-MCI/ HC | 1.1340.28 / 0.9640.21 | p=0.01**
Posterior Thalamic Radiation R
PD-MCI/PD-CT | 1.1340.28 / 0.9840.19 | p=0.04*
Posterior Limb of Internal Capsule L | PD-MCI/ HC | 0.7740.06 / 0.7340.04 | p=0.014**
PD-MCI/ HC | 1.1340.26 / 0.9440.11 | p=0.01**
Saggital Stratum R
PD-MCI/PD-CT | 1.1340.26 / 0.9840.14 | p=0.014**
Saggital Stratum L PD-MCI/ HC | 1.1540.22 / 0.9840.11 | p=0.01**
PD-MCI/ HC | 1.08+0.23 / 0.8840.14 | p=0.003**
Cerebral Peduncle R
PD-CI /HC 1.0240.17 / 0.8840.14 | p=0.003**
PD-MCI/ HC 1.08+0.2 / 0.8940.12 | p=0.001**
Cerebral Peduncle L
PD-CI /HC 1.03+0.16 / 0.8940.12 | p=0.004**
Tapetum R PD-MCI/ HC | 2.1440.71 / 1.6£0.69 | p=0.02*
PD-CI / HC 0.78+0.04 / 0.75+0.04 | p=0.01**
Superior Longitidunal Fasciculus L
PD-MCI/ HC | 0.79£0.04 / 0.75+0.04 | p=0.01**
Superior Corona Radiata R PD-MCI/ HC | 0.81£0.09 / 0.76£0.05 | p=0.02*
External Capsule L PD-MCI/ HC | 0.8640.06 / 0.75+0.04 | p=0.003**
Temporal Lobe PD-MCI/ HC 1.1£0.1 / 1.0340.09 p=0.02*
Insula PD-MCI/ HC | 1.2840.16 / 1.1640.14 | p=0.015**
PD-MCI/ HC | 0.8240.05 / 0.7840.04 | p=0.003**
Putamen

PD-MCI/ PD-CI

0.82£0.05 / 0.8£0.04

p=0.02*

*trend, **p<0.05/3
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Table 3.21: TBSS results of FA maps (+:Difference exists,—:Difference does not exist.)

Region

PD-MCI
HC

PD-MCI
PD-CI

PD-CI
HC

Middle Cerebellar Peduncle

Pontine Crossing Tract

Genu & Body of Corpus Callosum

Splenium of Corpus Callosum

ot

Fornix

Corticospinal Tract R / L

Medial Lemniscus R / L

Inferior Cerebellar Peduncle R / L

© |0 | >

Superior Cerebellar Peduncle R / L

Cerebral Peduncle R

11

Cerebral Peduncle L

12

Anterior Limb of Internal Capsule R / L

13

Posterior Limb of Internal Capsule R / L

14

Retrolenticular Internal Capsule R / L

(A,S,P) Corona Radiata R / L

16

Posterior Thalamic Radiation R / L

17

Sagittal Stratum R / L

18

External Capsule R / L

19

Cingulum (Cingulate Gyrus) R / L

Cingulum (Hippocampus) R

21

Cingulum (Hippocampus) L

22

Fornix R

23

Fornix L

24

Superior Longitudinal Fasciculus R / L

Superior Fronto-occipital Fasciculus R / L

26

Uncinate Fasciculus R / L

27

Tapetum R

28

Tapetum L
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4. DISCUSSION

This study focused on the analysis of DW-MRI parameters in PD-MCI, PD-CI
and HC groups with an overarching goal of defining DW-MRI based biomarkers of
PD-MCI. Our results indicated that ACE-R test scores decrease as cognitive ability
worsens. Similar results were found in Berankova et al.s” study, where PD-HC, PD-CI
and PDD patients’ test scores were compared and ACE-R test was reported as a suc-
cessful tool of discriminating PD subtypes [66]. A significant reduction of SDMT scores
between PD-MCI and PD-CI groups might be a sign of remarkable motor function loss

as the disease progresses.

We have defined several correlations between regional mean FA or MD values
and neuropsychological test scores. We should also add that association of cognitive
deficits and neuroanatomical pathology remained unexplored [67]|. Still, at this point
we should consider the study of Zheng et al., where correlations of DTT and cognitive
profiles were examined in a very similar pipeline to our study [68]. In this study,
16 PD patients’ regional mean FA and MD values were calculated via FSL’s tools
and these values were linearly regressed to neuropsychological test scores. The study
found positive correlations between all mean FA values and all cognitive domains,
where negative correlations were found for mean MD values. In our study, when
all groups including HC’s, we also found positive correlations for FA values except
GDS and STROOP tests, and for MD values all correlations were negative. Zheng
et al. reported that executive function was directly correlated with FA and inversely
correlated with MD at anterior corona radiata, left anterior limb of internal capsule and
genu of corpus callosum. In our study, executive function was measured by STROOP
test and a positive correlation with FA at posterior corona radiata and a negative
correlation with MD at posterior limb of internal capsule was observed for PD-MCI
group. Additionally, a negative correlation of STROOP test with MD was observed at
splenium of corpus callosum for PD-CI group. In the same study, it was mentioned

that non-verbal memory deficits were related to MD alterations in the fornix and
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anterior corona radiata [68]. In our study, attention was measured by ACE-R, SDMT
and STROOP tests, and a negative correlation between ACE-R scores and FA at both
regions and a positive correlation with MD at fornix were found for the PD-MCI group.
It was also reported that the strongest correlations between attention and brain regions
were found at cingulate gyrus [68|. In our study, PD-MCI groups’” ACE-R scores (when
the test was used to measure attention) showed a positive correlation with MD values

at left cingulate gyrus.

When regionwise mean FA and MD values were assessed, it was seen that as
cognitive ability worsens mean FA values decreased and mean MD values increased.
Many previous studies that compared two or more of the PDD, PD-MCI, PD-CI and
HC groups also reported a decrease of FA values in PDD and PD-MCI groups compared
to HC’s at major WM tracts [61,69,70] with a simultaneous increase of MD values [69].
As disease progresses, white matter integrity decreases, causing a greater amount of

cognitive dysfunction [61,69,71,72].

As cognitive profile worsens, FA values decreased at prefrontal WM, genu of cor-
pus callosum, superior and inferior longitudinal fasciculus, fronto occipital fasciculus,
and uncinate fasciculus [61,69,70]. On a study carried out by Zhan et al., 51 PD-MCI
and 66 PD-CI patients’ DTT images were compared and a significant FA reduction was
reported at fornix of PD-MCI patients |73]. Likewise, Deng et al. found reductions
of FA at cinguate bundles, left/front and right temporal lobe [74] and Agosta et al.
found reductions of FA at longitudinal fascicle [75]. Rae et al. found lower FA and
higher MD at thalamic region [64]. Our results on the other hand, indicated lower FA
at body of corpus callosum and right fornix. We noted higher MD values at the corpus

callosum, left superior longitudinal fasciculus and temporal lobe.

Some of the previous studies found no differences of FA values between PD-
CI and HC groups [61,69]. Other studies reported FA reductions at substantia nigra
[72,76], lower part of putamen [72], left anterior cingulate gyrus [77], right superior
longitudinal fasciculus and corpus callosum [77,78|, and thalamus [78]. No MD changes

were reported between these two groups at putamen, caudate and thalamus [78|.
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While most of the PD-MCI research focused on FA values, a study by
Thillainadesan et al. presented MD changes similar to our results. In that study, 158
PD-MCI and 238 PD-CI subjects were compared, and PD-MCI patients were found to
have higher MD at internal capsule, putamen and cingulate gyrus (cingulum) 79|, but

no differences were found for FA values.

Our results acquired from TBSS analyis correlates better with the previous
studies. A study of Agosta et al. found that there was no differences between PD-CI
and HC’s [75], which was in agreement with our results. Moreover, differences were
noted at corpus callosum and bilateral corona radiata, which was similar to our results.
Anterior cingulate bundle was found to be different in a study of Deng et al.’s [74],

which was also indicated in our analysis.

Our study had some limitations that could be tackled in the future. First of all,
registration methods could be reviewed, where non-linear registration methods might
provide better alignment and more successful overlay of the same structures. We should
also note that brain WM changes due to the disease process made it harder to delineate
the brain structures for some patients. At this point, increasing the number of patients

could provide more accurate results.

This study made a great contribution on my engineering and research skills. In
order to analyze the data set, I learned shell script coding, which was completely a new
environment for me. From now on, I believe that I will be more comfortable in learning
new coding languages. Apart from this, I had a chance to learn diffusion weighted
magnetic resonance imaging principles on a larger extend and especially, broaden my
point of view on Parkinson’s disease and similar neurodegenerative diseases that might

be a guide for me to do further studies in the future.
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5. CONCLUSION

The aim of this study was to investigate the structural changes of the brain
in PD-MCI by using DW-MRI. Our results indicated that FA and MD maps, derived
from DW-MRI, could be used for defining biomarkers of PD-MCI. Future studies will
include TBSS analysis of MD maps and detection of temporal changes of FA and MD
in PD-MCI patients for defining possible patterns of evolution into PDD.



6. APPENDIX A. Software Packages

e F'SL(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/)

e MATLAB (http://www.mathworks.com/downloads/)
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7. APPENDIX B. FSL Scripts

All scripts are provided within the CD attached to the backpage.
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