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ABSTRACT

DETERMINATION OF BIOMARKERS FOR MILD
COGNITIVE IMPAIRMENT IN PARKINSON’S DISEASE
USING MAGNETIC RESONANCE SPECTROSCOPIC
IMAGING

Parkinson’s disease (PD) patients could be categorized as PD with cognitively
normal (PD-CN), PD with mild cognitive impairment (PD-MCI), and PD with de-
mentia (PDD). There is a need for finding noninvasive biomarkers for the early diag-
nosis of PD-MCI. Proton magnetic resonance spectroscopic imaging (*H-MRSI) is a
non-invasive MR technique that provides spectroscopic information about metabolic
activity of the brain. 19 patients with PD-MCI and 21 patients with PD-CN were
included in this study and neuropsychological tests were performed. Multi-voxel 'H-
MRSI data were acquired in all patients. An MRSI data analysis tool was developed to
create 'H MR spectroscopic peak parameter maps out of raw MRSI data and overlay
them onto reference T2-weighted MR images. FMRIB Software Library (FSL) tool was
used to register metabolite maps overlaid onto T2-weighted MR images to an MNI152
brain atlas. A Mann-Whitney rank-sum test was applied to compare the differences of
metabolic parameters and neuropsychological test scores between PD-MCI and PD-CN.
A Friedman test was used to analyze the MR spectroscopic metabolite ratio variations
in different brain regions of PD-MCI and PD-CN. Spearman rank correlation coefficient
was used to find correlations of neuropsychological test scores and MRS metabolite ra-
tios. There were no significant differences in MRS metabolite ratios in different brain
regions of PD-MCI and PD-CN after accounting for multiple comparisons. However,
frontal lobe and cerebral white matter showed trends for metabolic differences. Neu-
ropsychological test scores were correlated with several spectroscopic parameters. The
results of this study might enable a definition of a biomarker for PD-MCI diagnosis in

the future, when combined with possible other MR based biomarkers.

Keywords: Parkinson’s disease, mild cognitive impairment, registration, multi-voxel,

proton magnetic resonance spectroscopic imaging.



vi
OZET

MANYETIK REZONANS SPEKTROSKOPIK
GORUNTULEME KULLANARAK HAFIF KOGNITIF
BOZUKLUGU OLAN PARKINSON HASTALARINDA

BIYOISARETLECIYILERIN BELIRLENMESI

Parkinson hastaligi (PH), PH iglevsel normal (PH-KN), PH hafif kognitif bozuk-
luk (PH-HKB) ve PH demans (PHD) olarak simiflandirilabilmektedir. PH-HKB erken
tanisi i¢in noninvazif biyoisaretleyiciler bulmaya ihtiyag vardir. Proton manyetik rezo-
nans spektroskopik goriintiileme ("H-MRSG), beyindeki metabolik aktivite hakkinda
spektroskopik bilgi saglayan bir noninvazif MR teknigidir. 19 PH-HKB ve 21 PH-KN
hastalar1 bu ¢alismaya dahil edildi ve noropsikolojik testler uygulandi. Tiim hasta-
larda coklu voksel "H-MRSG verileri alindi. Islenmemis MRSG verilerinden cikarilan
'H MR spektroskopik pik parametre haritalar yaratmak ve onlari referans T2-agirlikh
MR goriintiiler {izerine yerlestirmek ic¢in bir MRSG veri analiz araci geligtirildi. T2-
agirlikli gortintiiler iizerine yerlestirilen metabolik haritalari bir MNI152 beyin hari-
tasia gakigtirmak igin FMRIB yazihm araci (FSL) kullamildi. Mann-Whitney sira
toplam testi uygulanarak, PH-HKB ve PH-KN hastalarinin metabolik parametreleri ve
noropsikolojik test skorlar1 arasindaki farklar kargilagtirildi. Friedman testi ile PH-HKB
ve PH-KN hastalarinda, farkli beyin bolgelerindeki MR spektroskopik metabolit oran-
larin degisimleri incelendi. Noropsikolojik test skorlarinin MR spektroskopik metabolit
oranlar1 ile korelasyonlarina Spearman sira korelasyon katsayisi kullanilarak bakildi.
Coklu kargilagtirmalar: hesaba katinca, PH-HKB ve PH-KN’nin farkli beyin bolgelerinde
MRS metabolitlerinde anlamli farklhiliklar yoktu. Buna ragmen, frontal lob ve serebral
beyaz maddede metabolit farkliliklara dair bir egilim goriildii. Noropsikolojik test skor-
lar1 ve pek ¢ok spektroskopik parametreler arasinda bir korelasyon vardi. Bu calismanin
sonugclari, ileride bagka olast MR temelli biyoisaretleyiciler ile birlestirilerek, PH-HKB

tanisi i¢in bir biyoisaretleyici tamimlanmasinda kullanilabilir.

Anahtar Sozciikler: Parkinson hastaligi, hafif kognitif bozukluk, imge cakistirma,

¢oklu voksel, proton manyetik rezonans spektroskopik goriintiilleme
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1. INTRODUCTION

1.1 The Principles of Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive imaging technique, which
can be used in the diagnosis of several diseases including cancer and neurological disor-
ders. In comparison to other imaging modalities, such as computed tomography (CT)
and positron emission tomography (PET), MRI is safer, because it does not use harm-
ful ionizing radiation. As a result, even children can be scanned without any harm

using MRI.

An MR system includes 6 different components, which are a magnet to produce
the main magnetic field, shim coils for creating a homogeneous magnetic field, a ra-
diofrequency (RF) coil to excite and receive an MR signal, a gradient coil for spatial
localization, and a computer to process the signal and visualize the final image. In
basic MRI physics, once placed into an MR scanner, protons inside the human body
align either parallel or anti-parallel to the direction of By. Additionally, spins precess
about the axis of main magnetic field with a characteristic frequency called the Larmor

frequency. Larmor frequency is given by,

fo= 100 (1.1)

or

where, By represents a strong external static magnetic field, v refers to the gyromag-

netic ratio for a specific particle like 'H (for 'H,v/27=42.576 MHz.T"!).

There is an energy difference between the spin orientations which are parallel
or anti-parallel to the external magnetic field. The energy difference can be calculated

as,

~ vhBy

AFE ,
2T

(1.2)



where, h is the Planck’s constant, which is equal to 6.626x1034J.sec. In thermal equi-
librium, the ratio of the number of spins in the upper energy state to the lower state

is given by,

Ny _am
_ = kT 1 . 3
Ndown ¢ 7 ( )

where, N, is the number of spins aligned parallel to By (this state is more preferred due
to the need for low energy), N qown is the number of spins aligned anti-parallel to By (this
state is less preferred due to the need for high energy), & is the Boltzmann’s constant,
which is equal to 1.381 x 102 J.K!, and T is the temperature in Kelvin. Equation 1.3
is relevant to low signal-to-noise ratio (SNR) due to the low energy absorption, which

results in a grainy image that is not preferred.

An RF pulse is applied perpendicular to the external magnetic field to excite
all spins and to select the required frequency range among precessing spins. Once this
pulse matches the Larmor frequency, it results in the magnetic moment called, M, to
tilt away from the external magnetic field, By. When the application of RF pulse is
removed, spins want to return the stable state, in which M is parallel to By. This return
is called 'relaxation’ and the signal detected during relaxation is called a ’free induction
decay (FID)’ signal. FID signal is in the time domain and the Fourier transform (FT)

converts it into the frequency domain.

1.1.1 Analysis Tools for Magnetic Resonance Imaging

MR images should be preprocessed before registration. Therefore, brain ex-
traction and image registration could be applied to all MR images. FMRIB Software
Library (FSL) [1, 2| (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) is a commonly used tool

that works on Ubuntu/Linux operating system, which allows for these operations.



1.1.1.1 Brain Extraction (BET)

A head MR image includes skull and brain parts. The skull part is often stripped
before image registration. Brain extraction toolbox distributed with FSL is an effective
toolbox to get an intensity histogram from the image. Robust upper and lower intensity
values can be determined and non-brain tissue (skull, nose vs) can be separated roughly
from brain tissue according to histogram thresholds. Head MR images with and without

non-brain tissue are shown in Figure 1.1.

Figure 1.1 A brain extraction example of a T2-weighted MR image.

1.1.1.2 Image Registration

Registration methods are categorized as linear (affine or rigid) and deformable.
Compared to affine transformation, rigid transformation seems erroneous and is poor
because it does not include aspects like scaling and shearing as well as affine transforma-
tion does. Briefly, the reflection, rotation and the translation of the image coordinates
are the main component of a rigid transformation. Parametric registration achieves ul-
timate similarity between the registered and the reference image in order to construct
a finite transformation matrix parameter number besides affine and rigid transforma-
tions. Rigid transform needs 3 translation and 3 rotation parameters for a 3D image.
In addition to these six rotation and translation parameters, affine mapping needs three

shear and three scaling parameters. In total, affine transform requires twelve degrees



of freedom parameters. Homogeneous coordinates of reference and moving images can

be represented as [ryz]T and [2'y/2']T respectively in formula (1.4) that generates a
sample mapping [3, 4].
X aip Qai2 Qi3 tx x
y|_ |0 an ax ly Y (1.4)
zZ as1 Q32 ass tz Z
1 O 0 0 1 1

We performed affine linear registration methods by using flirt component of FSL
in this study. In the flirt toolbox, affine transformation registers the moving images
(input image) to the reference MNI152 brain atlas (template image) and generates an
output image. Figure 1.2 shows an example T2-weighted MR image before (left) and
after (right) registration to MNI152 brain atlas.

Figure 1.2 An example of T2-weighed image registered to MNI152 brain atlas.



1.2 The Principles of Magnetic Resonance Spectroscopy

The information acquired from MR imaging (MRI) provides a grey-scale anatom-
ical image. In addition to the anatomical image, MR spectroscopy (MRS) provides
spectroscopic information about metabolic activity occurring in the region of interest.
That means, while MRI uses frequency to encode spatial information, MRS uses it to
encode chemical information. This information is represented as an MR spectroscopic
signal, called a spectrum. Using FT, FID signal is converted from time domain into
frequency domain. The transformation of FID signal into frequency domain enables
the visualization of metabolites as distinct peaks. A metabolite is located at a specific
location (a fixed frequency value) in the spectrum and the estimation of that location
is related to its chemical shift, denoted in parts per million (ppm). Frequency in Hertz

(Hz) could be converted into ppm scale as,

(sz X 106)

f +pmeefa (15)

ppm =

where, ppm;s is the ppm value of an exact reference resonance, f; is the spectrometer
frequency, and fy, is the resonance frequency of a given metabolite. In 'H MRS, the
water resonance is often selected as the reference resonance, which is 4.7 ppm [5].
For example, knowing that the location of creatine peak is -209 Hz below the water’s
resonance frequency, and if a spectrum is acquired at 3.0 T (127.74 KHz), the chemical
shift of creatine at 3T can be calculated as,

(—209 x 109)

_ X =3, . 1.
19774 x 103~ +7 = 307ppm (1.6)

ppm

If nuclei are very close to each other, they affect magnetic fields of each other,
which results in J-coupling or spin-spin coupling. As a result of J-coupling, the phase
of the MR spectroscopic signal vary in time. The unit of J-coupling strength is Hertz
(Hz), and it does not vary with the external magnetic field strength.

The appearance of a spectrum can be affected by some parameters that also

affect the main contrast in MR imaging. These are diffusion, proton density, T1, T2,



and T2* relaxation. In addition to these, the echo time (TE) is a crucial parameter.
TE refers to time between the first pulse application and the initial data acquisition.
Repetition time and mixing time are two other parameters that affect the appearance
of spectrum like TE. TR refers to time that takes from an excitation pulse application
to another pulse application. TM refers to the time delay that occurs in a STEAM
sequence between the last two 90° RF pulses. The unit of TE, TR, and TM is millisec-
onds (ms) [6].

Proton ('H), phosphorus (*'P), carbon (3C), nitrogen (*N), sodium (**Na),
fluorine (*F) are NMR visible, and proton MRS is the most commonly used MRS
technique. There is not any additional hardware necessary for 'H-MRS data acquisi-

tion, and most clinical scanners are equipped with 'H-MRS protocols.

1.2.1 Magnetic Resonance Spectroscopic Imaging

MRS is a single voxel spectroscopy, and magnetic resonance spectroscopic imag-
ing (MRSI) creates images from multi voxel spectroscopy. MRSI is also known as
chemical shift imaging (CSI). In MRSI, a number of FID signals placed on a 3D-grid
forms a metabolic image of the tissue, and instead of single image intensity, each voxel
has information regarding several metabolites of the tissue. Low SNR of metabolites

restricts the MRSI resolution |7, 8].

This thesis is based on multi voxel 'H-MRSI, and the reason why chemical shift
imaging is preferred is to measure the MR signals of a wider selected region of interest
instead of a small single region. While single voxel MRS provides the best possible
spectrum value from a single limited region, multi voxel MRSI is a superior technique

to create metabolic maps of larger areas of the tissue.



1.2.1.1 MR Spectroscopic Imaging Data Acquisition

Point Resolved Spectroscopy (PRESS) and Stimulated Echo Acquisition Mode
(STEAM) are the most important and favored 'H MR spectroscopic imaging acquisi-
tion sequences. These sequences have common properties both use three slice selective
radiofrequency pulses to create free induction decay (FID), stimulated echo (STE), and
multiple spin echo (SE) signals [9].

Point Resolved Spectroscopy (PRESS) is a localization method for double spin
echo technique and utilizes three slice selective RF pulses with 90° — 180° — 180° flip
angles in three orthogonal directions. A schematic representation of PRESS pulse

sequence for 3D spatial localization can be seen in Figure 1.3.

90° 180° 180°

Gy—N

-
. — — ¥

Gz —
TE,/2 TE /2 TE/2  TE/?
echo * *—

Figure 1.3 PRESS sequence diagram.

The 90° RF pulse and a gradient along x axis are applied and excite the spins
to select a slice along y axis. After a time t;, 180° RF pulse and another gradient along
X axis excite the spins to get a column along x and y axes. The first echo is acquired
after 2t;. The second 180° RF pulse and last gradient along z axis are applied to excite

the spins located at a specific value along z axis after a time t;+t,. The second echo



occurs after a time ty following the second 180° RF pulse. Finally, a spectrum of the

selected voxel is formed.

Stimulated Echo Acquisition Mode (STEAM) is a localization method for 3D
spatial localization and utilizes three 90° slice selective pulses along x, y, z axes. 90°
RF pulses are applied with TE/2 and TM time delays, and the echo is acquired TE /2
after the last RF pulse. Gy, Gy, and G, gradients are applied along with the three
90° RF pulses. A spectrum is acquired from the intersection of three localizations.
A schematic representation of the STEAM pulse sequence for a single voxel spatial

location can be seen in Figure 1.4.

90° 90° 90°
chess
TE/2 ™ TE/2
rf

Gy—/_\_,

ADC I I

echo1 echo2

Figure 1.4 STEAM sequence diagram.

PRESS is preferred over STEAM when higher SNR is needed. When short
TE is preferred, and the chemical shift artifact is at a minimum, STEAM is used as
an alternative to PRESS. STEAM can provide shorter TE at around 20 ms, whereas
PRESS can provide TE between 30 ms and 135 ms. In this study, we employed a TE
of 52 ms, and preferred PRESS due to its higher SNR.



1.2.1.2 MR Spectroscopic Imaging Data Processing Software

MRS data visualization is possible by using software packages on the scanners.
However, researchers need open source, in-house or commercial software packages to
process and analyze MRS data. LCModel and jJMRUI are two MR spectroscopic data

processing software, commonly used in research settings.

LCModel is a commercial software that analyzes in vivo spectrum as a linear
combination of model spectra in frequency domain [10]. It is written in C program-
ming language and also it runs only on computers with UNIX or UNIX-like operating
systems. Graphical user interface (GUI) of LCModel, abbreviated as LCMGui, cal-
culates the metabolite concentrations such as NAA, Cho, Cr, PCr, ml without any
user interaction. It uses Cramer-Rao lower bounds formalism for uncertainties in the
concentrations [11]. The formula to calculate the concentration of the metabolites is,

2 AT Ty
X X
N1 Hmet attmet

Conmer = (Ratiogreq) x Weone, (1.7)

where, C'on,,.; means concentration of the metabolite, N1H,,.; refers to the number
of equivalent protons, ATTy,o and att,,. indicate the attenuation factors for water
and metabolite areas, Ratio,.., is the ratio of the resonance area of metabolite and
unsuppressed water, and Weonce is equal to 35,880 mmol/L that refers to the water

concentration in the voxel [12].

jMRUI is a freeware software that analyzes MRS data in time domain [13]. A
Java-based GUI is used and works in UNIX, Linux, and Windows environments. Data
processing in jJMRUI is categorized into two parts: preprocessing and quantitation.
Time domain filtering, line shape conversion, and eddy-current correction are applied
in the time domain analysis. jJMRUI enables to process large data sets and includes
a water suppression approach and linear prediction. VARPRO, AMARES, QUEST
methods are generally preferred as interactive quantification methods. AMARES is
the most popular method that fits Voigt, Lorentzian, and Gaussian peaks to the signal.
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The formula to calculate the concentration of the metabolites in jJMRUI is,

S nw Ty T
Cu = = x Cyr x — X =& e (1.8)

where, Cyy is equal to 35,880 mol /L which indicates the concentration of water in white
matter, f7! is spin-lattice relaxation function ( 1-e™/™)  f7? is spin-spin relaxation

o TR/T2)

function ( ,and n, s, C;, M and W refer to the number of chemically equivalent

protons, signal intensity, concentration, metabolite, and water, respectively [12].

There has been some studies to compare the quantification results based on
LCModel and jJMRUI. The main focus on their study was to evaluate the reproducibil-
ity of all 'H-MRS metabolites, the reproducibility for GABA and glutamate that is
very tricky to determine, lipids in skeletal muscle, the effects of signal to noise ratio and
line width on the quantities of human brain spectra. JMRUI was reported to be more
sensitive to shape constraints and low SNR than LCModel [14]. In addition to this,
jMRUI results were less reproducible than LCModel results, and especially the quantifi-
cation of small metabolites like glutamate and GABA were less reproducible in jMRUI
[15]. The effects of SNR and linewidth on the quantification of human brain spectra
were investigated and the results of the study showed that NAA, Cr, and mlI to Cr
ratios calculated by jJMRUI and LCModel were very similar, but LCModel analysis was
much better than jJMRUI for determining Glx/Cr ratio [16]. Also, the quantification
of extramyocellular lipid(EMCL) and intramyocellular lipid (IMCL) concentrations of
muscle were similar between these two methods [17]. Additionally, LCModel software
doesn’t require any user interaction, whereas jMRUI does. So, with its superior quan-
tification capacity and ease of use, LCModel was preferred in this study to quantify

metabolites.

1.2.2 Diseases and Diagnosis in 'H-MRSI

The early diagnosis of neuropsychological diseases and cancer plays a crucial
role for human health. MRSI, just like computed tomography (CT), gamma camera,

pozitron emission tomography (PET), is an important technique in the diagnosis of



11

several diseases |18, 19]. The change in metabolite concentrations can indicate the
type of disease by comparison to the normal values. To obtain the concentrations of
MRS signals from a spectrum is the main aim of analysis, and different methods are

used for this.

1.2.3 Metabolites in TH-MRSI

1.2.3.1 Alanine(Ala)

When tumors such as glioma and meningioma are present in the human brain,
the level of Ala, which is an amino acid with 0.5 mM concentration in normal tissue,
increases. It has two resonances, one of which is a doublet and overlaps with the
resonances located at 1.47 ppm, and the other of which is a quartet observed at 3.77

ppm [20].

1.2.3.2 Aspartate (Asp)

Aspartate is an excitatory amino acid that serves as a neurotransmitter. How-
ever, it doesn’t pass through the blood-brain barrier. Asp is made up of glucose and
other precursors. The Asp concentration in the brain is approximately 1-2mM. Its
spectrum includes three doublet of doublets. A doublet-of-doublets is located at 3.89

ppm and two other doublets-of-doublets are located at 2.65 ppm and 2.80 ppm [20, 21].

1.2.3.3 y-Aminobutyric acid (GABA)

It is one of the inhibitory neurotransmitters, whose concentration in human
brain is approximately 1 mM. GABA has three resonances, each of which appears at
different locations: 1.89 ppm, 2.28 ppm, and 3.01 ppm and overlaps with other more

intense resonances. Detection of GABA level can be done feasibly under determined
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conditions such as combination of high magnetic fields and spectral fitting [20, 22|.
Changes in GABA concentrations may be associated with neuropsychological disorders

[23|, depression [24, 25|, epilepsy [26], and panic disorder [27].

1.2.3.4 Creatine (Cr) and Phosphocreatine (PCr)

Creatine and phosphocreatine levels of 'H-MRSI provide information about the
energy metabolism. Cr and PCr are referred to as total creatine (tCr) and has two
singlet resonances, the first of which is at 3.03 ppm (Cr) and the second of which is
at 3.93 ppm (PCr). The concentrations of Cr and PCr in human brain are between
4.0-5.5 mM and 4.5-6.0 mM, respectively. On the other hand, these concentration
values have a small difference in white matter and gray matter. Methyl resonances are
the difference between Cr and PCr. Since methyl resonances are too small, a reliable
separation of these two metabolites is almost impossible. But methyl resonances can

be large enough for a reliable separation of metabolites at a higher magnetic field (7T

or higher) [20, 28|.

1.2.3.5 Compounds Containing Choline (tCho)

Choline containing compounds are made up of fluid cell membranes and myelin.
A singlet located at 3.2 ppm is observed as the mean peak containing choline (Cho),
phosphorylcholine (PCh), and glycerophosphorylcholine (GPC), also known as total
choline (tCho). Separation of GPC and PCh depends on the methyl protons, which
might not be possible because of their close chemical shift. The concentration of the

tCho in human brain is about 1-2 mM |[29, 30, 31].

Changes in membrane composition are deeply related with changes in tCho [20].
An increased level of Cho peak may demonstrate demyelination, gliosis, ischemia, head
trauma, cancer, or Alzheimer’s disease. However, a decreased level may be a precursor

biomarker for stroke and liver disease.
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1.2.3.6 Glucose(Glc)

Glucose is made up of seven protons, out of which five protons belong to hydroxyl
groups. Glc has two anomers, which are a and [3, respectively. They coexist in aqueous
solutions, with an equilibrium concentration of 36% for the former and 64% for the
latter. The location of the resonance groups can range between 3.2 ppm and 5.22 ppm.
Glc is responsible for storing energy and is a harbinger of a number of compounds.
The Glc concentration is approximately 1.0 mM, but sometimes this can change from

1.0 mM to 9.0 mM due to the Gle infusion |20, 32, 33].

1.2.3.7 Glutamate (Glu)

Glutamate is an excitatory neurotransmitter in human brain and a direct pre-
cursor and storage for GABA, which is an inhibitory transmitter. Moreover, it takes
an important role in the synthesis of small metabolites, proteins, and large peptides.
The Glu concentration is about 6-12.5 mM, because its’ white and gray matter con-
centrations could be significantly different from each other Since the resonance groups
are located at 2.04 ppm, 2.35 ppm, and 3.74 ppm, they may overlap with resonances
of NAA, Gln, and GABA [20]. Glu and Gln levels cannot be indistinguishable at mag-
netic field strengths of typical clinical MRI scanners, but high magnetic field strengths
like 7T can help with resolving these metabolites |34, 35, 36].

1.2.3.8 Glutamine (Gln)

Glutamine is an amino acid, whose resonance groups are located in the range of
2 ppm and 3.8 ppm with a concentration of approximately 2-4 mM. Since Glu and Gln
are indistinguishable at low magnetic field strengths, their peaks are often quantified

together, and called Glx [37].
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1.2.3.9 Glutathione (GSH)

Glutathione has a tripeptide composed of glutamate, glycine, and cysteine,
which occurs in reduced (GSH) and oxidized (GSHH) form in living brain. This
metabolite, which is an antioxidant, is necessary for maintaining healthy red blood
cells because of the demand to keep the ferrous state of hemoglobin. The changes of its
levels are important in neurodegenerative disorders, especially in Parkinson’s disease
[38]. The concentration of this metabolite in human brain is approximately 1-3 mM.
GSH is particularly located in astrocytes and resonates as two separate multiplets at
2.15 ppm and 2.55 ppm, three doublet of doublets at 2.93 ppm, 2.98 ppm and 4.56 ppm,
and a singlet at 3.77 ppm [39]. Though this metabolite provides critical information,
these resonances overlap with NAA, Cr, GABA, Glu, Gln, and Asp. This situation
makes the observability of this metabolite not readily available even by using short TE

spectra with spectral fitting at very high magnetic field [40].

1.2.3.10 Glycine (Gly)

It is one of the inhibitory neurotransmitters and distributed through the central
nervous system. Cr can be converted from Gly. The Gly concentration is approximately
1 mM. A singlet peak that indicates Gly is located at 3.55 ppm. However, it overlaps
with ml, which makes it difficult to observe the level of glycine [20].

1.2.3.11 Lactate (Lac)

The production of anaerobic glycolysis finally ends up with lactic acid. Its low
concentration and overlap with lipid in normal human brain makes lactate unobserv-
able by using regular in vivo MRS. However, lactate can be observed if its concentration
increases due to diseases such as tumors, trauma, stroke, and hyperventilation. Ad-
ditionally, spectral editing techniques can help in separating lactate and lipid. Lac

resonates as a doublet at 1.31 ppm and a quartet at 4.10 ppm [20].
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1.2.3.12 Myo-inositol (mI)

It is one of the cyclic sugar alcohols and has four resonance groups, which are
a doublet of doublets at 3.52 ppm, a triplet at 3.61 ppm, another smaller triplet at
3.27 ppm, and final triplet at 4.05 ppm. ml has a crucial role for cell growth and it’s a
storage form for glucose. Readily ml can be detected by combining short TE and high

magnetic field strength. ml increases in gliosis and demyelination [20].

1.2.3.13 N-Acetylaspartate & N-Acetylaspartylgluatamate

This amino acid is a marker of the neuronal density, and its reduction indicates
neuronal loss such as tumors [41, 42|, stroke [43, 44|, and multiple sclerosis [45, 46].
Additionally, its’ concentration is related to acute metabolic disturbances, such as
hypoxia and ischemia. N-Acetyl Aspartate (NAA) has a main singlet resonance at
around 2.01 ppm and the main resonance of N-Acetylaspartylgluatamate (NAAG) is
located at 2.04 ppm. The concentration of NAA ranges between 7 and 16 mM and
NAAG concentration ranges between 0.6 and 3 mM in human brain. The separation
of NAAG, which has many peaks overlapping with NAA and glutamate, can only be
achieved at high magnetic field strength.

1.2.3.14 Scyllo-inositol (sI or s-Ins)

It is another cyclic sugar alcohols. Also, it is an abundant isomer of inositol
following ml. sl level increases in human brain for chronic alcoholism. It contains a

singlet located at 3.34 ppm [47, 48|.
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1.2.3.15 Taurine (Tau)

Taurine is an amino acid, which has a role in modulation and osmoregulation
of neurotransmitter action. The concentration of Tau in mammalian brain is approx-
imately 1.5 mM. The spectrum of Tau includes two triplets located at 3.25 ppm and
3.42 ppm, respectively. Tau overlaps with mI and choline, and it is hard to detect it

at lower magnetic field strength [49].

1.3 What is Parkinson’s Disease?

Parkinson’s Disease (PD) was first described in an 1817 paper [50] and it is one
of the common neurodegenerative disorders, which has a high incidence rate of over
4 million people aged over 50 within the last two decades. Moreover, this number is
projected to double by 2030 [51]. PD incidence is more common with increasing age,

like the other neurodegenerative disorders such as Alzheimer’s disease.

The characteristic of this disorder depends on aggregation of alpha-synuclein
protein in Lewy bodies [52]. It is also associated with reduction of dopamine level due
to the dopaminergic cell death and Lewy body aggregations in the substantia nigra
[53]. This leads Parkinson’s disease and causes loss of control of the voluntary move-
ments. Motor abnormalities are generally seen as rigidity, tremor, postural imbalance,
and gait. While motor symptoms is the result of PD influence on movement as a clin-
ical picture, its non-motor symptoms include cognitive and neurobehavioral problems,
dysautonomia, and sensory and sleep difficulties [54|. Cognitive dysfunction in PD,
which is a non-motor symptom, affecting a person’s quality of life, is called Parkin-
son’s Disease Dementia (PDD) [55]. Although the motor changes are more recognizable
in the early stages of the disease, cognitive symptoms dominate the later stages with
increasing motor symptoms, with a 80% conversion rate to dementia within a few years

and aging [56].

Mild cognitive impairment (MCI) has been thought to be a transitional state
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of cognitive dysfunction from cognitively normal to dementia [57]. The three subcate-
gories of MCI are single domain amnestic MCI (sd-aMCI), single domain frontal MCI
(sd-fMCI), and multiple domains amnestic MCI (md-aMCI). The last subgroup of MCI
is one that progresses to clinically overt AD [57, 58, 59]. MCI can be identified based
on comprehensive neuropsychological tests. A low score in the Double Memory Test
can indicate sd-aMCI that demonstrates impairment in memory function for age and
decreased performance. Similarly, a low score in the Trail Making Test B and the Vi-
sual Shapes Test can indicate sd-fMCI that demonstrates impaired cognitive memory,
which is more common in frontal lobe changes. A low score in Corsi Block-Tapping
Test, the Wisconsin Card Sorting Test, and Trail-Making Test A can indicate md-aMCI

that demonstrates cognitive impairment in several areas of the brain [60].

1.3.1 Diagnosis of Parkinson’s Disease

The Unified Parkinson Disease Rating Scale (UPDRS) is a widely used test for
rating the scale of severity for PD and includes 4 different domain assessments, which
are mental and mood, daily activities such as how to eat food, dress, and turn in bed,
motor manifestations, and complications following treatment. Parts 1, 2, and 4 of the
UPDRS test include information given by caregivers or patients. Part 3 of the test
examines motor symptoms of participants. As a result, UPDRS is a standardized test

in order to examine progression of PD. On the other hand, it cannot assess health-

related quality of life (HRQoL) [61].

The Addenbrooke’s Cognitive Examination Revised (ACE-R) is a neuropsycho-
logical assessment of cognitive functions such as language, memory, visuo-spatial skills,
verbal fluency and orientation. ACE-R includes several improvements over the Mini-
mental state examination (MMSE), which measures cognitive impairment. MMSE is
also known as Folstein test. MMSE is a 30-point questionnaire that measures cognitive
impairment. The MMSE comprises simple problems and questions such as the place
and time of the test, arithmetic questions such as the series of eight, repeating lists

of words, basic motor skills and language comprehension, and this test is commonly
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used in medical practice to assess mild cognitive impairment and dementia [61]. A
high score close to the total score of ACE-R (100) indicates having better cognitive
functions [56]. In our study, whether a patient was PD-MCI or PD-CN was identified
according to the ACE-R results. A score of ACE-R bigger than and equal to 83 was
identified as PD-CN, and lower than 83 was identified as PD-MCI.

The Stroop test, also called as Stroop effect, is a common neuropsychological
test that measures attention and investigates the psychological capacities of a person.
This test is based on naming the color of a word, which itself is the name of another
color. In the first part of the Stroop test, a word and printed ink of that word are
congruent. In the second part of the test, a word and printed ink of that word are not
the same. The latter part of this test is harder, compared to the former part, since
participants generally read the words without paying attention to the printed ink of
the words. When they notice that they said the color of the word wrong, they correct
themselves and say the correct color of the word. As a result, the completion of the

Stroop test takes a long time [62].

Benton’s judgment of line orientation test ensures a versatile measure of spatial
perception not only in research but also in clinical setting. This test consists of line
segments oriented differently and they should be matched to a response card that
shows longer lines. Total score is calculated based on the number of correct items, and
adjusted according to age and gender. According to the score of Benton judgment of
line orientation test, patients are categorized as normal, mild and severely impaired

[63].

The symbol digit modalities test was defined to determine the severity of neu-
rological impairment of patients. The impairment of neurocognitive functions such as
motor, speed, attention, and visual scanning could be investigated with the SDMT. A
series of symbols are matched to a sample set of symbols that are numbered, and then
participants are asked to match the symbols with the sample set, and write down the
corresponding numbers within 90 seconds. The test is conducted not only in written

but also in oral form [64].
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Wisconsin card sorting test, abbreviated as WCST, is a neuropsychological test
that measures thinking, cognitive flexibility, and impairment. There are two decks of
cards and cards have different colors, shapes, and number of shapes. The first deck of
cards is used as stimulus card that is expected to match the second deck of cards. The
second deck of cards is shown to a participant one by one. As a result, the participant
is expected to match the first deck of cards with the second one according to the rules
which is not told to him/her. The participant should match the cards by defining his

rules based on the feedback given after each correct answer [65].

1.4 Assessment of MRS Findings in PD-CI, PD-MCI, and PDD

Current standards for diagnosis and assessment of the progression of Parkinson’s
disease are clinical and neuropsychological measures. Therefore, Parkinson’s disease
has been one of the remarkable academic research subjects and PD-CI, PD-MCI, and
PDD groups has been compared to each other to find the relationship of the progression
of the disease due to the fact that 60% of patients with PD-MCI may be at the risk of
developing dementia [66, 67, 68].

A number of studies has been done to observe biomarker differences among
people with PD-CI, PD-MCI, PDD and healthy. A study was completed with 14
participants with PDD, 12 people with PD and 13 people as a control subjects in 2002
and showed that PDD group had low NAA levels in the occipital region compared to
PD and control groups. They advocated that this metabolite values were associated
with neuropsychological performance except severity motor impairment and a low NAA
level in the occipital lobe could be a biomarker for PDD [69]. Another study was done
with 12 people with non-demented mild to moderately affected PD and 10 controls. It
reported that patients with PD had reduced NAA /Cr ratios in the posterior cingulate
gyrus (PCG), which was contradict the report that a lower NAA /Cr in PCG could be
a specific biomarker of AD [70, 71|. Performance on a memory task would correlate
with NAA/Cr [71]. Two studies of Griffith and friends concluded that the NAA /Cr
ratios of 'H-MRS of patients with PDD decreased compared to healthy controls and
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non-demented PD in PCG besides lower Glu/Cr ratios [72, 73]. A study completed
with three groups which were 66 patients with PD-MCI, 70 patients with PD-CN,
and 74 healthy controls indicated that 'H MRS of occipital lobe in PD-MCI patients,
has revealed a reduced NAA /Cr ratios compared to healthy controls. On the other
hand, 'H MRS of posterior cingulate in PD-MCI has revealed the increased Cho/Cr
ratios. Furthermore, there was not found any significant metabolite differences in basal
ganglia and substantia nigra [74]. Almugbel, M. and friends |75] reported that PDD
had a lower NAA /Cr ratio and a higher Cho/Cr ratio in the posterior cingulate cortex
compared to healthy controls at the baseline. However, there was not any relationship
found between MRS metabolite ratios and change in cognitive status at over time. A
new strategy was used to help to ROI placement for unbiased anatomical position by

means of atlas-based automated protocol during the MR and MRS scan as a different

MRS study [76].

As can be seen, previous studies related to PD-CI, PD-MCI, and PDD using
'H-MRS provided important information as predictive neurobiomarkers in the different
brain regions affected such as occipital lobe, posterior cingulate gyrus, basal ganglia,
and substantia nigra. These studies were performed with single voxel 'H-MRS and

mainly investigated metabolites were NAA, Cho, Cr, ml, and Glu.

1.5 The Objective of the Study

Previous studies related with spectroscopy of PD-MCI acquired single voxel 'H-
MRS data in only a few areas of the brain, and did not study several regions at the
same time using multi-voxel MRSI. Additionally, they did not register the MRS data to
a brain atlas or created an automated MRSI data analysis tool to evaluate MRSI data
along with other MR modalities in a group analysis to define a biomarker. Therefore,
there is a need for an automated and atlas registered 'H-MRSI data analysis approach

that would enable a faster and more accurate data analysis.

The goal of this study is to find novel 'H MR spectroscopic based biomarkers
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of PD-MCI by comparison with 'H-MRSI data of PD-CI patients. For this purpose,
we developed an MRSI data analysis tool that would create 'H MR spectroscopic peak
parameter maps out of raw MRSI data, overlay them onto reference T2-weighted MR

images, and afterwards register overlaid metabolite maps to an MNI152 brain atlas.
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2. MATERIALS and METHODS

2.1 Subjects

A total of 40 patients with PD were included in this study, and 19 of these pa-
tients were PD-MCI, and the rest were PD-CN. Istanbul University Clinical Research
Ethics Committee approved the study protocols concerning human welfare, and all
participants in this study provided written informed consent. Patients showing any
signs of depression, using anti-depression drugs, or that have less than 5 years of edu-
cation were excluded from this study for a more homogeneous data distribution. The
participants were matched according to their age, gender, and education background.
The patients had ages between 40 and 80, and education level range was 5-15 years.
Table 2.1 provides some information about the subject demographics included in this

study.

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

Patient # | Status of PD | Age | Gender | Education Level || Patient # | Status of PD | Age | Gender | Education Level
1 PD-MCI 57 M 8 21 PD-CN 68 M 10
2 PD-MCI 66 M 15 22 PD-CN 78 M 11
3 PD-MCI 60 M 7 23 PD-CN 54 M 15
4 PD-MCI 68 M 5 24 PD-CN 68 M 15
5 PD-MCI 64 M 5 25 PD-CN 47 M 15
6 PD-MCI 46 M 5 26 PD-CN 46 M 12
7 PD-MCI 58 M 11 27 PD-CN 52 M 12
8 PD-MCI 60 M 11 28 PD-CN 42 M 11
9 PD-MCI 42 F 5 29 PD-CN 70 F 8
10 PD-MCI 55 M 11 30 PD-CN 54 F 11
11 PD-MCI 55 M 5 31 PD-CN 52 F 11
12 PD-MCI 70 F 5 32 PD-CN 81 F 8
13 PD-MCI 74 M 5 33 PD-CN 56 M 5
14 PD-MCI 61 F 11 34 PD-CN 53 F 15
15 PD-MCI 56 F 11 35 PD-CN 65 M 7
16 PD-MCI 54 F 5 36 PD-CN 58 M 5
17 PD-MCI 76 M 11 37 PD-CN 58 F 5
18 PD-MCI 57 F 5 38 PD-CN 43 M 7
19 PD-MCI 62 M 5 39 PD-CN 75 M 15
20 PD-CN 60 M 5 40 PD-CN 50 M 5
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2.2 Diagnostic Assessment

All participants got examined in order to assess their motor system status. Neu-
ropsychological and clinical examinations based on UPDRS, MMSE, ACE-R, STROOP,
line orientation, SDMT, Wisconsin, and GDS were applied. Each subject was classified
as PD-CN or PD-MCI by experienced neurologists according to the clinical examina-

tion results and neuropsychological test scores.

2.3 Data Acquisition MR Protocol

After motor and cognitive assessments, 'H-MRSI data and T2-weighted anatom-
ical MR data were acquired with a clinical 3T MR scanner (Philips Medical Systems,
Best, Holland) at Hulusi Behcet Life Sciences Research Center, Istanbul University.
Patients were positioned in MR scanner with a 32-channel 1H head coil. T2-weighed
MRI and 'H MRSI data were acquired and their protocol parameters are given in Table
2.2. 'H-MRSI data was acquired from the supratentorial brain. The 'H-MRSI protocol
that was employed in this study had a restriction on the number of slices that can be
acquired at once. So, two consecutive 'H-MRSI data acquisitions were performed from
two regions of the brain, each comprising of 3 slices. Figure 2.1 shows the two differ-
ent brain regions of 'H-MRSI data acquisition in a selected patient. 'H-MRSI data
of the occipital lobe, posterior cingulate, basal ganglia, right and left temporoparietal
cortex, substantia nigra, the lentiform nigra, and striatum were assessed. Additionally,
T1-weighted MRI, resting state functional magnetic resonance imaging (rs-fMRI), dif-
fusion tensor imaging (DTI), and arterial spin labelling (ASL) MRI data were acquired

in each patient.
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Figure 2.1 The sagittal view of two different regions of interest in an example patient.

Table 2.2
MR Acquisition parameters for T2-weighted MR image and 'H-MRSI.
T2-weighted MRI Parameters 1H-MRSI Parameters
TR=10243 ms TR=1000 ms
TE=80 ms TE=52 ms
1 time point 1024 time points
Flip angle=90° Flip angle=90°, 180°, and 180°
Acquisition matrix=128x128x90 Acquisition matrix=14x14x3
FOV=240 mm FOV=140 mm
Slice thickness=2 mm Slice thickness=36 mm
Scan time=3.5 min Scan time=8 min
Voxel size=10x10x10 mm

2.4 Post Processing

Raw 'H-MRSI data was exported and analyzed outside of the scanner. The raw
data included an .spar file that had acquisition parameter information, and an .sdat
spectroscopic data file. LCModel was used to automatically fit spectra in each voxel,
to obtain the concentration values of all metabolites, the standard deviation (%std)
of the quantification, and the ratios of metabolite concentrations to Cr+PCr. The
LCModel graphic output provided the estimated spectrum, a calculated residual noise

spectrum, and a baseline spectra for fitting as can be seen in Figure 2.2.
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1176

1

Figure 2.2 Example LCModel outputs.

1176 MRS voxels were acquired for each patient, and were analyzed one by one
in LCModel. Considering the total number of voxels, analyzing more than 1000 MRSI
data with many metabolites one by one was impossible for us because of the challenge
to determine each voxel localization and it would be very time consuming to assess
all LCModel outputs. 'H MR spectroscopic peak parameter maps of each slice were
created out of LCModel outputs by using an in-house software written in MATLAB
(The Mathworks Inc., Natick, MA). First, LCModel outputs were parsed by using
a text reader. Then, each voxel result was positioned into a 3D grid in accordance
with the Philips MRSI data format shown in Figure 2.3. For each metabolite map,
the voxels were assigned the value of the ratio of that metabolites to Cr+PCr in the
corresponding location. In this study, NAA+NAAG, GPC+PCh, Glu+GlIn, ml and
the ratios of the level of these four metabolites to the level of Cr+PCr metabolite maps
were produced. Figure 2.4 shows three different NAA+NAAG metabolite maps that

belongs to 3 slices acquired from the top portion of the brain of a subject.
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Figure 2.3 Image space for Philips MRSI data.
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Figure 2.4 NAA+NAAG/Cr+PCr peak parameter maps that belongs to 3 slices.
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For determining metabolic profiles of several parts of the brain, we first visually
assessed the location of the particular area of interest. As an example, the circle marked
in yellow in Figure 2.5 indicates the area of anterior cingulate in a sagittal T2-weighted

structural image.

Figure 2.5 Voxel marked in yellow circle shows anterior cingulate.

Then, MNI 152 brain atlas was used to determine the region marked in yellow
in the axial 'H MR spectra. The region of anterior cingulate was next to the centerline

in axial view of the MNI152 atlas (Figure 2.6).
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Figure 2.6 Sagittal and axial MNI152 brain atlas with the corresponding voxel marked in yellow.
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Considering the anatomical location of the cingulate gyrus, a voxel of the second
slice of 'H-MRSI that matched to the location at the MNI152 brain atlas was selected

in the axial metabolite map, which refers to the yellow circle in Figure 2.7.

Figure 2.7 Example selection of a voxel in a metabolite map.

Determining all region including cingulate gyrus, frontal lobe, thalamus, and
occipital lobe was difficult in the 'H MR spectroscopic peak parameter maps due to
the different platforms including anatomical T2-weighted MR images, metabolite maps,

and MNI 152 brain atlas. We developed a novel program in MATLAB to minimize
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the hassle in voxel selections. 'H MR spectroscopic peak parameter maps were first
overlaid onto reference T2-weighted images considering the anterior posterior (ap)/left
right (Ir)/ craneocaudal (cc) ROT off center, size, and angulation. 'H MR spectroscopic
peak parameter maps overlaid onto reference T2-weighted images had 3 dimensions,
one of which referred to slice number and a particular range of these slice numbers

provided the information of 'H MRSI acquired from that region.

The image seen in Figure 2.8 can be used to find the voxels related to region of
interest (ROI) but it has still difficulty to delineate the exact anatomical region and to

compare the data in the group analysis.
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Figure 2.8 Metabolite map overlaid onto reference T2-weighted image.

Therefore, a software package was developed in MATLAB to make the whole
process automatically run by pushing a button. Figure 2.9 shows that graphical user
interface (GUI) of the software package that requires 4 inputs. These are spar file to

read ap, Ir, cc size, and three different axis angulations, LCModel results for the ratios
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of different metabolites, T2-weighted MRI DICOM image for image information that
will be used to for overlay, and T2-weighted MRI brain after BET extraction to overlay
the metabolite maps onto it. In this thesis, all metabolite ratio results were processed,
and were used to create metabolite maps overlaid onto reference T2-weighted image
in this easy to use software package. The resultant overlaid metabolite maps were in
NIFTI format, and they had the same image information of the original T2-weighted
MR images. The signal intensity in each location of the overlaid map indicated the

ratio of a given metabolite to Cr+PCr.
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* dem E:\44Patients\PD_01\PD_01_T2\1.3 46 670589.11.34304.5.0.164t Browse
* i E-\d4Patients\PD_01\PD_01_T2_brain.nii

Run

Figure 2.9 The GUI of the data analysis tool.

2.4.1 Registration of Metabolite Maps Overlaid onto Reference T2-weighted
MR Image to MNI 152 Atlas

Registration of metabolite maps overlaid onto reference T2-weighted MR image

to MNI 152 atlas consisted of two steps. First, original T2-weighted MR images were
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registered onto the MNI 152 brain template, and a registration matrix was obtained

(Figure 2.10).

Figure 2.10 a. raw T2-weighted image b. MNI 152 brain atlas c. registered T2-weighted image to
MNTI 152 brain atlas (coronal, sagittal, and axial).

The second part consisted of registering a metabolite map overlaid onto the brain
extracted T2-weighted MRI to MNI 152 brain atlas by applying the same registration
matrix acquired from the first part (Figure 2.11). FSL program was used to register
original T2-weighted MR images to MNI atlas and to apply the same registration
matrix to different 'H-MRS metabolites maps.



Figure 2.11 MRSI registration steps.
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2.5 Region of Interest Analysis

After registration, FSL atlas toolbox was used to define ROIs of several brain
regions and to get the signal intensity of that region. MNI 152 standard space T1
weighted average structural template image, Harvard-Oxford cortical and subcortical
structural atlases, Talairach atlas, MNI structural atlas, Oxford thalamic connectivity
atlas were available in the FSL atlas toolbox. MNI 152 and Harvard-Oxford cortical
and subcortical structural atlases were used to define ROIs for precuneus, occipital
lobe, posterior cingulate gyrus, white matter, thalamus, frontal lobe and cerebral gray

matter.

2.6 Statistical Analysis

Mann-Whitney ranksum test with Bonferroni multiple comparison correction
was used to understand the differences of metabolite ratios and neuropsychological
test scores between PD-MCI and PD-CN. Spearman rank correlation coefficient test
was used to assess if there was any correlations between neuropsychological test scores
and metabolite ratios. Friedman’s statistic test was used to assess the difference of
metabolite ratios in all brain regions of PD-MCI or PD-CN patients. Student-Newman-
Keuls (SNK), which is a post hoc test algorithm, was applied to observe which pairwise
regions statistically significantly differed for PD-MCI and PD-CN patients. IBM SPSS

program was used in all statistical analysis.
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3. RESULTS

3.1 Demographics and Neuropsychological Assessments

Of the 40 patients included, 12 were women and 28 were men. The ratio of female
to male patients was 13/6 in PD-MCI and 15/6 in PD-CN. The mean age of PD-MCI
patients was 60.05+£8.55, and PD-CN patients was 58.57+£11.29. The mean education
level was 7.6843.26 years in PD-MCI and 9.90+3.79 years in PD-CN. The number
of female participants with PD-CN was lower than female participants with PD-MCI.
There was a small difference in education level of PD-MCI and PD-CN patients. Table
3.1 shows the ACE-R, GDS, UPDRS, STROOP, line orientation, and SDMT scores of

all patients.

Table 3.2 shows the mean results of neuropsychological tests and differences
between these scores in PD-MCI and PD-CN. According to the results, there was
a statistically significant difference between the ACE-R scores of patients with PD-
MCI and PD-CN. Patients with PD-CN had higher ACE-R scores than patients with
PD-MCI. The GDS, UPDRS, STROOP, line orientation, and SDMT scores were not
statistically significantly different between PD-MCI and PD-CN.

3.2 MRSI Markers

Glu+Gln, Cho, mI, and NAA+NAAG to Cr+PCr metabolite ratios in seven
different brain regions, which were precuneus, occipital lobe, posterior cingulate gyrus,
cerebral white matter, thalamus, frontal lobe, and cerebral gray matter were analyzed

in this study. The average metabolite ratios and the comparison results of PD-MCI

and PD-CN are listed in Table 3.3.
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Table 3.2

Comparisons of the neuropsychological test scores.

Mean= std (PD-MCI) | Mean# std (PD-CN) | P
ACE-R 74.42+5.18 87.95+£4.24 <0.0001*
GDS 6.42+3.71 7.09£3.61 0.43
UPDRS 47.15+20.06 50.57£16.08 0.67
STROOP 50.94£23.87 54.52£20.22 0.68
Line Orientation || 21.21+4.19 22.95+4.44 0.16
SDMT 22.91+£7.40 27.01£7.42 0.11

The p-values were calculated by using a Mann-Whitney rank-sum test with Bonferroni correction

(*p<0.008)
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After multiple comparison correction, there was a trend for a higher mI/Cr+PCr

in cerebral white matter in PD-MCI patients than PD-CN (1.354+1.25 vs 0.7940.40,

p=0.02). In addition, there was a trend of a higher Cho/Cr+PCr in frontal lobe in
PD-MCI than PD-CN (0.35+0.07 vs 0.340.04, p=0.04). There was not any other

significant metabolic differences in other regions between PD-MCI and PD-CN groups.

3.3 Pairwise Correlation

Table 3.4 shows the mean (+std) metabolite intensity ratios in each region in

PD-CN and their correlations to the neuropsychological test scores. Spearman’s rank

correlation coefficient (r), and p-values are reported. According to the results, there

was negative correlation between GDS scores and NAA+NAAG/Cr+PCr in thalamus

(r= 0.434, p=0.049). The test score of line orientation had a negative correlation

with Cho/Cr+PCr (r=0.452, p=0.040) and mI/Cr+PCr (r=0.656, p=0.001) in pos-

terior cingulate gyrus. There was also positive corellation between SDMT scores and

Cho/Cr+PCr in posterior cingulate gyrus (r=0.486 , p=0.025). There weren’t any
significant correlations between ACE-R, UPDRS, and STROOP test scores and the

metabolite ratios in these selected seven regions.
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Table 3.3
Comparisons of different metabolite ratios in different brain regions.

PD-MCI vs. PD-CN | Glu+Gln/(Cr+PCr) | Cho/(Cr+PCr) | mI/(Cr+PCr) | NAA+NAAG/(Cr+PCr)
PD-MCI 2.49+1.83 0.28+0.06 1.5240.81 1.43+0.32

Precuneus | PD-CN 2.42£2.09 0.27£0.06 1.18+0.64 1.53+0.25
p 0.7 0.43 0.1 0.28

Occipital PD-MCI 1.66+0.67 0.26+0.06 2.39+4.16 1.66+0.54
Lobe PD-CN 1.42+0.34 0.26£0.06 1.24+0.97 1.5+0.22

P 0.32 1 0.18 0.05

Posterior | PD-MCI 2.24+1.23 0.28+0.04 0.96£0.55 1.26+0.17
Cingulate | PD-CN 1.92+0.93 0.27£0.04 0.73+0.24 1.26+0.13
Gyrus p 0.53 0.37 0.59 0.77
Cerebral | PD-MCI 2.16+1.75 0.64+1.31 1.35£1.25 1.77+1.29
White PD-CN 1.71+0.93 0.33+0.05 0.7940.40 1.37+0.19
Matter p 0.09 0.46 0.02% 0.2
PD-MCI 3.04£3.07 0.38+0.11 1.44+0.85 1.77+0.61

Thalamus | PD-CN 2.28+1.85 0.45+0.24 1.254+0.81 1.77+0.68
p 0.65 0.37 0.48 0.96

Frontal PD-MCI 3.63+£5.71 0.35£0.07 1.29+£0.60 1.34£0.41
Lobe PD-CN 2.624+2.33 0.3£0.04 1.14+0.70 1.38+0.30

p 0.51 0.04* 0.41 0.82

Cerebral | PD-MCI 3.34+£7.13 0.32+0.06 1.784+2.61 1.18+0.24
Gray PD-CN 2.54£2.00 0.32+0.08 1.06+0.59 1.49£0.64
Matter p 0.21 0.86 0.27 0.05

Mann-Whitney rank-sum test: *p<0.05, with Bonferroni correction: **p<0.001.

Table 3.5 shows the mean (+std) metabolite intensity ratios in each region
and their correlations to the neuropsychological test scores in PD-MCI. There was a
positive correlation between ACE-R scores and NAA+NAAG /Cr+PCr in the posterior
cingulate gyrus (r=0.532, p=0.019). There was a negative correlation between GDS
and Glu+GIn/Cr+PCr in cerebral gray matter (r=0.643, p=0.003).

There was a positive correlation between the STROOP scores and NAA+NAAG/
Cr+PCr in precuneus (r=0.476, p=0.039). The test score of line orientation had
a positive correlation with Glu+Gln/Cr+PCr in precuneus (r=0.472, p=0.041) and
ml/Cr+PCr in frontal lobe (r=0.536, p=0.018). Additionally, SDMT had a pos-
itive correlation with Glu+GIn/Cr+PCr in occipital lobe (r=0.537, p=0.018) and
NAA+NAAG/Cr+PCr in posterior cingulate gyrus (r=0.572, p=0.011). There were

not any significant correlations between UPDRS test scores and the metabolite ratios
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in seven different regions.

3.4 Spatial Distribution of 'H-MRSI

Glu+Gln, Cho, mI and NAA+NAAG to Cr+PCr metabolite ratios were com-
pared between PD-MCI and PD-CN and reported in section 3.2. In addition, spatial
distribution of 'H-MRSI peaks in patients with Parkinson’s disease with mild cognitive
impairment (PD-MCI) or cognitively normal (PD-CN) were assessed to define regional
spectroscopic differences. Friedman statistic test was used to test for differences among
seven different regions including precuneus, occipital lobe, posterior cingulate gyrus,

white matter, thalamus, frontal lobe and cerebral gray matter.

Table 3.6 shows mean rank of metabolite ratios in PD-CN in these regions. P
values of each group was smaller than 0.01. That is, there were statistically significant
differences among these regions for both PD-MCI and PD-CN. Glu+GIn/Cr+PCr was
significantly different between occipital lobe and cerebral gray matter. Cho/Cr+PCr of
white matter and thalamus had significantly different values than precuneus, occipital
lobe, and posterior cingulate gyrus. NAA+NAAG/Cr+PCr in precuneus and poste-
rior cingulate gyrus were significantly different. NAA+NAAG/Cr+PCr of posterior
cingulate gyrus and cerebral gray matter were significantly different than thalamus.

ml/Cr+PCr was similar in all regions of interest.

Table 3.7 displays the mean rank of metabolite ratios in PD-MCI. The spa-
tial distributions of Cho/Cr+PCr and NAA+NAAG/Cr+PCr were different among
different regions. However, there was not any difference in Glu+GIln/Cr+PCr, and
ml /Cr+PCr. After Friedman statistics, SNK post-hoc test was applied to determine
where the specific differences lie. Cho/Cr+PCr of cerebral white matter, thalamus,
and frontal were significantly different from occipital and posterior cingulate gyrus.
Cho/Cr+PCr in precuneus and thalamus were significantly different. NAA+NAAG/
Cr+PCr of occipital lobe, white matter, and thalamus were significantly different from

posterior cingulate gyrus and cerebral gray matter. NAA+NAAG/Cr+PCr of poste-
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rior cingulate gyrus, and cerebral gray matter were significantly different from cerebral

white matter and thalamus.
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4. DISCUSSION

The aim of this study was to determine a biomarker that indicates the presence
of PD-MCI in comparison to PD-CN. We developed a novel MRSI data analysis tool
that automatically registered metabolite maps obtained from LCModel onto MNI152

brain atlas.

3D 'H-MRSI data analysis usually depends on visual definition of regions of
interest, because this approach requires minimum expertise in analysis. It is especially
useful when there is not any data analysis software tools available. However, this
approach requires a basic knowledge of anatomy. Additionally, a wider region in the
brain such as whole frontal lobe could be easily delineated, but locating small parts of
the brain like thalamus could prove difficult. As a result, this common approach might
result in biased results. Many software packages such as FSL, SPM, and AFNI provide
superior atlas based ROI analysis that has been commonly employed for fMRI, MRI,
and DTI (77, 78]. However, there has not any studies about atlas based registration
of MRSI metabolite maps overlaid onto reference T2-weighted MR images, which has
been accomplished in our study. Compared to visual definition of ROIs, FSL atlas
toolbox was very easy to use, and resulted in a more accurate definition of ROIs even if
the region was small. This systematic approach would reduce the differences between
the studies. Additionally, registering MRSI data to MNI 152 brain atlas and using
unbiased FSL atlas toolbox to define the ROIs would enable us to apply group analysis

once all the data are registered onto the atlas.

There has been a previous study that registered T2-weighted images to MNI152
brain atlas in order to locate a single voxel automatically during scan to reduce operator
dependent bias in voxel selection [79]. However, they did not use three dimensional
MRSI maps by registering to MNI152 atlas, which was completed in this study that

will have a significant impact on MRSI data analysis.
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Summerfield et al. and Griffith et al. reported that low NAA /Cr in occipital
lobe might be an indicator of PDD [69, 73, 80|. These studies were performed with 3
groups, which were healthy control, PD-CN, and PDD. A few years later, Nie et al.
[74] observed a reduction of NAA /Cr in patients with PD-MCI compared with PD-CN
and healthy controls. This results are in agreement that reduced NAA /Cr may be a
marker of PD-MCI and PDD. However, we did not observe a reduction of NAA/Cr in
occipital lobe in PD-MCI. Posterior cingulate gyrus was another region under focus.
Lower NAA /Cr level in posterior cingulate gyrus was observed in PDD, and in PD
with non-demented mild to moderately according to the studies of Camicioli et al. and
Almugbel et al. |70, 75|, which isn’t in agreement with our findings. While an increased
level of Cho in posterior cingulate gyrus was observed in PD-MCI and PDD patients
according to findings of Nie et al. [74] and Almugbel et al. 75|, our findings showed

that there was not any significant difference between groups.

This inconsistency with previous studies might be due to the number of patients
and data acquisition differences. For instance, Nie et al. [74] had 3 times bigger patient
population than us, and they included 66 patients with PD-MCI, 70 patients with PD-
CN, and 74 healthy controls. The second difference that creates inconsistent result
is data acquisition differences. While previous studies preferred single voxel MRS to
obtain the data, multi voxel MRSI was performed in our study to scan wider regions,

which might have resulted in peak ratio differences at the same region.

We have observed a trend for a higher Cho/Cr and mlI/Cr in frontal lobe
and cerebral white matter, which might be important. Even though these regions
weren’t under focus directly in PD-MCI or PDD before, the results may be relatable
to Alzheimer MCI studies. Increased mlI/Cr was identified as an early biomarker that
shows a progression of a patient from CN to MCI in the course of AD [71]. Increased
Cho/Cr+PCr was previously associated with MCI and thought to be a marker of pro-
gression from AD to AD-MCI [81].

Correlations between metabolite ratios and neuropsychological tests provide

severity important aspects of view. There is a statistically negative correlation be-
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tween mI/Cr+PCr and line orientation in posterior cingulate. This might make sense,
since increased ml may be related to AD, gliosis, and demyelination. There was trend
for a negative correlation between NAA+NAAG/Cr+PCr and GDS test score in tha-
lamus, because decreased NAA level shows a neuronal dysfunction. A trend for a
positive correlation between NAA+NAAG /Cr+PCr and ACE-R test score in occipital
lobe makes sense, because lower ACE-R score may be related to low cognitive func-
tions. Since increased Cho level may be a biomarker of progression of AD, ischemia,
acute brain injury and cancer, a negative correlation between line orientation test and
Cho/Cr+PCr in posterior cingulate gyrus might be possible. There was trend for a
positive correlation between NAA+NAAG/Cr+PCr and SDMT test score, because we

expect a patient with cognitive dysfunction get a lower SDMT score.

The present study has several limitations. There were only two groups, which
were PD-MCI and PD-CN. There weren’t any healthy controls involved in this study.
Therefore, we didn’t compare the differences among all three groups for more reliable

results. The number of participants was another limitation of this study.
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5. CONCLUSION

The main aim of this study was to develop an MRSI data analysis tool and
find a possible biomarker for PD-MCI. This was the first study in the literature that
enabled the assessment of the results of 'H-MRSI by registering 'H MR spectroscopic
peak parameter maps overlaid onto reference T2-weighted MR images to MNI152 brain
atlas. Future studies will investigate MR spectroscopic changes in a higher number of
patients, and will include healthy controls. The data acquisition will be repeated after
1.5 years, and a longitudinal study of MRSI of PD-MCI will be conducted. Additionally,
we plan to combine our results with other MR scan techniques’ results to create a

multimodality brain map of PD-MCI.



APPENDIX A. Software Packages

1. FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/),

2. MATLAB (http://www.mathworks.com/downloads/).
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