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ABSTRACT

MEASUREMENT OF CEREBRAL PERFUSION IN
PARKINSON’S DISEASE WITH MILD COGNITIVE
IMPAIRMENT USING ARTERIAL SPIN LABELING MRI

Mild cognitive impairment is a common symptom of Parkinson’s disease (PD).
Objective imaging biomarkers are required for the diagnosis of PD with mild cognitive
impairment (PD-MCI). Arterial spin labeling MRI (ASL-MRI) enables the measure-
ment of cerebral blood flow (CBF) without using contrast agent or ionizing radiation.
In this study, ASL-MR images of 19 PD-MCI and 19 cognitively normal PD (PD-CN)
patients were acquired at 3T. CBF maps were calculated with arterial blood volume
(aBV) correction using the quantitative imaging of perfusion using a single subtraction
(QUIPSS II) formula. CBF and aBV maps were fused into T2 weighted (T2w) MR
images, and registered to MNI152 brain atlas in FSL. The CBF and aBV values of
several brain regions were compared between PD-MCI and PD-CN patients. The dif-
ferences in histogram parameters of CBF maps, which were estimated with and without
aBV correction, were assessed. The correlations between the neuropsychological test
scores and CBF values were assessed. The CBF values in different brain regions of each
group were compared with each other. A graphical user interface (GUI) was designed
in order to calculate CBF maps out of ASL-MRI in MATLAB. There were not any
statistically significant differences between the CBF values of PD-MCI and PD-CN
patients. There were some variations between the CBF values of the brain regions in
PD-MCI and PD-CN groups. There was a trend of a negative correlation between the
neuropsychological test scores and the CBF values in some brain regions of PD-MCI
patients. The results of this study combined with other MR parameters might enable
the definition of an MR based biomarker for PD-MCI diagnosis.

Keywords: Arterial spin labeling, Parkinson’s disease, mild cognitive impairment,

QUIPSS II, cerebral blood flow.
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OZET

HAFIF KOGNITIiF BOZUKLUGU OLAN PARKINSON
HASTALIGINDA SEREBRAL PERFUZYONUN
ATARDAMAR FIRIL ETIKETLEME MRG
KULLANILARAK OLCUMU

Hafif kognitif bozukluk, Parkinson hastaligimn (PH) yaygin bir belirtisidir.
Parkinson hastaliginda hafif kognitif bozukluk (PH-HKB) tamsinda kullanilacak nes-
nel gorlintiileme biyoigaretleyicileri gerekmektedir. Atardamar firil etiketleme MRG
(ASL-MRG) kontrast madde ya da iyonlagtirici radyasyon kullanmadan serebral kan
akigini (SKA) 6lgmeyi saglamaktadir. Bu ¢alismada, 19 PH-HKB ve 19 iglevsel nor-
mal Parkinson hastasinda (PH-KN) ASL-MR goriintiileri, 3T manyetik alanda alindu.
SKA haritalar perfiizyontin tek ¢ikarim ile kantitatif goriintiilenmesi (QUIPSS II) for-
miilii kullamlarak atardamar kan hacmi (aKH) diizeltmesi ile hesaplandi. SKA ve
aKH haritalar1 FSL’de T2 agirlikli MR goriintiilerinin igine yerlestirilerek birlegtirildi
ve MNI152 beyin atlasiyla cakigtirildi. PH-HKB ve PH-KN hastalar1 arasinda gesitli
beyin bélgelerinin SKA ve aKH degerleri kargilagtirildi. aKH diizeltmesi yapilarak
ve yapilmayarak hesaplanan SKA haritalarinin histogram parametrelerindeki farklilik-
lar degerlendirildi. No&ropsikolojik test skorlari ve SKA degerleri arasindaki korelas-
yonlar degerlendirildi. Her grubun farkli beyin bolgelerindeki SKA degerleri birbir-
leriyle kargilagtirildi. Bir grafiksel kullanmic1 arayiizii ASL-MRG’den SKA degerlerini
hesaplamak icin MATLAB’de tasarlandi. PH-HKB ve PH-KN hastalarin SKA deger-
leri arasinda istatiksel olarak anlaml fark yoktu. PH-HKB ve PH-KN gruplarinin beyin
bolgelerindeki SKA degerleri arasinda baz varyasyonlar vardi. PH-HKB hastalarinin
baz1 beyin bolgelerinde SKA degerleri ile néropsikolojik test skorlari arasinda negatif
bir korelasyon egilimi vardi. Bu g¢aligmanin sonuclarinin diger MR parametreleri ile
birlestirilmesiyle PH-HKB tanisi i¢cin MR temelli bir biyoisaretleyicinin tanimlanmasi

miumkin olabilir.

Anahtar Sozciikler: Atardamar firil etiketleme, Parkinson hastaligi, hafif kognitif

bozukluk, QUIPSS II, serebral kan akis:
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1. INTRODUCTION

Parkinson’s disease (PD) is a progressive disorder that worsens with time. The
decline happens slowly in most people. In general, PD has been known as a movement
disorder. Also, it has been characterized by certain symptoms such as tremor and
slowness of movement. However, it is a fact that it has nonmotor symptoms including
cognitive difficulties. At the beginning, patients diagnosed with PD are cognitively nor-
mal. During the course of the disease, patients undergo mild cognitive impairment and,
eventually, some evolve into dementia. Mild cognitive impairment is a common sign
of non-demented Parkinson’s disease. PD with mild cognitive impairment (PD-MCI)
is currently diagnosed on the basis of clinical and neuropsychological tests. Because
many factors could affect the results of these tests, investigators have focused on neu-
roimaging techniques to develop and identify alternative measures of disease status and
progression [1]. However, there is still a need for objective imaging biomarkers in order

to diagnose PD. And, this need provides the impetus for this thesis.

Perfusion is described as the volume of blood delivered to capillary beds per
unit volume of brain tissue per unit time. Cerebral blood flow (CBF) can be directly
related to neural activity and regional metabolism. Thus, it is a remarkable param-
eter of neural activity in cognitive and clinical neuroscience studies. Arterial spin
labeling magnetic resonance imaging (ASL-MRI) enables cerebral blood flow measure-
ment. This technique has advantages compared to other perfusion MR techniques.
One important advantage of this technique is not to use any contrast agent or ionizing
radiation. On the contrary, this technique has the disadvantage of low signal-to-noise
ratio (SNR). In ASL-MRI, there are two experiments including control and tag. In tag
experiment, protons within arterial blood are magnetically tagged before entering the
tissue of interest at the neck level by applying a 180° radiofrequency (RF) pulse that
inverts the net magnetization of the blood water. The tagged blood passes into brain
tissue, after a time delay, called inversion time (TI), in ASL-MRI. At time TT after the

pulsed labeling, the images are acquired with a rapid imaging technique. These images



are called tag images’. In control experiment, protons within arterial blood aren’t
inverted. The control images are acquired in the region of interest. The control and
the tag images are subtracted to create a perfusion-weighted MR image, which shows
the amount of arterial blood delivered to each voxel within the slice within the transit
time. There are three main ASL techniques, which are continuous arterial spin label-
ing (CASL), pulsed arterial spin labeling (PASL) and pulsed continuous arterial spin
labeling (PCASL) |2]. Readout techniques have been developed for ASL. By and large,
echo planar imaging (EPI) readout is used in clinical and research centers. The other
common readout is Look-Locker. This readout is combined with EPI. This readout
consists of one inversion pulse and several pulses with a low flip angle. In ASL-MRI
images, a few artifacts are commonly seen. These artifacts include geometric distortion
of EPI readout, motion artifacts, and parallel imaging (PI) artifacts. The recognition
of these artifacts is important, because it can be critical in interpretation of the CBF
maps. Quantification models of ASL are based on single compartment analysis devel-
oped by Williams et al. [3] and general kinetic model developed by Buxton et. al. [4].
In single compartment analysis, Bloch equation is applied. General kinetic model has
3 functions including arterial input function, residue function, and relaxation function.
This model is described as mathematical formulas of the dynamic tissue concentration
of any tracer delivered to the tissue by blood flow. General kinetic model has been
modified as the quantitative imaging of perfusion using a single subtraction (QUIPSS)
I and II [5] and quantitative star labeling of arterial region (QUASAR) [6]. In QUIPSS,
there are pre- and post- saturation pulses in order to eliminate variable transit delays
occurring when images are acquired before tagged blood flows into the imaging slice.
In QUASAR, STAR labeling is combined with Look-Locker readout and QUIPSS II.

There are also bipolar gradients in order to eliminate microvascular signal.

Previous studies using ASL-MRI for CBF quantification have reported reduced
perfusion in post cingulate gyrus, precuneus, cuneus and sub-frontal gyrus. These
studies compared CBF values of PD-MCI, PD-CN and PD with dementia (PDD) pa-
tients or healthy controls (HC) by using ASL-MRI. Only, one of these studies employed
multi-TI ASL-MRI and the other studies used single TI, which has been reported to
provide less reliable CBF measurements than ASL-MRI with multi TT [7, 8, 9, 10].



There is a need for defining objective imaging biomarkers to characterize cognitive
status and progression in PD. The main purpose of this thesis was to define possible

brain perfusion based biomarkers that would help in PD-MCI diagnosis.



2. BACKGROUND

2.1 Parkinson’s Disease

Following Alzheimer’s disease, PD is the second most common neurodegenera-
tive disorder at present. PD is related to debilitating motor symptoms. Also, PD causes
a reduction of life expectancy. The risk of PD increases with age. In today’s aging
population, the number of individuals suffering from PD increase, which brings sub-
stantial personal, social, and economic burdens [11] . James Parkinson first described
PD in his publication called "An Essay on the Shaking Palsy" [12]. This publication
was based on his observations of six patients with PD. Later, alternative names such
as 'PD’, 'Paralysis agitans’ and ’Shaking palsy’ were suggested for PD. Afterwards,
Charcot realized the importance of PD and suggested that this disorder would bear

James Parkinson’s name.

2.1.1 Parkinson’s Disease Causes

What causes PD has not been fully understood, and the symptoms and results
of PD might vary from person to person. There are nerve cells producing dopamine
in the brain. Dopamine, which is a chemical messenger, is responsible for transmitting
signals between the substantia nigra and multiple brain regions, which provides the
control and coordination of body movements. If these nerve cells become impaired or
die, the amount of dopamine decreases in the brain. As a result of this, movements
become slow and abnormal. The loss of these nerve cells may result from a combination

of genetic and environmental factors [13].

In the majority of PD cases, non-genetic factors play a remarkable role. Ex-
posure to toxins and heavy metals increases the the PD development, whereas coffee

consumption decreases it. Also, it is reported that smoking has an inverse association



with PD. Furthermore, bad dietary habits might contribute to a higher risk of PD [13].
In a small group of PD cases, gene mutations can directly cause PD. These mutations
induce the decrease of dopamine. If a person’s parents have PD, he or she is at a higher

risk of developing PD than other people whose patients don’t have PD [13].

2.1.2 Diagnosis

Diagnosis is important in order to monitor status and progression of PD. How-
ever, diagnosis of PD is complicated. Furthermore, it may take some time to diagnose
PD. The symptoms are combined with some tests for an accurate diagnosis. The
common tests used for PD diagnosis are The Hoehn and Yahr Scale and The Unified
Parkinson’s Disease Rating Scale (UPDRS). Rigidity, postural deformities, tremor and
bradykinesia are main manifestations of PD. Also, diagnosis of PD is based on medical

history [14].

2.1.3 Clinical Manifestations

PD has certain motor symptoms including tremor, rigidity, gait and posture
disturbances. Also, it has non-motor symptoms such as cognitive impairment and
dementia. It may be possible to diagnose PD in the early stages, because some of
the non-motor symptoms of PD may be apparent before any of the motor symptoms

emerge. So, identifying non-motor symptoms is important [14].

2.1.3.1 Motor Symptoms

PD affects not only the brain but also the body movements. Motor symptoms
begin manifesting in PD when 50-70% of the cells in the substantia nigra have already
been lost [15]. One of the main symptoms is tremor at rest, which is the most visible

hallmark of PD. Two important motor symptoms are rigidity and bradykinesia meaning



"slow movement". Another one of the most important signs of Parkinson’s disease is

postural instability. Also, many patients experience speech impairments [14].

2.1.3.2 Nonmotor Symptoms

Nonmotor symptoms are defined as neuropsychiatric disturbances. Some of
these symptoms are automic dysfunctions, such as orthostatic hypotension, urinary
frequency, constipation and perfuse sweating. The others neuropsychiatric distur-
bances include cognitive /neurobehavioral disorders, and sensory and sleep abnormali-
ties. These symptoms aren’t enough to define PD, but these markers are conducive to

better understand the disease process [14].

2.1.4 Cognitive Impairment in PD

Common and remarkable features of PD are cognitive impairments and demen-
tia. In PD patients without dementia, cognitive deficits occur frequently (up to ap-
proximately 50%) in the early stages of the disease. Mild cognitive impairment (MCI)
is a degree of cognitive decline that isn’t usually related to age. MCI differs from
dementia. Unlike dementia, the changes resulted from MCI are not severe enough to
affect activities of daily life and normal social function. MCI is an intermediate state
between normal cognitive function and dementia in PD. PD-MCI has an increased risk
for developing dementia. Presence of mild cognitive dysfunction in PD is seen in many
cases from early stages. Thus, identification of MCI is significant. However, diagnosis

of MCI in PD is usually complex and remains challenging [16].

2.2 Cerebral Blood Flow

The brain receives its blood supply from four main arteries. These are the two

internal carotid arteries and the two vertebral arteries. Adequate blood flow in brain



is significant for not only the supply of oxygen and nutrients, but also the removal
of waste from tissue. Therefore, measurement of blood flow, called cerebral blood
flow (CBF), is important for the assessment of tissue viability and function. CBF is
a quantifiable physiological parameter, and is related to neuronal metabolism, which
provides information for neurological disorders. CBF is presented in units of milliliters
of blood per 100 g of brain tissue per minute (ml/g/min). It has been reported that
the CBF value ranges from 40 to 100 ml/100 g/min [17, 18|.

In principle, measurement of CBF is based on the "indicator-dilution" theory.
The indicator dilution theory describes the passage of a tracer through the brain. The
indicator particles follow different paths and the amount of these particles decreases
in time. The transport function, h(7), is the distribution function of tracers which has
left the brain in a while. Total fraction of tracer is equal to one [19]. Therefore, the

integral of transport function over time equals unity, which can be represented as,

/OOO h(r)dr = 1. (2.1)

The residue function, R(t), is defined as the fraction of tracer still present in

the brain at time t after bolus injection, and can be represented as,

R =1- [ "h(r)dr. (2.2)

Therefore, R(t) and h(7) are important hallmarks for the system and Figure 2.1
displays the relationship between R(t) and h(7). There have been many techniques
including positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) in order to quantify CBF. By and large, these techniques are
based on monitoring tracer injections. Firstly, some substance that can be detected
easily gets injected in the blood. Afterwards, the concentration of the tracer is measured

by means of an appropriate detector while the tracer travels through the brain [17].
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The amount of tracer

0 Time t

Figure 2.1 The relationship between h(7) and R(t).

2.3 Arterial Spin Labeling MRI

ASL-MRI is one of the magnetic resonance imaging techniques that can be used
to measure CBF. There are advantages and disadvantages of ASL-MRI in comparison
to other techniques. ASL-MRI is a noninvasive method. Therefore, it is repeatable at
multi times, which enables to track relative changes in CBF easily. ASL-MRI doesn’t
use any contrast agents that can be potentially harmful. As a result of this, it doesn’t
adversely affect patient health [3]. Another advantage of ASL-MRI is generating CBF
images with higher spatial and temporal resolution than some other current techniques
[20]. Even though ASL-MRI has several advantages, ASL-MRI has low signal-to-noise

ratio, which might adversely affect the quantification of CBF [3].

2.3.1 ASL-MRI Principles

At the neck vessels, protons in arterial blood are magnetically tagged by apply-
ing a 180° RF pulse that inverts the net magnetization of the blood water. Tagged
blood acts as a magnetic tracer. The tagged protons are then carried by means of
the arterial vessels towards the brain tissue where they pass from the capillary com-
partment to the extra vascular compartment. The tagged blood passes into brain
tissue. After some TI, the ASL-MR images are acquired with a rapid imaging tech-

nique. These images are called the 'tag’ images. This experiment is then repeated



without magnetically tagging water molecules within arterial blood to yield another
set of images, which are called the 'control’ images. In tag images, the magnetization
of arterial blood is inverted. On the other hand, the magnetization of arterial blood is
fully relaxed in control images. The control image and the tag image are subtracted to
create a perfusion-weighted image, which shows the amount of arterial blood delivered
to each voxel within the slice within the transit time. Subtraction of labeled images
from control images eliminates static tissue signal. The remaining signal is a relative

measure of perfusion proportional to CBF [3].

2.3.2 ASL Labeling Techniques

There are three main types of proton labeling in ASL, which are continuous arte-
rial spin labeling (CASL), pulsed arterial spin labeling (PASL), and pseudo-continuous
arterial spin labeling (PCASL). ASL-MRI is categorized in terms of proton labeling

type.

2.3.2.1 Continuous Arterial Spin Labeling

CASL uses long and continuous RF pulses, with slice-selective gradients. CASL
has advantages, one of which is to provide a higher SNR than other ASL-MRI tech-
niques, such as PASL. In addition to this, CASL provides higher perfusion contrast
than other types of labeling. However, it has several drawbacks. The long inversion
pulses brings about magnetization transfer (MT) effects and cause the person to be

exposed to large amount of RF energy, which increases specific absorption rate (SAR)

21].
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2.3.2.2 Pulsed Arterial Spin Labeling

Unlike CASL, PASL uses short RF pulses. Inversion of the arterial blood occurs
over a specific area which is known as a tagging region. Short RF pulses induce less
MT effects with respect to CASL. The disadvantage of this technique is the imperfect
edges of the tag pulses. Therefore, a spatial gap between the distal edge of the tagging
slab and imaging plane is required. Several techniques have been developed for PASL.
The difference among these methods is the place of the tagging plane and the choice
of how the blood is tagged magnetically for the control and label images [21].

One of these PASL techniques is Echo Planar Imaging and Signal Targeting
with Alternating Radiofrequency (EPISTAR). This technique was first proposed by
Edelman et al. in 1994. Tagging is applied in a slab below the imaging slice, while
inversion in control experiments is performed in a slab symmetrically above the imaging
slice. This sequence was originally a single slice technique. Multislice acquisition was
achieved by using single inversion pulse for the label experiment and two half 180A° RF
pulses for the control experiment at the same proximal location in order to compensate

for MT effects [22].

Since this technique has balanced slice selection gradients for control and tag
experiments, it could have fewer eddy current artifacts [2|. Figure 2.2 shows the mag-
netization after RF pulses are applied for control and tag experiments in EPISTAR

technique for a single slice. Another PASL technique is Flow Sensitive Alternating

EPISTAR

Y ]

;
L | . .
N Il | ' ;
| ! N

\ Tag ),' ':_ Control

Figure 2.2 Inversion profiles of tag and control pulses for EPISTAR [22].
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Inversion Recovery (FAIR). Arterial blood is tagged by using non selective inversion,
which means that everything within RF coil is inverted. The imaging slice is also af-
fected. Control image is acquired after a selective inversion. This sequence minimizes
MT effects [23]. In FAIR technique, slice profile is thinner with respect to EPISTAR
and Proximal Inversion with Control of Off-Resonance Effects (PICORE). So, the pro-
file of the edge of the tag is sharper, which is conducive to correctly quantify CBF maps
[2]. Figure 2.3 shows the tag and control planes for FAIR technique. Another PASL

FAIR

Tag

Figure 2.3 Inversion profiles of tag and control pulses for FAIR [22].

technique is PICORE. Tag method is the same in EPISTAR and PICORE. Tagging is
applied in a slab below the imaging slice by applying a 180° RF pulse with a selective
gradient. In control experiments, off-resonance inversion pulses are applied without a
gradient. That means that nothing in the control plane is inverted. Therefore, the
control pulses compensate MT effects, because these pulses don’t invert the magneti-
zation of the spins [2]. Figure 2.4 shows that control plane is wider than tag plane in

the PICORE technique.

Figure 2.4 Inversion profiles of tag and control pulses for PICORE [22].



12

2.3.2.3 Pseudo-Continuous Arterial Spin Labeling

PCASL is one of the ASL-MRI techniques. It combines CASL’s high SNR
and PASL’s higher tagging efficiency. Unlike CASL, PCASL compensates for the MT

effects. The other advantage of PCASL is less RF power deposition with respect to
CASL [21].

2.3.3 ASL-MRI Artifacts

There are several artifacts commonly encountered in ASL-MRI images. Famil-
iarity with these artifacts may prevent errors in the assessment of the CBF maps. One
of these artifacts is the susceptibility artifact resulting from the EPI readout. EPI is
commonly used in ASL-MRI readout in order to speed up the data acquisition. One
disadvantage of EPI is susceptibility, which causes a dark signal in the CBF maps.
This artifact can be misinterpreted and might result in a wrong diagnosis [24]. In Fig-
ure 2.5, the loss of the signal intensity due to the susceptibility artifact resulting from

an EPI readout is shown with a red arrow. Another artifact stems from the motion
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Figure 2.5 Susceptibility artifact of an EPI readout.

of patients. Motion artifact is encountered to a large extent, especially, in hospitals.
The pattern of this artifact is a peripheral ring of high signal intensity. Figure 2.6
shows that the top-right peripheral of brain has higher signal intensity with respect
to the other brain regions. Also, this ASL-MRI image belongs to a patient diagnosed

with glioma, and the high signal intensity resulting due to motion might be confusing
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when clinicians evaluate this image. Another artifact is the parallel imaging (PI) ar-

Figure 2.6 Motion artifact.
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tifact. Parallel imaging is a technique for rapid acquisition. It exploits the multiple
elements of a phased array coil. This artifact is seen due to subtraction in ASL-MRI
[25]. Sensitivity encoding (SENSE) [26] and generalized partially parallel acquisitions
(GRAPPA) |27] are two common PI techniques. In SENSE, the image is reconstructed
in the image domain after Fourier transform. In GRAPPA, the image is reconstructed
in the frequency domain before Fourier transform. PI artifact of SENSE technique
appears as aliasing, whereas GRAPPA causes a grainy image. Figure 2.7 shows an

aliasing artifact due to SENSE [28|.
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Figure 2.7 Parallel imaging artifact.
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2.4 Readout

RF pulses don’t provide spatial information. Therefore, gradients are employed.
There are three types of gradients, including frequency encoding (FE) gradient, phase
encoding (PE) gradient and slice selection (SE) gradient. If SE gradients are applied,
RF pulses is restricted in order to select a region of the field of view (FOV). These
pulses are described as selective. If no SE gradient is applied, pulses are called non
selective [29]. In tag experiments, selective gradients are employed, while non-selective

gradients are employed in control experiments.

Several readout techniques have been developed for ASL-MRI in the past. One
common technique is EPI consisting of rapid series of gradient echoes so as to cover k-
space after a single or multi-excitation pulse. The artifact of this readout is signal loses
and geometric distortions. To get rid of these drawbacks, multiple TT protocol is used.
The application of multi TT is a conducive way to measure multiple phases of CBF
maps. This approach provides more accurate CBF maps. However, the disadvantage
of this method is longer data acquisition time. Therefore, parallel imaging techniques

can be applied in order to speed up the readout.

2.4.1 Look-Locker

Look-Locker (LL) is one of ASL-MRI readouts in order to speed up multi TIT
acquisition. Its name originates from its two inventors [30]. It has been combined
with EPI readouts. This readout consists of one inversion pulse and several pulses
with a low flip angle. EPI readout follows these pulses so as to sample the whole
brain. This technique enables higher temporal information without increasing the scan
time. However, the application of multiple readout pulses perturbs the recovery of
the magnetization. Therefore, the disadvantage of this technique is the low signal
amplitude [31]. In 2001, LL readout was combined with a FAIR labeling scheme [32].
Later, Petersen et. al. used STAR labeling with LL readout [6]. But, there is a

difficulty with quantification of CBF maps, since LL readout requires a more complex
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model for perfusion quantification. In LL, the effective longitudinal relaxation time is

defined as,

1
Tleff - 1 (23)

__ log(cosa)?
Ty ATT

where, « is the readout flip angle and AT'[ is the time between the RF pulses.

2.5 ASL-MRI Models of Quantification

There are several quantification techniques in order to obtain CBF maps. Firstly,
tag and control images are obtained. After that these images are subtracted in order
to generate perfusion weighted images. After subtraction, tissue part without blood
vessels in brain is eliminated. This process is common in ASL-MRI quantification tech-
niques. How the difference of these images is interpreted is an important parameter
for estimation of CBF maps. This interpretation is based on either compartmental

modeling or tracer kinetics.

2.5.1 Single Compartment Analysis

Williams et al. introduced the principle of CBF in ASL-MRI by applying the
Bloch equations [33]. The model describes the microvasculature and tissue within the
imaging slice as a single compartment. It is assumed that water is a freely diffusible
tracer with an extraction fraction of 100%. This means that inverted arterial water is
instantaneously exchanged with tissue water upon its arrival. Taking into account of

tissue perfusion, the longitudinal Bloch equation is given by;

dM(t) My — My(t)

dt = Ty, + fMa<t) - f

M,(t)
A

(2.4)

where, f is brain blood flow, M is magnetization under fully relaxed conditions, M,(t)
is longitudinal magnetization per g of brain tissue, Ty, is spin lattice relaxation time

of brain water in the absence of flow, M,(t) is the longitudinal magnetization per
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ml of arterial blood, A is brain/blood partition coefficient. fM,(t) and fM"T(t) are
the magnetization of water entering and leaving the brain, respectively. A well-mixed
compartment is assumed. In a well-mixed compartment, these magnetizations are

expected to be equal.

In the control experiment, no inversion pulse is applied in the presaturated
slice, which means that M,(t)=M, and M(t = 0) = 0. Therefore, the solution of
Bloch equation is,

—t

Mcntrl(t) = Mo(]- — eTlaPP)7

1 _ 1 . f
Tlapp le + AT

In tag experiment, inversion pulse is applied in the presaturated slice, which
—t
means that M, (t)=Mo(1 — 2ce™ ) and M(t = 0) = 0. And, « is labeling efficiency
defined as,

My — M,(t=0)
N 2M, ‘

«

(2.6)

Under above conditions, Bloch equation is solved. After that, the time depen-
dent magnetization can be solved for as,

_—t elel;p — eﬁ
Mtag(t) = Mg(l — 26T1app) — 2CYMO§<(1 — 1 )> (27)
le Tlapp

The difference magnetization between control and tag experiment is then,

M(t) = Mentri(t) = Miag(t) = 20:Mo




17

2.5.2 General Kinetic Model

Buxton formulated general kinetic model in order to quantify CBF in ASL-MRI.
The general kinetic model directly derives from tracer kinetics theory. This theory is a
mathematical description of the dynamic tissue concentration of any tracer delivered
to the tissue by blood flow. In the general kinetic model, the tracer is considered as
labeled blood water. So, labeled blood water is measured to quantity magnetization

instead of the concentration. There are three functions for general kinetic model.

One of them is arterial input function which is called as the delivery of the
tracer. The tagged blood acts as a radioactive agent. Therefore, half-life of tagged
blood is stated as the longitudinal relaxation time of blood, T,. According to the
single compartment model, ¢(¢) , the normalized arterial concentration of magnetization

arriving at time t in the brain, is modeled as,

0, 0<t< At
eﬁ(pulsed), At <t <At+r
ct) =9 _a (2.9)
eTw (continous), At <t < At+rT
0. 0<t <At

Delivery of the tracer is described as below,
AIF = (M, — My(t))c(t) = 2Myac(t), (2.10)

where, M, is magnetization under fully relaxed conditions, M,(t) is longitudinal mag-

netization per g of brain tissue, and « is labeling efficiency.

The other function is residue function, which is the fraction of tagged blood that
arrived and is still in brain at time t. This function provides information about what
happens to the tracer after arriving at the brain. Total amount of remaining tagged

blood in brain slice is described as,

q(t) = q — qH(t), (2.11)
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where, ¢ is the quantity of labeled blood in the beginning, and goH (t) is the total

amount of tracer leaving the brain slice. Therefore, residue function is described as,
r(t)=1—H(t) = —% =e*, (2.12)

where, f is blood flow and A is brain/blood partition coefficient. [19]

The last function is the relaxation function, which is the fraction of the original

longitudinal magnetization of tagged protons carried by blood, denoted as,
—t

m(t) = e, (2.13)

where, T, is the longitudinal magnetization of the tissue. So, Buxton describes time

dependent tissue signal as [4],

c(t) = f/ot AIF(T)r(t —7)m(t — 7)dT. (2.14)

As a result, AM (t) can be modeled as,

0, 0<t<At
2Mo f (t — At)aeT;lqu(t) (pulsed), At<t<At+T
—At
AM(t) = 2Mof(t — At)ae T q,(t)(continous), At <t < At+7 (2.15)
2M0f7aeT;1iqp(t) (pulsed), At+T1<t
—At
2My frae T q,(t) (continous), At+T1<t
and,
okt (g— kAt _ —kt
o ekt(e—kAtie—kt)
gp(t) = —1 k(t_Alt) , At < At+71 (2.16)
k' - m - T{,

1 _ 1 4 f
T{_TM"’_/\'

In addition to this, Chappell et al. [34] proposed that the difference of control

and label images included intravascular (IV) and extravascular (EV) components. IV
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component represents that some of labeled blood remains in vessels, whereas EV com-
ponent represents that some of the labeled blood remains in tissue. This is important
to keep in mind to correct CBF maps and include IV component. And, the total signal,
which is the difference of control and label images, is the sum of these two components

as,

AM = AMWssue) 4 ApfeBY), (2.17)

IV component, AM (t), is modeled as,

0, t < Ata
AME) (1) = 2M0bozeT;12aBV, Ata <t < Ata+ Ta (2.18)
0, Ata + Ta <t

where, a BV represents the arterial blood volume fraction, Ata is the bolus arrival time

(BAT), and 7a is the bolus duration (seconds) of the arterial bolus.

2.5.2.1 QUIPSS II

An inversion pulse is applied in tag slice in this technique. After some time,
tagged blood arrives into the imaging slice. If images are acquired before tagged blood
flows into the imaging slice, it causes errors in the estimation of CBF maps, which is a
problem. Multiple phases overcome this problem. ASL-MRI experiment is applied at
multiple phases. This solution can increase the accuracy of perfusion measurements.
However, this causes long data acquisition time reducing signal-to-noise (SNR). There-
fore, this protocol is sensitive to motion artifacts. The most popular pulsed ASL
technique is quantitative imaging of perfusion using a single subtraction (QUIPSS and
QUIPSS II) [5], which uses additional pulses to saturate the trailing edges of the label,
thus producing a clearly defined bolus. The OUIPSS labeling scheme is implemented in
order to eliminate these variable transit delays. This technique is based on a multi-TT
PASL sequence. In this technique, saturation pulses are applied. A saturation pulse is

applied to the imaging slice at time TI1 after the arterial blood is tagged. After some
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time, the image is acquired. In QUIPPS, the saturation pulse is applied in imaging
slice. Unlike QUIPSS, the saturation pulse is applied to the tagging region in QUIPSS
IT. QUIPSS II provides more time for the distribution of tagged arterial blood, which
has arrived to the tissue, with respect to QUIPSS. Furthermore, it produces homoge-
neous and more robust perfusion signal. In QUIPSS II, CBF (f) is calculated using
the difference of control and tag images acquired at multiple times by means of the

following formula [5],
—T1I
AM = 2Mo,fTLe ™ q(Tuy, Tr, Toos £, 0, TL), (2.19)

for

ThH < T,
TI, > TI + dt.

(2.20)

where, My, is fully relaxed magnetization of blood, Tj,is the longitudinal relaxation
time of arterial blood, T}; is the longitudinal relation time of arterial blood within
tissue, T¢, is exchange time, T'I, is the time of acquisition image, A is the blood
partition coefficient of water, 7 is the time width of the tag, and dt is the transit time
of blood from the tagging region to the imaging slice. ¢ is a correction factor for the

difference in relaxation time of tissue and is close to unity [17].

2.5.2.2 QUASAR

Quantitative Star Labeling of Arterial Region (QUASAR) was proposed by Pe-
tersen et al. aiming at providing more accurate quantification of brain tissue perfusion

[6]. In this technique, CBF maps were quantified by modifying general kinetic model
with Look-Locker readout and QUIPSS II.

During evolution of QUASAR, first Pulsed Star Labeling of Arterial Regions
(PULSAR) was introduced by Golay et al. [35]. PULSAR is based on the original
EPISTAR sequence. This means that PULSAR is a STAR labeling technique coupled

with a 2D multi-slice EPI readout. In this technique, water suppression pulse is used in
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order to presaturate the imaging slice, which increases the sensitivity of the perfusion
signal. Before development of PULSAR, there was regional perfusion imaging tech-
nique (RPI), which had serious drawbacks. It provided regional CBF measurement of
individual feeding arteries. However, this technique is very susceptibility to magnetic
field inhomogeneities. Therefore, it isn’t practical for high field imaging. PULSAR is
developed to overcome these limitations. With respect to RPI method, the PULSAR
technique is less sensitive to field inhomogeneities. Moreover, this technique has better

labeling efficiency and higher SNR.

QUASAR is the combination of PULSAR with QUIPSS II and Look-Locker
readout. This technique is preferred to sample at multiple time points of perfusion
signal, which makes a clear definition of the arterial blood bolus. In this technique,
both labeling and control experiments are preceded by a saturation pulse and QUIPSS
IT type of bolus saturation is applied during a Look-Locker sampling [32]. Moreover, a
vascular crusher is applied at certain intervals. As a result of performing ASL with and
without the application of a vascular crusher, crushed and non-crushed control-label
pairs are acquired for the estimation of AIF and arterial blood volume (aBV). When
the vascular crusher is applied, CBF of the micro-vascular compartment (CBFcrushed)
is measured. On the contrary, a CBF of the macro- and micro-vascular compartments
together (CBFnon-crushed) is measured in the absence of a vascular crusher. Arterial
transit time (ATT) is defined by the ratio of the perfusion signal of CBFnon-crushed
to CBFcrushed, which is defined as the time it takes for the labeled blood to travel

from the labeling plane to the micro-vascular compartment of the imaging voxel [6].

Figure 2.8 shows the overall sequence of QUASAR. In Figure 2.8.a, labeling and
control experiments are followed by the multi-time point in the course of 7b, which is
the temporal length of the labeled blous obtained with a bolus saturation technique
similar to QUIPSS. For the duration of 7s (shown in gray), a multislice readout is
implemented. Figure 2.8.b and ¢ show the sequence of the noncrushed and crushed
experiments, respectively. These experiments are done by applying bipolar gradients
in order to suppress intravascular signal. These gradients have the same magnitude

but opposite direction. In Figure 2.8.d, the actual RF and gradient scheme for pre-
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saturation, label/control, postsaturation, bolus saturation, and excitation followed by
readout with or without crusher is given. The readout techniques are same for non-
vascular crusher and vascular crusher. Figure 2.8.e shows pulses applied in the control
experiment. Because this technique is based on EPISTAR, two 180° RF pulses are
applied in the control experiment. In figure 2.8.f, the images located from left to right
represent presaturation slab, label/control region, post saturation slab, image acquisi-

tion without bolus saturation, and image acquisition with bolus saturation, respectively

[6].
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Figure 2.8 A QUASAR sequence diagram |[6].
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There are two different magnetizations coming from CBFnon-crushed and CBF-
crushed. Therefore, total magnetization is the sum of these two magnetizations. AM

is formulated as,

AM = AMcrushed + AMnon—crushed' (221)

The main assumption is that the subtraction of control and label signals is
ideally perfect. As a result of this, AM (non-crushed) can usually be ignored. Thus,
the measured signal doesn’t include subtraction errors. Briefly, total signal depends
only on the difference of the control and label signals, and this difference gives a direct
measure of how much blood has been delivered to the voxel and survived at the time

of measurement [6].

ATF can be obtained by subtracting the difference signal of the noncrushed data
from the difference signal of the crushed data. aBV is obtained as the time integral
of the arterial signal curve divided by the bolus area that corresponds to an initially

labeled voxel with 100% blood volume. aBV can be expressed as,

R (AMo(t) — AM(t))e i dt

BV
“ 2Ma0’7'06

(2.22)

2.6 Literature Review

There have been a few studies measuring CBF in PD-MCI patients using ASL-
MRI. The general target of these studies has been defining biomarkers identifying
PD-MCI in the early stages of PD. The diagnosis of PD-MCI is important, because
patients with PD-MCI are at increased risk of developing dementia later. Anticipated
biomarkers may help in identifying patients that might have dementia later in life,
and these patients might be provided with possible therapies that might slow down
the progression of dementia. Decreased perfusion in parieto-occipital cortex, cuneus,

precuneus and posterior cingulate gyrus in PD compared to healthy controls (HC)
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has been reported in the literature [7]. The limitation of that study was using four
Tis, and the whole brain wasn’t scanned. In another study, Chao et al. [9] observed
reduced perfusion in the right precuneus, right inferior parietal cortex, right middle
cingulum, and right middle frontal cortex in MCI subjects, who later became demented,
in comparison to MCI subjects who remained nondemented. Another study reported
decreased perfusion in the inferior and middle temporal gyri, fusiform gyrus, inferior
and superior lateral occipital cortex, supracalcarine and intracalcarine cortex, cuneus,
precuneus, posterior cingulate gyrus, superior parietal lobule, and right middle frontal
gyrus in PDD versus HC [8]. These studies all used a single TI. In the literature, it
has been reported that multi TT is more effective in calculating CBF maps than single

TI [10].
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3. MATERIALS and METHODS

3.1 Subjects

19 PD-MCI patients and 19 cognitively PD-CN patients were included in this
study. PD-MCI were matched to PD-CN for age, sex ratio and years of education. The
age of participants ranged from 40 to 80 years. All subjects provided written informed
consent after the nature of the examination was explained. The study protocol was
approved by Istanbul University Clinical Research Ethics Committee. Table 3.1. shows

the age range, sex and education level of all patients.

Table 3.1
Demographics of patients.

Variables PD-MCI | PD-CN
Male 12 15
Sex

Female 7 4

40-50 2 3

50-60 7 9

Age Groups

60-70 7 4

70-80 3 2

5-8 11 7

Education 811 1 2
11-15 7 10

3.2 Diagnostic Criteria and Assessment

All subjects were examined by expert neurologists. There were specific and
common criteria for the selection of the subjects. One important criterion for deter-
mining subjects was the years of education to carry out the clinical tests successfully.
Therefore, at least a certificate of primary education was needed from all subjects. Af-

terwards, the subjects were asked whether they have received any antidepressant treat-
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ment, because antidepressants have been reported to affect the regional blood flow in
the brain [36]. If a subject has taken any antidepressant pill, she/he weren’t included in
the study. In the final step, Geriatric Depression Scale (GDS) was performed to assess
depression, since depressed patients could have alterations of CBF with respect to non-
depressed people [37]|. Then, the severity of disease and the general neuropsychological
status of the selected subjects were assessed to form their Unified Parkinson’s Disease

Rating Scale (UPDRS).

UPDRS is a test that can be used to quantify motor manifestations of PD. The
UPDRS applied in this study consisted of four subsections. Subsection 1 included men-
tal, behavioral, and mood questions. In subsection 2, questions related to activities of
daily living were asked. Subsection 3 was a clinician’s rating of the motor manifesta-
tions of PD. Subsection 4 rated complications of therapy. Results obtained from these
subsections were evaluated by the interviewer and clinical observation. Subsections 1,
2, and 4 consisted of information received from patients or caregivers, whereas data for
subsection 4 was based on examination of patient’s motor symptoms. The total score

of UPDRS provides insight into a patient’s disease progression [38|.

3.2.1 Assessment of Cognitive Impairment

Neurophysological tests were performed for all the subjects. These tests pro-
vided information about cognitive status of the subjects. Also, these tests were used
for assessing the degree of PD. The combination of results of UPDRS and these tests
were conducive to determine whether a patient with PD is mild cognitively impaired

or cognitively normal. The following tests were performed in this study.

3.2.1.1 Stroop Test

In 1935, the Stroop effect was described by John Ridley Stroop. The Stroop

effect, sometimes called the Stroop test, measures attention. In this test, a sheet where
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names of colors appeared in congruent or incongruent ink is shown to participants.
Stroop effect consists of two parts. The first test is easy, since the color and the word
are same. However, second part is difficult with respect to the other, because the
color and meaning of the word are incongruent. And, participants want to read words,
which is another color’s name. Reading is faster than naming the colors, which creates
a conflict in brain. Finishing the test requires a long time because the brain has to

suppress the wrong answer [39].

3.2.1.2 The Wisconsin Card Sorting Test

The Wisconsin Card Sorting Test (WCST) ensures a versatile measure of neu-
ropsychological functioning to clinicians. The use of WCST has become widespread
as a clinical neuropsychological instrument. It assesses abstract thinking, cognitive
flexibility, and impairment. In this test, stimulus cards with shapes on them are shown
to the participants. The cards have different colors, numbers, and forms of shapes.
Firstly, participant is supposed to sort these cards into two piles. What stimulus di-
mension is used in order to sort the cards isn’t told to the participant. However, if the

match is accurate, this is told to the participant [40].

3.2.1.3 The Benton Judgment of Line Orientation Test

The Benton Judgment of Line Orientation Test has been increasingly employed
as a measure of spatial perception in both clinical and research settings. In this test,
there are line segments of different spatial orientations, which must be matched with
a set of longer lines on a response card. In order to complete the test, a participant
must match correctly a set of five practice items. Total score is based on the number
of correct items adjusted with age and gender. Scores categorizes the participants as

normal, mild, moderate, and severely impaired [41].
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3.2.1.4 The Symbol Digit Modalities Test

The Symbol Digit Modalities Test (SDMT) was developed in order to deter-
mine participants with neurological impairment. The SDMT examines neurocognitive
functions including attention, visual scanning, and motor speed. Also, it is easy to
administer. In this test, the task sequence includes a series of symbols, each with a
blank space underneath. Within a 90-second time limit, participant is supposed to
insert the numbers associated with the symbols. The test can be administered in both

written and oral forms [42].

3.2.1.5 The Addenbrooke’s Cognitive Examination Revised

The Addenbrooke’s Cognitive Examination Revised (ACER) is employed to
identify mild cognitive impairment and dementia in both clinical and research settings.
This test measures five cognitive domains including attention/orientation, memory,
verbal fluency, language and visuospatial abilities. There are questions related to these

domains. Total score of ACER is 100. High scores show better cognitive functioning

143].

3.3 Data Acquisition

All subjects were scanned using 3 Tesla clinical MR system (Philips Medical
Systems, Achieva, Holland) with a 32-channel head coil at Hulusi Behcet Life Research
Center in Istanbul University. In this study, a T2-weighted (T2w) MR image was
acquired for each patient (TR/TE 10243/80 ms, flip angle 90°, FOV 240x240 mm?,
slice thickness=2 mm, matrix size =128x128, total scan duration=210 sec). Figure 3.1

shows an example of an axial T2w MR image in a subject with PD-CN.
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Figure 3.1 T2-weighted MR image.

ASL-MR images were acquired by using STAR labeling with multi-slice single-
shot EPI readout at multiple TT. Figure 3.2 shows the ASL-MRI sequence which is used
in Philips Achieva 3T scanners. Bipolar gradients and background suppression were
not applied. The sequence employs QUIPSS II technique that applies presaturation
pulses in the volume of interest at multiple times. Afterwards, a 90° dephasing pulse
is applied within the same region of the presaturation pulses to provide a clear start-
ing time of the bolus. Also, there are wet saturation pulses used in order to suppress
water like in spectroscopy technique [35]. ASL-MR imaging parameters were as fol-
lows; TR/TE=250 ms/16 ms, flip angle=40°, FOV 240x240 mm?; matrix size=80x80),
6 slices, slice thickness=6 mm, multi-slice single-shot EPI; SENSE 1.2, label thick-
ness=130 mm, label gap=20 mm, label delay 300 ms, number of dynamics=48, total
scan duration=248 sec. At a single ASL-MRI scanning session, 6 slices were acquired
at a certain region of brain. Each slice was acquired at 8 different phases using 8 dis-
tinct TT that are 250 ms apart. Figure 3.3 shows an example of the 6 slices acquired
at eight different TIT’s. For the first slice, minimum TT was 300 ms, and the maximum
TT was 2050 ms. The minimum TT of each consecutive slice was increased by 25 ms of
that of the previous slice. Also, data acquisition was repeated 30 times at each phase
and slice in order to increase SNR. The ASL-MRI data acquisition was repeated three

times to cover the whole brain.
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Figure 3.2

Pulse sequence diagram of ASL-MRI in Philips Achieva 3T scanners.

Slice 6

Figure 3.3 The demonstration of slices at different TIs.
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3.4 Data Processing and Analysis

3.4.1 CBF and aBV Map Calculation

After scanning the subjects, 1440 control and 1440 tag images were obtained by
applying STAR labeling with EPI readout at multi times. A program was written in
MATLAB(The Mathworks Inc., Natick, MA) for calculating the CBF and aBV maps.
In the first step, the images were arranged according to their slice locations. After that,
control and tag images were averaged and deltaM images were obtained by subtracting
average control images from tag images, respectively. In Figure 3.4, one control image

subtracts from one tag image in order to get one deltaM image.

Figure 3.4 The subtraction of control and tag images.

Before CBF calculation, brain tissue was masked at each session to remove out
of-brain voxels in average control and deltaM images. In Figure 3.5, masking of a single

control image is shown. The main magnetization, M,, was estimated for each pixel of

Figure 3.5 Masking in a control image. a) Control image at a given slice, b) masked out tissue, and
¢) masked control image of the slice.
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control images using different phases of the control images by employing the following

formula,

M(TI) = My(1 — eTw ), (3.1)
where T'[ is the inversion time, T3, represents the longitudinal relaxation of blood. M
correction was used in CBF calculation. Additionally, the effect of using a constant M
in CBF calculation was explored. In the second step, CBF maps was calculated for each
patient by taking into consideration aBV correction using QUIPSS II formula based
on General Kinetic Model [4, 5, 34] that was described in detail in the Background

section.

3.4.2 Registration to MINI152 Brain Atlas

ASL images were registered to structural images, which were T2w MR images
in this study. Forty-eight CBF maps and ninety T2w MR images of each subject were
converted to .nii format in Mricron program (https://www.nitrc.org/projects/mricron).
The skull of each T2w MR image was stripped in FMRIB Software Library (FSL)
(http://fsl.fmrib.ox.ac.uk/fsl /fslwiki/) software package [44]. Figure 3.6 shows the T2w
MR image of a PD-CN patient after skull removal.

Figure 3.6 T2w MR image of a subject after removing skull.

CBF maps were resampled into T2w MR image spatial resolution. Then, T2w
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MR image intensities were replaced with CBF map intensities at corresponding slice
locations using a program written in MATLAB. Figure 3.7 shows an example brain
after CBF maps were correctly fused into T2w MR images. In two patients, CBF-T2w
MR image fusion failed due to subject motion, and an example of failure is shown in

Figure 3.8.

Figure 3.7 The FSL view of CBF-T2w MR fused image.

Afterwards, the CBF-T2w MR fused images were resampled into the MNI152
atlas. Figure 3.9 shows the MNI152 atlas in FSL. Then, CBF values of several brain
regions were estimated in FSL using MNI152 registered CBF maps.

3.4.3 Histogram Analysis

A histogram analysis was applied to assess the change in CBF maps after aBV
correction. The histogram of one slice of the CBF map calculated with or without aBV
correction, which had high arterial signal, acquired from a PD-CN patient was selected
and histograms were evaluated using an in-house program written in MATLAB. The
histogram analysis provides a general idea of the data shape. In our study, the skewness,

kurtosis, peak height and peak position of histograms were evaluated. The skewness



34

Figure 3.8 The FSL view of a CBF-T2w MR incorrectly fused image due to subject motion.

indicates whether a data set is symmetric or skewed to one side. If data set is perfectly
symmetrical, skewness is equal to zero, which means that histogram looks the same
to the left and right of the center point. A positive value for skewness means that
distribution is skewed towards the right, whereas a negative value means that the
distribution is skewed towards the left. Kurtosis provides information about the central
peak of the data set. Higher values in kurtosis demonstrate a higher, sharper peak
in data, while lower values in kurtosis demonstrate a lower, less distinct peak. The
skewness and kurtosis have no units. In addition to skewness and kurtosis, peak height
and peak positions were calculated. The peak height shows the value of highest peak

in the data. The peak position gives the location of the peak [45].

3.4.4 Graphical User Interface Design

In this study, a graphical user interface (GUI) was designed in MATLAB for
CBF map calculation. The control, tag and deltaM images were shown in different

axes after ASL-MRI images were selected. The M, fit in a selected pixel was displayed
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Figure 3.9 The FSL view of MNI152 atlas.

in another frame. The second step was the calculation of CBF maps. The option of
running CBF calculation with QUIPSS II and Look-locker techniques were provided in
different drop down menu options. After selecting the processing technique, CBF and
aBV maps and CBF fit function in a given pixel were shown in different axes. Although
these CBF calculations are all based on general kinetic model, different formulas have
been applied for calculating CBF maps. In this study, there were not any bipolar
gradients and background suppression for ASL-MRI data acquisition. Besides, there
were pre- and post- saturation pulses applied in the region of interest at multiple times.
Therefore, QUIPSS II technique was selected for CBF processing. The design of the
graphical user interface is shown in Figure 3.10. This GUI enabled a more convenient

CBF estimation in MATLAB.

3.4.5 Statistical Analysis

The ASL-MR images were acquired from two independent groups, including
PD-MCI and PD-CN. A Mann-Whitney ranksum test was used to understand whether

there was a statistically significant difference between the mean CBF values in several
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brain regions of PD-MCI and PD-CN. A Wilxocon signed rank test was applied to
compare histogram parameters of the CBF maps before and after aBV correction.
Bonferroni multiple comparison correction was used for adjusting p values for the
statistical analysis. Additionally, Spearman correlation coefficients were calculated
to assess if there was a relationship between neurophsychological test scores and CBF
values. Moreover, Friedman test with SNK test for multiple comparisons was used to

compare the CBF values in different brain regions of each group.
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Figure 3.10 The GUI of CBF map calculation.
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4. RESULTS

4.1 The CBF and aBV Values
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CBF and M, were calculated and their maps were generated. Figures 4.1, 4.2

and 4.3 show the estimated My maps estimated in three distinct regions of a PD-CN

patient. Figure 4.4 shows the M, fitting in a single pixel. The range of My was [0

40000].
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Figure 4.4 M, fit in a given pixel.

Figure 4.5 shows the CBF map estimated with a constant Mg, which was taken
as 1000. When the value of M, was accepted as a constant without calculating its real
value, the range of CBF was [0 2500], even though the expected CBF value range is
[0 80]. In Figure 4.6, the CBF map estimated with calculated My is shown, which had

an expected range of [0-80].
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Figure 4.5 The CBF map calculated with a constant M.
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Figure 4.6 The CBF map calculated with real My values.

Figures 4.7, 4.8 and 4.9 show the CBF maps in three distinct regions of the
brain. The ranges of CBF maps were [0 80, [0 150] and [0 600] in these regions,
respectively. Figure 4.10 shows aBV maps taken from the first region of a PD-CN
patient. The range of aBV maps in this region was [0 1].
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Figure 4.7 CBF maps taken from the 1% region of a PD-CN patient.
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Figure 4.10 aBV maps taken from the 1¢ region of a PD-CN patient.

4.2 The Mean CBF Value Differences

CBF maps of two patients were not included in the analysis because of head
motion. CBF values of PD-MCI patients were compared with that of PD-CN in these
regions by using Mann-Whitney ranksum test. In Table 4.1, the mean (+std) CBF
values in these brain regions can be seen with the corresponding p values. Decreased
perfusion was seen in precuneus region in patients with PD-MCI with respect to pa-
tients with PD-CN. After Bonferroni multiple comparison correction was applied to
adjust p values, there was not any statistically significant difference between the CBF

values of PD-MCI and PD-CN patients in any regions.



Table 4.1
The mean CBF values (+std) of PD-CN and PD-MCI patients in different brain regions, and the
p-values calculated with a Mann-Whitney ranksum test.
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Precuneus | Cingulate Gyrus | Frontal Lobe | Temporal Lobe | Subfrontal Gyrus | Occipital Lobe
PD-CN | 62.83£25.89 68.3£18.6 63.07+28.65 58.82426.74 72.86£32.89 37.714£20.92
PD-MCI | 44.24+16.67 64.584+22.3 59.29423.76 61.02425.64 55.73426.6 38.39+20.37
p 0.03* 0.81 0.70 0.75 0.13 0.96

*trend p<<0.05. **p<0.05/6 was considered as statistically significant.

The mean (+std) aBV values were calculated in the same brain regions, and were
compared between PD-MCI and PD-CN patients by using Mann-Whitney ranksum
test. Table 4.2 shows the mean aBV values (£std) of PD-MCI and PD-CN patients in
different brain regions with p values. As can be seen, there was not any statistically
significant difference between the aBV values of the two group of patients in any of the

regions.

Table 4.2
The mean aBV values (+std) of PD-CN and PD-MCI patients in different brain regions, and the p
values calculated with a Mann-Whitney ranksum test.

Precuneus | Cingulate Gyrus | Frontal Lobe | Temporal Lobe | Subfrontal Gyrus | Occipital

PD-CN | 1.41+1.21 1.79+1.17 2.20+1.82 0.1+0.27 2.82+2.23 1.27+1.16

PD-MCT | 1.2540.76 1.63£1.3 1.65£1.36 0.254+0.9 1.844+1.63 1.54+0.72
p 0.91 0.52 0.38 0.76 0.19 0.25

*trend p<0.05. **p<0.05/6 was considered as statistically significant.

Also, the CBF values of different brain regions were compared with each other in
each patient group using a Friedman test. Table 4.3 shows the mean ranks of the CBF
values. There was a statistically significant difference between CBF values calculated in
these brain regions for both PD-MCI and PD-CN (p=0.031, and p=0.007, respectively).
Afterwards, SNK test was used to determine pairwise CBF value differences between
regions. The CBF values were statistically significantly different between cingulate
gyrus and occipital lobe for PD-MCI patients. On the other hand, the CBF values

were statistically significantly different in cingulate gyrus, occipital lobe, frontal lobe
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and subfrontal gyrus for PD-CN patients. There were statistically significant CBF
differences between cingulate gyrus and occipital lobe, frontal lobe and occipital lobe,

and occipital and subfrontal gyrus.

Table 4.3
The mean rank of CBF values in some brain regions, and p values calculated with a Friedman test.
PD-MCI PD-CN
Brain regions Mean Rank | Mean Rank

Precuneus 2.76 3.58
Cingulate Gyrus 4.18 4.08
Frontal 4.24 3.92
Temporal 3.59 3.77
Subfrontal Gyrus 3.71 4.15
Occipital 2.53 1.69

p 0.031%* 0.007*

*p<0.05 was considered as statistically significant.

4.3 Correlation of Neuropsychological Test Scores and CBF

Values

Table 4.4 shows the neuropsychological test scores of 19 patients with PD-MCI
and 19 patients with PD-CN.

Table 4.5 shows the mean test scores in PD-MCI and PD-CN, and the p-values
calculated with a Mann-Whitney ranksum test for testing the difference between pa-

tient groups. It was found that there was a statistically significant difference between

ACER values (p<0.0001).



Neuropsychological test scores of PD-MCI and PD-CN patients.

Table 4.4
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PD-MCI | GDS | UPDRS | ACER | STROOP | LINE | SDMT || PD-CN | GDS | UPDRS | ACER | STROOP | LINE | SDMT
1 7 46 76 57 16 18 1 9 60 84 64 12 16
2 1 22 82 47 25 33 2 11 57 89 69 24 17
3 13 56 72 46 26 31 3 5 32 84 97 27 25
4 10 79 72 60 21 18 4 5 70 90 65 26 24
5 9 74 71 72 18 13 5 9 74 71 72 18 13
6 2 13 68 14 22 18 6 11 53 98 27 27 48
7 9 70 80 54 26 35 7 5 52 90 57 27 45
8 11 33 82 23 25 32 8 8 47 84 39 24 36
9 7 27 79 68 25 28 9 7 27 79 68 25 28
10 7 55 72 86 19 15 10 11 46 84 79 23 27
11 2 30 69 12 18 16 11 11 87 85 49 22 21
12 4 34 76 77 14 18 12 2 45 91 60 14 32
13 7 65 82 93 20 29 13 0 45 92 28 28 35
14 3 51 72 23 21 25 14 4 36 89 39 22 26
15 3 17 75 26 24 35 15 8 38 88 46 22 18
16 2 49 68 55 24 19 16 11 30 95 37 18 26
17 4 66 80 33 13 20 17 4 70 85 48 26 24
18 11 66 66 55 27 15 18 5 56 86 64 20 23
19 10 43 72 67 19 18 19 2 80 87 48 25 24

Table 4.5

The mean test scores values (£std) of PD-CN and PD-MCI, and p values calculated with a

*trend p<0.05. **p<0.05/6 was considered as statistically significant.

Mann-Whitney ranksum test.

PD-MCI PD-CN P
GDS 6.424+3.32 6.58+3.72 0.73
Line 21.214+4.2 23.2644.6 0.09
Stroop | 50.95+23.9 | 55.374+19.17 0.62
UPDRS | 47.164+20.06 | 52.06+15.72 0.5
SDMT | 22.924+7.40 | 27.46+8.82 0.11
ACER | 74.42+5.18 | 88.82+4.14 | 3.12E-07**

Table 4.6 shows the mean (+std) CBF values and correlation coefficient (R)

and p values calculated by applying a Spearman rank correlation test. A trend for

negative correlations were found between CBF values and GDS in precuneus, UPDRS

in occipital lobe, and ACER in subfrontal gyrus for PD-MCI patients.




The mean test scores (£std) in different brain regions, and p values calculated with Spearman rank correlation test.

Table 4.6

Precuneus Cingulate Frontal Subfrontal Occipital Temporal

PD-MCI PD -CN PD-MCI PD -CN PD-MCI PD -CN PD-MCI PD -CN PD-MCI PD -CN PD-MCI PD

Mean=std | 74.784+5.09 | 88.58+3.98 | 74.78+5.10 | 88.72+4.04 | 74.70+5.24 | 88.53+4.08 | 74.71+£5.24 | 98.97+4.09 | 74.784+5.10 | 88.944+4.11 | 74.78+5.09 | 88.5+4.31
ACER R 0.18 0.41 0.07 -0.11 0.36 -0.45 -0.59 0.23 0.13 0.21 0.23 -0.47
p 0.48 0.91 0.79 0.65 0.16 0.07 0.01* 0.40 0.61 0.44 0.37 0.09

Mean=std | 53+22.77 | 55.37£19.16 | 53+22.77 54.89+19.6 | 51.594+22.65 | 56.47+18.98 | 51.59+22.65 | 54420.69 | 53.00+£22.77 | 54.18+£20.71 | 53+£22.77 56.8420.9
Stroop R -0.01 -0.29 -0.28 -0.16 0.28 -0.16 -1.36 0.44 -0.25 0.02 -0.15 0.10
p 0.98 0.23 0.26 0.52 0.28 0.53 0.60 0.09 0.31 0.95 0.56 0.75

Meantstd | 21.17+4.31 | 23.26£4.59 | 21.17+4.31 | 23.4444.65 | 21.594+4.04 | 23.1844.65 | 21.59+4.05 | 24.754+2.84 | 21.17+4.31 | 23.94+£3.94 | 21.174+4.31 2443.04
Line R -0.28 -0.05 0.23 0.03 0.11 -0.36 0.32 0.29 0.37 -0.23 -0.1 -0.21
p 0.26 0.83 0.36 0.91 0.68 0.16 0.22 0.27 0.14 0.40 0.69 0.47

Meandstd | 23.2247.66 | 27.4249.72 | 21.1744.31 | 27.67+2.09 | 23.53+7.79 | 27.23+8.98 | 23.53+7.87 | 18.12+8.90 | 23.22+7.66 | 27.31£7.79 | 23.2247.66 | 23.36+7.96
SDMT R -0.04 -0.15 0.31 -0.24 0.16 -0.34 -0.03 -0.41 0.29 -0.29 0.23 -0.01
P 0.88 0.54 0.21 0.34 0.54 0.18 0.26 0.12 0.25 0.28 0.38 0.97
Mean=std | 49.06+£18.80 | 52.05+15.72 | 40.06+18.80 | 51.83+16.15 | 49.94+19 | 52.23+16.55 | 49.94+18.10 | 51.75+16.97 | 49.06+18.91 | 51.32£17.06 | 49.05+18.80 | 50.50+16.35

UPDRS R -0.36 0.03 -0.26 0.34 0.30 -0.08 0.33 0.19 -0.55 0.11 -0.40 -0.04
) 0.14 0.91 0.30 0.17 0.26 0.77 0.20 0.47 0.02* 0.68 0.10 0.89

Mean=std | 6.67+3.66 6.58+3.65 6.67£7 6.66+3.74 6.82+3.71 7.05+3.45 6.92+3.71 6.69+3.79 6.68+3.66 6.62+£3.91 6.67+3.66 7.64+3.18
GDS R -0.56 -0.16 -0.23 0.04 -0.04 -0.04 0.03 -0.19 -0.05 0.18 -0.24 0.11
p 0.02* 0.50 0.35 0.97 0.87 0.89 0.91 0.48 0.95 0.50 0.34 0.72

*trend p<0.05. p**<0.05/6 was considered as statistically significant.

Ly
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4.4 Histogram

Table 4.7 shows the histogram parameters of CBF values before and after aBV
correction and the p value of their differences for a PD-MCI and a PD-CN patient.
The skewness, kurtosis and peak height decreased for both patients (p<0.001). The
peak position did not statistically significant differed between before and after aBV

correction for both patients.

Table 4.7
The histogram analysis of patients in one brain slice, and p values calculated with Wilxocon signed
rank test.
PD-MCI PD-CN
mean=+std mean-+std
CBF CBF_aBV P CBF CBF_aBV P

Peak height | 97.94+42.31 | 77.76+38.01 | 2.92e-04* | 95.234+61.35 | 69.35+39.32 | 0.0012*

Peak position | 13.25+2.13 | 12.18%£1.10 0.0113 12.52+1.67 | 11.75%1.48 0.0168
Kurtosis 12.54+6.46 10.93+5.3 5.03e-4* 12.284+6.38 | 10.84+5.55 | 2.93e-04*
Skewness 2.67£0.94 2.46+0.83 | 5.03e-04* | 2.43+0.79 2.62+0.85 | 3.51e-04*

*p<0.006

Figure 4.11 shows the histogram of one slice before, and Figure 4.12 shows the
histogram after aBV correction in a slice of the CBF map for the PD-CN patient. The
range of the values of the CBF map were [10, 100] before, and [10, 80| after the aBV

correction.
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Figure 4.11 The histogram of a CBF map calculated without aBV correction.
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Figure 4.12

The histogram of a CBF map calculated with aBV correction.
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5. DISCUSSION

The results of our study are consistent with previous studies measuring perfusion
by SPECT in PD-MCI and PD-CN patients. These studies showed subtle perfusion
changes in parieto-occipital regions in PD-MCI patients compared with PD-CN pa-
tients [46]. There were not any statistically significant differences between any brain
regions in PD-MCI patients compared to PD-CN patients in our study. However, there
was a trend of decreased perfusion in the precuneus in PD-MCI patients. The decreased
perfusion in precuneus in patients with PD-MCI relative to PD-CN might be related
to cognitive, visual and sensorimotor deficits, because decreased perfusion in neurode-
generative diseases has been attributed to either tissue loss or functional connectivity
loss [47, 48]. The mean aBV values were not statistically significantly different between

patient groups.

There was a trend for a negative correlation between the CBF values in the
precuneus and GDS scores in the PD-MCI patients. GDS score increases in depression,
and CBF decrease in in several regions of PD-MCI patients might be related with
it. On the other hand, a trend for a negative correlation was found between ACER
and CBF values of PD-MCI patients in subfrontal gyrus. Previous studies found a
reduction of CBF values of PD-MCI patients in subfrontal gyrus with respect to PD-CN
patients and HC [7, 8, 9]. Additionally, increase in ACER scores shows better cognitive
functioning [49]|, and PD-MCI diagnosis is mainly made based on the reduction of
ACER scores. Therefore, the correlation between CBF values in subfrontal gyrus
and ACER was expected to be positive, and our findings require further analysis.
Additionally, a negative trend was found between UPDRS and CBF values in PD-MCI.
UPDRS increases with cognitive impairment, and CBF decrease in PD-MCI patients

in several regions might be related with cognitive impairment.

In the current study, we found changes in histographic patterns of CBF values

derived from ASL-MRI images after aBV correction. The skewness values of CBF
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histograms calculated with and without aBV correction were positive, which meant
that distributions were skewed right. Additionally, kurtosis decreased after aBV cor-
rection, which meant lower peaks. The decrease in skewness and kurtosis meant that
the CBF distributions were closer to normal and the value of high peaks decreased.
Therefore, the distribution of CBF values obtained from patients was closer to normal
after aBV correction. Changes in PP and PH were detected in all patients. There was
a statistically significant difference in PH, whereas there was not a statistically signif-
icant difference in PP. The decrease in PH was due to the reduction of the arterial
blood signal. Also, aBV correction didn’t affect the position of the main peak in CBF

histograms.

There are two different analysis techniques for estimating CBF values in brain
regions. These are registration and region of interest analysis [44]. There have not been
any studies calculating CBF values after registration into a brain atlas in PD patients.
In general, ROI was used to estimate CBF values in PD (7, 8, 9]. In ROI analysis, the
regions of CBF maps are visually determined. The disadvantage of this technique is
that the ROI definition is somewhat subjective, which could cause incorrect estimation
of the CBF values. And, it would be quite time consuming to define several brain

regions by hand.

Several of the previous ASL-MRI studies done on other MR vendors used the
scanner software to calculate CBF maps. However, available software had some draw-
backs, one of which is that main magnetization was taken as constant, which might
have resulted in wrong CBF estimation, because main magnetization is different in
each control image. In Philips MR system, control, tag, and the subtraction of these
images are acquired. In our study, main magnetization was estimated from multi TI
ASL-MRI data, and CBF maps were calculated by taking into account My variations.
Also, another drawback of the previous studies was the limited number of subjects

7.8, 9]

However, some limitations of our study should be noted. We did not include

healthy controls. Additionally, the brain location of some patients in head coil changed
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after T2w images were acquired. Therefore, these patients were excluded from the
study. CBF maps have low resolution, which was a problem in registration, and CBF
values in some brain regions could not be estimated. Also, there were some artifacts

in ASL-MR images, which might have had a negative effect on estimating CBF values.

The ASL-MRI technique could provide clinicians and researchers with an attrac-
tive alternative to radiotracer methods in many aspects including safety, availability,
repeatability, cost and effectiveness. Using 3T MRI scanner is preferable for ASL-MRI
technique, since high field provides higher signal to noise. But, acquisition of ASL-MRI
at 1.5T MRI scanners is also feasible, which are more widespread over the world [50].
CBF maps might offer an easily applicable biomarker that may be useful for future

longitudinal investigations and assessment of PD progression.
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6. CONCLUSION

To our knowledge, this is the first comprehensive study comparing the CBF
maps of PD-MCI and PD-CN using ASL-MRI in the literature. Relative cerebral per-
fusion differences in PD-MCI patients might serve as potential biomarkers of cognitive
impairment in PD patients. Also, we identified negative correlation trends between
CBF values and neuropsychological test scores indicating cognitive impairment might
be related with perfusion deficits in the brain. In future studies, the population of
PD-MCI and PD-CN will be increased, and healthy controls will be included in our
study. Also, the same subjects will be scanned after 1.5 years, and the CBF maps
will be compared to identify possible biomarkers, which might indicate a conversion
from PD-MCI to PDD. Additionally, other ASL sequences might be implemented for
creating better CBF maps.



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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