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ABSTRACT

IMPROVED MULTI INVERSION TIME ARTERIAL SPIN
LABELING MRI OF THE BRAIN

Arterial spin labeling magnetic resonance imaging (ASL MRI) measures cere-

bral blood flow (CBF) quantitively without using any contrast agent or radiation.The

calculation of labelled blood arrival time to tissue and arterial vessels provides hemody-

namic information, which may be useful in understanding neurodegenerative disorders.

Separate pseudo-continuous ASL (pCASL) MR can be done at multiple inversion times

(TI) to avoid inaccurate CBF estimation due to uncertainties in arrival times, which is

time consuming and limits the number of averages. ASL MRI using Look-Locker (LL)

readout and the time-encoded pCASL MRI (te-pCASL) using Hadamard matrix are

two approaches for acquiring ASL data at multiple TIs. ASL-MRI with LL readout

requires a complex model to accurately estimate CBF. On the other hand, te-pCASL

MRI has a shine-through effect, which might cause errors in CBF estimation. In the

first part of this thesis, the brain perfusion deficits in Parkinson’s disease with mild

cognitive impairment (PD-MCI) were investigated using ASL MRI with LL readout.

PD-MCI patients displayed a posterior hypoperfusion pattern, which classified these

patients with over 90% accuracy in comparison to healthy controls. Moreover, geneti-

cally risky PD with microtubule-associated protein tau gene (MAPT) H1/H1 haplotype

had visual hypoperfusion as compared with non-risky PD. In the second part of the

thesis, the possible reasons of shine-through effect in te-pCASL MRI were assessed

using simulations and in-vivo data. Based on the theoretical model, pCASL and te-

pCASL MRI resulted in the same ASL signals. On the other hand, our experimental

results showed that the use of selective background suppression inversion pulses could

lead to the appearance of the shine-through effect.

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

te-pCASL, Look-Locker readout, Parkinson’s disease, shine-through effect.
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ÖZET

BEYNİN GELİŞTİRİLMİŞ ÇOKLU TERS ÇEVİRME
SÜRELİ ATARDAMAR FIRIL ETİKETLEME MRG’Sİ

Atardamar fırıl etiketleme manyetik rezonans görüntüleme (ASL MRG), her-

hangi bir kontrast maddesi veya radyasyon kullanmadan beyin kan akışını (SKA) nicel

olarak ölçer. Dokuya ve arteriyel damarlara etiketlenmiş kan varış süresinin hesaplan-

ması, nörodejeneratif bozuklukların anlaşılmasında faydalı olabilecek hemodinamik bil-

giler sağlar. Bu nedenle, zaman alan ve ortalama sayısını sınırlayan varış sürelerindeki

belirsizliklerden kaynaklanan hatalı SKA’yı önlemek için birkaç farklı görüntüleme za-

manında ayrı pCASL yapılabilir. Birden çok ters TIlarda ASL veri toplamak için

Look-Locker (LL) okumasının kullanımına dayanan ASL MR ve Hadamard matrisini

kullanan zaman kodlu sözde sürekli ASL MRI (te-pCASL) iki yaklaşımdır.LL okumalı

ASL-MRI, SKA’yı doğru bir şekilde hesaplamak için karmaşık bir model gerektirir. Öte

yandan, te-pCASL MRI, SKA hesaplamasında hatalara neden olabilecek bir parlama

etkisine sahiptir. Bu tezin ilk bölümünde, hafif bilişsel bbozukluğu olan Parkinson

Hastalığında (PH) beyin perfüzyon eksiklikleri, LL okumalı ASL MRG kullanılarak

araştırılmıştır. Hafif bilişsel bozukluğu olan PH’nin sağlıklı kontrole kıyasla %90’ın

üzerinde doğrulukla posterior hipoperfüzyon göstermiştir. Ayrıca, mikrotübül ilişkili

protein tau geni (MAPT) H1/H1 haplotipine sahip genetik olarak riskli PD, riskli ol-

mayan PD’ye göre görsel hipoperfüzyona sahipti. Tezin ikinci bölümünde, te-pCASL

MRG’de parlama etkisinin olası nedenleri simülasyonlar ve in-vivo veriler kullanılarak

değerlendirilmiştir. Teorik modele dayalı olarak, pCASL ve te-pCASL MRI, aynı ASL

sinyalleriyle sonuçlandı. Öte yandan, deneysel sonuçlarımız, seçmeli arka plan bastırma

çevirme darbelerinin kullanımının, parlama etkisinin ortaya çıkmasına yol açabileceğini

gösterdi.

Anahtar Sözcükler: Atardamar fırıl etiketleme, Parkinson hastalığı, hafif kognitif

bozukluk, te-pCASL, Look-Locker okuması, parlama etkisi
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1. INTRODUCTION

The Circle of Willis (CoW) is an important anatomical structure providing

the collateral pathway for the distribution of and keeping cerebral blood flow (CBF)

through brain [1]. CBF is a measurable parameter showing the blood volume passing

per unit mass per unit time in brain tissue. CBF is regulated by the mechanisms to

maintain the required substrates (glucose and oxygen) to brain and to remove carbon

dioxide (CO2) and metabolic waste products from the brain [2]. Because CBF provides

information about neural metabolism, it is considered as a prospective biomarker to

detect and track neurological changes, in especially neurodegenerative diseases, such

as Parkinson’s disease (PD). Mild cognitive impairment (MCI), which represents a

state between cognitively normal condition and dementia, is a symptom of progressive

neurodegenerative diseases. PD with MCI (PD-MCI) is currently diagnosed based on

an arbitrarily predefined standard deviation (stdv) of neuropsychological test scores,

and more objective biomarkers for PD-MCI diagnosis are needed [3]. Although the

detection of abnormal patterns in cerebral perfusion could be an anticipated biomarker,

the measurement of it can be invasive when techniques, such as positron emission

tomography (PET), and single-photon emission computed tomography (SPECT), are

used due to their use of contrast agents and radiation emission [4, 5].

Arterial spin labeling magnetic resonance imaging (ASL MRI) is a non-invasive

MRI technique to measure CBF quantitatively [6]. This technique is based on the sub-

traction of images containing either inflow inverted or non-inverted spins of the protons

within the blood in brain. Firstly, the spins of the protons within inflow blood are in-

verted by applying 1800 RF pulses in the neck area. After a time called as inversion

time (TI), label image is acquired. This experiment is repeated without applying any

RF pulse to acquire control images. The perfusion-weighted images are generated by

subtracting these two images, which are then fit into a model to calculate CBF [6–8].

Several techniques for ASL-MRI have been developed, which include continuous ASL

(CASL) MRI, pulsed ASL (PASL) MRI and pseudo continuous ASL (pCASL) MRI.
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pCASL MRI technique is of choice in the clinics, which combines CASL MRI’s high

SNR and PASL MRI’s higher labeling efficiency [9]. Unlike PET and SPECT, ASL

MRI is non-invasive and doesn’t use any contrast agents or radiation. Despite these

advantages, it is known that ASL MRI suffers mainly from low signal-to-noise (SNR)

when compared to other methods measuring CBF, which might adversely affect the

quantification of CBF [10]. A background suppression (BGS) scheme consisting satu-

ration and inversion pulses has been proposed to optimize the SNR in ASL MRI [11].

However, the routine application of ASL has been somewhat limited due to the low

SNR, which necessitates long acquisition time. Moreover, the uncertainty of transit

time remains an unsolved problem [12]. Therefore, the signal of ASL MRI has been

sampled at different TIs, which gives more precise information for estimating CBF

maps.

Instead of performing separate traditional pCASL-MRI experiments, two tech-

niques, which are ASL MRI with Look-Locker (LL) readout [8] and time encoded

pCASL (te-pCASL) MRI [13], have been developed to enable the acquisition of ASL-

MRI signals at different TIs within one scan. In ASL MRI with LL readout, the images

are acquired by applying low flip angle radio frequency (RF) pulses at multiple times.

On the other hand, te-pCASL MRI acquires the images by dividing the long labeling

duration into a Hadamard size number, N, and changing the situation (label or con-

trol) in accordance with the sign of Hadamard matrix order. Perfusion-weighted images

with certain TI and label duration are then reconstructed by adding or subtracting the

acquired images considering the sign of Hadamard matrix order.

Multi-TI ASL MRI with LL readout requires fitting data into a complex model

to produce accurate CBF maps, but enables estimation of CBF by taking into account

the arrival time of labeled blood. On the other hand, te-pCASL MRI has been proposed

as a technique to solve long acquisition time problem and to better estimate CBF map

with high SNR within a single scan by using a Hadamard matrix. However, signal

fluctuations causing the errors in CBF maps are seen in te-pCASL images, which

is called as shine-through effect [14, 15]. There are theoretically prospective reasons

causing the shine-through effect. These mechanisms could involve high vascular signal
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or noise at short sub-boli/TIs, the switching between control and label situations in

the consecutive sub-boli, the imperfect interleaving of control and label sub-boli, and

the effect of BGS.

The aims of this thesis study were twofold. First, an in-house program was de-

veloped for estimating CBF maps out of ASL-MRI with LL readout data by combining

general kinetic model and arterial blood volume correction. Then, this program was

used to define perfusion deficits related to cognitive decline in PD including patients

with risky gene carriers. Next, a study was conducted to understand the possible

mechanisms behind the shine-through effect in te-pCASL MRI using simulations and

in-vivo data.
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2. BACKGROUND

2.1 Circle of Willis

The brain receives blood from a network of arteries. The junction of these

arteries forms the CoW structure at the base of the brain [1,16]. The CoW consists of

ring-like vessels connecting the anterior and posterior circulations of the brain (Figure

2.1). This ring-like vessel includes three cerebral arteries, including paired internal

carotid, paired posterior and paired anterior cerebral arteries, and two communicating

areas, including posterior and anterior communicating arteries.

Blood is delivered to the brain through the paired internal carotid arteries and

the paired vertebral arteries. Paired internal carotid cerebral arteries supply the blood

from the neck into the brain and then branches into the paired anterior cerebral ar-

teries which provide the anterior circulation supplying the blood to the majority of

the cerebral hemispheres, including the frontal lobes, parietal lobes, lateral temporal

lobes and anterior part of deep cerebral hemispheres. The paired vertebral arteries

form the basilar artery that divides into paired posterior cerebral arteries which enable

the posterior circulation by supplying the blood to the brainstem, cerebellum, occipital

lobes, medial temporal lobes and posterior part of the deep hemisphere, mainly the

thalamus. The CoW structure is completed by two communicating arteries, including

posterior and anterior communicating arteries.
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Figure 2.1 The structure of Circle of Willis.

2.2 Cerebral Blood Flow

CBF indicates how much blood passes through the tissue in units of milliliters

of blood per 100 g of brain tissue per minute (ml/100g/min). In the literature, it has

been reported that the CBF values range from 40 to 100 ml/100 g of tissue/min in gray

matter (GM) [5,10]. The measurement of CBF is important for the assessment of tissue

viability and function, because CBF has a correlation with neuronal metabolism [15].
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2.3 Regulation of Cerebral Blood Flow

Even though the brain is only 2-3% of the total body weight, it requires ap-

proximately 15% of the body’s total cardiac output and approximately 20% of the

body’s total oxygen consumption at rest [2]. Unlike the other organs having a large

store of glycogen, the brain lacks fuel stores of glucose and oxygen [2]. Therefore, the

brain needs to be constantly supplied with oxygen and energy so as to maintain ade-

quate perfusion. The regulation of CBF is essential to deliver the necessary substrates

(glucose and oxygen) to the brain and to remove carbon dioxide (CO2) and metabolic

waste products from the brain [2]. There are two local control mechanisms, which are

cerebral autoregulation and neurovascular coupling, for regulating and maintaining an

adequate blood supply to the brain [17].

2.3.1 Cerebral Autoregulation

Cerebral autoregulation (CA) is a homeostatic process that maintains constant

CBF despite changes in cerebral perfusion pressure (CPP) and activates the vascu-

lar smooth muscle (VSM) for the regulation of CBF. CBF is not only dependent on

changes in CPP but also on the cerebrovascular resistance (CVR). CA is responsible for

adjusting CVR to keep stable CBF. Additionally, CPP is the subtraction of mean ar-

terial pressure (MAP) and intracranial pressure (ICP). The relationship between these

variables is presented in Eq. 2.1 and Eq. 2.2.

CBF =
CPP

CV R
, (2.1)

CPP = MAP − ICP. (2.2)

When MAP or CPP increases, CVR will increase by means of vasoconstriction

in order to maintain CBF values constant. Conversely, CVR will be decreased when

MAP or CPP decreases. When the CA mechanism is absent, an increase in MAP
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causes not only an increase in CPP but also in CBF even if there is no change in the

metabolic demand of the brain. Two of the most dominant and known mechanisms for

the CBF regulation are the myogenic and metabolic mechanisms of CBF.

Myogenic mechanism is the ability to increase or decrease the size of vessel lumen

by VSM to keep the blood flow constant within the vessels. Metabolic mechanisms

provide autoregulation in accordance with the metabolic response controlled by several

factors, such as O2 and CO2 levels [18].

2.3.2 Neurovascular Coupling

Neurovascular coupling is described as a link between neurons and their energy

demand. Neuronal activity causes more oxygen consumption. Consequently, vascular

dilation occurs, which causes an increase in blood volume and flow to supply O2 and

nutrients to the brain and to remove waste [19]. This is an example of a feedforward

mechanism, because CBF is regulated before the difference between demand and supply

occurs.

2.4 Perfusion Measurement

The idea behind perfusion measurement has been to follow a tracer through the

vascular system and to measure brain perfusion by assessing the amount of tracer taken

up by the tissue of interest. In 1945, Kety and Schmidt [20] developed a method, based

on Fick’s idea [21], to measure CBF using inhaled, highly diffusible, and inert nitrous

oxide as a tracer. The amount of gas taken up by the brain per unit time was equal

to the difference of the gas brought to the brain by the arterial blood and gas carried

away by the venous blood, which provided a simple calculation of global CBF. In 1954,

the "indicator-dilution" theory was introduced as a model describing the passage of a

tracer through the brain [22]. The tracer particles can take different paths, whereas

the amount of these particles decreases in time. Levels outflow, h(τ), was defined as
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the amount of tracer leaving the brain over time [23], which could be represented as,

∫ ∞
0

h(τ)dτ = 1. (2.3)

There have been several imaging techniques to measure CBF. Most commonly

employed technologies are PET and SPECT, which both inject a tracer into the vas-

culature, and monitor its accumulation. The concentration of the tracer is measured

using a suitable detector while the tracer accumulates in the brain. Although both of

these techniques could provide accurate quantitative regional CBF measurements with

excellent reproducibility, they have drawbacks such as limited spatial resolution, the

usage of a contrast agent, long acquisition time and radiation exposure [4, 5]. MRI is

another technique that could measure CBF non-invasively. One of the perfusion MRI

techniques is dynamic susceptibility contrast magnetic resonance imaging (DSC MRI)

that tracks the first passage of an exogenous, paramagnetic, non-diffusible contrast

agent, such as gadolinium, through the tissue of interest [24]. This technique has some

drawbacks, such as cost, limited availability, and some patient discomfort. Another

technique to quantify CBF is ASL MRI [9]. Compared to SPECT and PET, ASL MRI

is a non-invasive perfusion MRI modality and has several advantages, including lower

cost, and shorter preparation and scan times [9, 25].

2.5 Arterial Spin Labelling MRI

ASL MRI measures CBF non-invasively without the use of either radioactive or

gadolinium-based tracers. This technique has some advantages with respect to other

techniques measuring perfusion. First, it can be repeated at multiple times to track

relative changes of CBF over time [6]. Also, CBF maps calculated from ASL MRI have

high spatial resolution [26]. Besides these advantages, ASL MRI suffers from poor SNR.

The principle of ASL MRI is based on the tracer tracking approach. The longitudinal

magnetization of protons within the inflow blood are inverted by applying a 180F

pulse in the labeling region. Inverted protons travel to the brain through the arterial
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vessels and are considered as magnetic tracers. After a delay time, which is called

inversion time (TI), label images are acquired of the imaging volume. This experiment

is repeated without magnetically labeling protons to create control images, where the

longitudinal magnetization of protons is fully relaxed. The subtraction of the control

and the label images eliminates static tissue signal. The remaining signal generates

a perfusion-weighted image, which indicates the amount of the labeled protons that

accumulated within the tissue during the delay time [6].

2.5.1 ASL MRI Techniques

ASL MRI techniques are classified into three main groups, which are CASL,

PASL, and pCASL, based on their labeling schemes. CASL was proposed by Williams

et al. in 1992 [6]. In CASL, long and continuous RF pulses with a gradient in the

slice-selection direction are used in order to invert protons within the blood. Although

CASL provides a high SNR, it suffers from magnetization transfer (MT) effects because

of the long RF pulse, which causes partial saturation of macromolecule magnetization

and thus errors in CBF calculations. Additionally, long inversion RF pulses causes

large RF energy deposition and thus a high specific absorption rate (SAR) [9].

Another type of ASL MRI is PASL, which uses short, slab-selective RF pulses.

In this approach, protons within the blood are inverted by short RF pulses in a specific

area called the labeling region. Importantly, there is a need for a spatial gap between

the distal edge of the labeling and imaging volumes due to the imperfect edges of

the inversion pulses. For PASL, MT effects and SAR are less of an issue for CASL.

Moreover, PASL has the advantage of a high labeling efficiency [9].

Garcia at al. [27] developed PCASL, which uses a train of RF pulses in conjunc-

tion with suitable gradients. It combines CASL’s high SNR and PASL’s higher tagging

efficiency. This technique provides higher SNR than PASL and is easier implemented

for clinical RF amplifiers than CASL. PCASL compensates for the MT effects and

provides less RF power deposition than CASL [9].
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2.5.2 ASL MRI Models of Quantification

There have been several techniques developed to quantify cerebral perfusion

acquired by ASL MRI. The general idea behind the quantification of the CBF is based

on the subtraction of the label and control images to produce perfusion-weighted images

to remove the static tissue in the brain. Following that, a CBF map is generated by

calibrating perfusion-weighted images based on a signal model and an estimation of

M0, i.e., the MR-signal of a voxel filled with fully relaxed blood.

Single Compartment Model

One of the CBF estimation models is single compartment model based on the

modified Bloch equations. In this approach, the Bloch equations were modified to

include single-compartment kinetics to produce an analytical formula for the longitu-

dinal magnetization changes of the total magnetization of static tissue and inflowing

labeled blood [6, 28]. This model assumes a well-mixed compartment between the mi-

crovasculature and tissue, and sets the magnetization of the venous blood relative to

the magnetization of the labeled blood within the tissue. This approach assumes that

the inflowing labeled protons are instantaneously exchanged with the tissue upon their

arrival. Labeled blood enters the tissue voxel with the longitudinal magnetization,

M label(t), and leaves with longitudinal magnetization of venous blood, which is equal

to the average longitudinal magnetization, M(t), weighted by the equilibrium ratio of

water in brain compared to the blood partition coefficient, λ.

This first approach could be represented as;

dM(t)

dt
=
M0 −M(t)

T1

+ fMlabel(t) − f
M(t)

λ
, (2.4)

whereM0 is the main magnetization of the blood under fully relaxed conditions, and T 1

is longitudinal relaxation time of the magnetization in the absence of flow or exchange

between blood and brain. fMlabel(t) and f Mt

λ
are the magnetization of labeled protons

entering and leaving the brain, respectively.
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In the control experiment, no inversion pulses are applied in the labeling region

which means that Mlabel(t)=M0
label(t). Therefore, the solution of Bloch equation is

described over time as following,

Mcntrl(t) = Mo(1 − e
−t

T1app ),

1
T1app

= 1
T1

+ f
λ
.

(2.5)

In the label experiment, an inversion pulse is applied in the labeling region. So, the

magnetization changes could be expressed as,

M t
label = M0

label(1 − 2αe
−t

T1blood ), (2.6)

where T1blood is longitudinal relaxation time of the arterial blood and α is labeling

efficiency defined as,

α =
M0

label −Mlabel(t = 0)

2M0
label

. (2.7)

Under above conditions, Bloch equation could be solved as,

Mlabel(t) = M0(1 − e
−t

T1app ) − 2αM0
f

λ

(e
−t

T−1app − e
−t

T1blood )

( 1
T1a

− 1
T1app

)
(2.8)

The magnetization difference of the control and label experiments is thus equal

to,

∆M(t) = Mcontrol(t) −Mlabel(t) = 2αM0
f

λ

(e
−t

T−1app − e
−t

T1blood )

( 1
T1a

− 1
T1app

)
. (2.9)

General Kinetic Model

This approach is based on the modeling of a "bolus" of labeled spins traveling

through the vasculature. Buxton formulated the calculation of CBF as a convolution

problem without starting from the Bloch equations [7]. In the general kinetic model,

the transit delay and bolus duration are taken into account and tracer kinetic theory

is used. The dynamic tissue concentration of any tracer delivered to the tissue by
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blood flow is described mathematically in this theory. Labeled protons are considered

as tracers in blood, and three functions are described within the general kinetic model.

The function "arterial input function (AIF)" defines the delivery of the tracer, in

which the labeled protons are modelled as a radioactive agent with the "half-life time

of protons" dependent on the longitudinal relaxation time of blood, T1b. The arterial

concentration c(t) of the protons arriving at time t in the brain could be modelled as,

c(t) =



0, 0 < t < ∆t

e
−t

T1blood (Pulsed labeling), ∆t < t < ∆t+ τ

e
−∆t

T1blood (Continous labeling), ∆t < t < ∆t+ τ

0. 0 < t < ∆t

(2.10)

where ∆t is the arrival time of the labeled blood, i.e. the time it takes the blood to

travel of the labeling region to the imaging volume. Therefore, AIF can be described

as the following equation,

AIF = (M0
label −Mlabel(t = 0))c(t) = 2M0αc(t). (2.11)

The second function is the residue function (r), which reflects the fraction of

labeled protons that still remain within the brain at a time t after their arrival. Total

amount of remaining labeled protons in image voxel is described as,

q(t) = q0 − q0H(t), (2.12)

where, q0 is the quantity of labeled blood in the beginning, and q0H(t) is the total

amount of tracer leaving the brain slice. So, r is described as [23],

r(t) = 1 −H(t) =
q(t)

q(0)
= e

−ft
λ , (2.13)

The relaxation function is the third and the last function that incorporates the loss of

labeled protons due to longitudinal relaxation time , which is denoted as,

m(t) = e
−t
T1 , (2.14)
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Putting everything together, Buxton describes the time dependent tissue signal as [7],

∆M(t) = f
∫ t

0
AIF (τ)r(t− τ)m(t− τ)dτ, (2.15)

where λ is the labeling duration. As a result, ∆Mtissue(t) can be modelled as,

∆Mtissue(t) =


0, 0 < t < ∆t

2M0f(t− ∆t)αe
−t

T1blood qp(t)(Pulsed labeling), ∆t < t < ∆t+ τ

2M0fταe
−t

T1blood qp(t)(Pulsed labeling), ∆t+ τ < t

(2.16)

and,

qp(t) = ekt(e−k∆t−e−kt)
k(t−∆t)

, ∆t < ∆t+ τ

qp(t) = ekt(e−k∆t−e−kt)
kτ

, ∆t < ∆t+ τ

k = 1
T1blood

− 1
T ′1
,

1
T ′1

= 1
T1tissue

+ f
λ
.

(2.17)

where T1tissue is the tissue blood spin-lattice relaxation constant.

Inflow Turbo Sampling FAIR (ITS-FAIR)

Gunther et al. modified the general kinetic model to describe the signal obtained

with FAIR labeling, which is a PASL type of ASL, in combination with a LL readout [8].

In the general kinetic model, 90°readout RF pulses are assumed to measure the signal.

However, in ITS-FAIR, a LL readout is applied consisting of a train of small flip-angle

readouts. So, signal is multiplied with sine of the flip angle, which is formulated as,

∆M(t) = Mz(t) sinα (2.18)

The use of a train of readout pulses will decrease the label detected for later

timepoints, the effectively decreasing longitudinal relaxation time equals to,

T1eff =
1

1
T1

− log(cosα)
∆TI

(2.19)
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where, α is the readout flip angle and ∆TI is the time between the application of

excitation RF pulses. The general kinetic model can be modified to include the flip

angle effect. Quantitative CBF can then be estimated using Eq. 2.20 based on the

inflow turbo-sampling EPI-FAIR method, which is a variant of pulsed ASL with LL

technique [8]. The difference magnetization is,

∆Mtissue(t) =



0, 0 < t ≤ ∆t

−2M0f sinα e
−t

T1blood (1−eδRITS−FAIR(t−∆t))
δRITS−FAIR

, ∆t < t ≤ ∆t+ τ

−2M0f sinα e
−(∆t+τ)
T1blood (1−eδRITS−FAIR(τ))e−R1app(t−∆t−τ)

δRITS−FAIR
, ∆t+ τ < t

(2.20)

and,

δRITS−FAIR =
1

T1blood

− (
1

T1tissue

+
1

λ
− ln(cosα)

∆TI
) =

1

T1blood

−R1app (2.21)

2.5.3 Background Suppression in ASL MRI

The subtraction of control and label images could not fully cancel out the back-

ground signal coming from static tissue due to the physiological noise and motion

artifacts. In 1991, Dixon introduced the BGS technique initially to eliminate static

tissue signal by multiple inversion pulses for MRI angiography [11]. After that, BGS

schemes with continuous labeling and pulsed labeling were applied in ASL [29,30]. One

study compared the ASL performance with and without BGS on a pixel by pixel basis

and found out that the standard deviation of the ASL signal measurement was lower

for in ASL images with BGS [31]. In the BGS scheme, one saturation pulse and then

several inversion pulses are applied at the imaging volume at certain time points before

the readout [32]. The saturation pulse nulls the magnetization of all tissue types. As

a result, the recovery of magnetization starts from zero. Then, the inversion pulse

flips the direction of magnetization from positive to negative values. So, the recovery

of magnetization starts from the negative. The rate of recovery is dependent on the

T1 value of each tissue type. The readout is employed at a time when magnetization

is about zero during the recovery of magnetization going from negative to positive.

The suppression of the signal from multiple tissue types can be achieved by timing the
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readout and inversion pulses based on the individual T1 values. Figure 2.2 shows an

example of BGS scheme, consisting of one saturation pulse and two inversion pulses,

and the magnetization changes of three tissue types with different T1 during the period

from the application of saturation pulse to the start of the readout.

Figure 2.2 Background suppression scheme and changes in longitudinal magnetization for three
tissue types with different relaxation times over time.

Several studies about the implementation and optimization principles of BGS

in ASL have been published [31, 33]. An initial saturation pulse is applied with slice-

selective gradients in the imaging volume. Following the labeling inversion pulse, the

inverted protons return back to equilibrium with relaxation time. The difference be-
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tween inverted (label) and non-inverted spins (control) decays towards zero with the

same time constant until readout. The direction of spins is changed by applying in-

version BGS pulses, which has no impact on the difference value. At the application

of readout, the ASL signal is protected, and the signal from static tissue is nearly

eliminated.

In 2010, Dai et al. proposed the combination of long labeling duration and BGS

to maximize the SNR, because long labeling duration leaves little options for the timing

of the BGS pulses, resulting in infective of BGS pulses and lower SNR [34]. There are

major difficulties associated with the implementation of BGS during labeling duration,

one of which is the number of inversion pulses. It is necessary to limit the inversion

pulses, because the ASL signal is decreased by the imperfect inversion efficiency of

BGS pulses [31]. Secondly, all BGS must be slice-selective before and during labeling.

Slice-selective saturation and inversion pulses of BGS are applied from the upper end

of the labeling region to the upper end of the imaging volume. Additionally, the

labeling condition must be switched to control or label and vice versa, because the

magnetization direction of labeled blood that has left the labeling region is changed

when the inversion BGS pulse is applied during a long labeling duration. Otherwise,

the spins of inflowing blood that just enters the labeling region after the first inversion

BGS pulse are first inverted by labeling RF pulses and then again by the second

inversion BGS pulses. Consequently, the magnetization of these spins remains as like

unlabeled. This scenario causes a mixture of the labeled and unlabeled blood and

errors in the assessment of CBF. When inversion BGS pulses are applied during the

labeling period, control and label situations have to be switched to ensure continuous

labeled or unlabeled blood. These schemes are illustrated in Figure 2.3.
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Figure 2.3 The schemes of the control (a) and label (b) sequences with interleaved BGS and
Hadamard sequence with (c) and without (d) interleaved BGS.

2.5.4 Multi Inversion Time ASL MRI

pCASL has several advantages over other techniques. However, some problems

can be seen in CBF maps of the pCASL MRI. One of them is uncertainty in labeling

efficiency (LE) that is a measure of the inversion rate of flowing spins. LE, which

is equal to (arterial blood in the control scan - arterial blood in the label scan)/2,

is assumed to be 0.85 in most studies [10]. The labeling mechanism of pCASL is

not precisely an adiabatic inversion like CASL. As a result, B0 inhomogeneity, B1

inhomogeneity, and flow velocity may all affect labeling efficiency. It was reported

that LE is an important parameter for achieving high SNR, as well as for minimization

errors in CBF quantification [35]. The other problem of pCASL MRI is the uncertainty

in longitudinal relaxation time of arterial blood, which affects the CBF calculation due

to the time dependent decay of the signal [36]. In ASL MRI, the spins of the labeled

protons will decay due to the longitudinal relaxation time after the magnetization has
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been inverted. In the ASL consensus paper of 2015, T1 of blood was assumed to be the

main determinant for the loss of labeled protons in the calculation of CBF maps [10].

However, the value would need to be changed in accordance with where the labeled

protons are in the brain (white matter (WM), GM or blood) for more accurate CBF

quantification. The other issue stems from the choice of TI, which is supposed to be

long enough to ensure that all labeled protons within the blood have arrived to the

tissue of interest. CBF estimates are affected by the uncertainties in the transit time of

blood from the labeling site to the capillary bed of the brain area [12]. Inverted spins

of labeled protons would return to their equilibrium state before reaching the tissue of

interest when the arrival time of the labeled blood is too long in a subject with slow

blood flow. On the other hand, setting the imaging time to match the arrival times

could cause a significant reduction in SNR. Additionally, for the shorter TIs, i.e. shorter

than the arrival time, labeled protons would still reside in the vascular compartment

before imaging. Therefore, the choice of TI is important for acquiring ASL signal in a

correct way to allow accurate quantification of blood flow. Separate pCASL scans can

be done at several TIs in order to avoid inaccurate CBF resulting from uncertainties in

arrival times, which is time-consuming and costly [37]. Additionally, the measurement

of sufficient ASL signal is not possible in deep WM using pCASL with prolonged

TI [38]. To compensate for such delays in blood transit without wasting time, some

methods have been proposed for fast ASL acquisitions with multiple TIs. One of these

techniques is based on the use of LL readout. The other technique is time-encoded

pCASL MRI.

2.5.4.1 Look-Locker Readout

Look and Locker have proposed the LL readout in 1970. The aim of LL readout

was to save scan time by producing a train of absorptions instead of waiting for equi-

librium magnetization [39]. LL readout is one of the readouts for ASL MRI, that can

speed up multi-TI acquisitions by acquiring multiple images with a range of TI times

after a single labeling RF pulse is applied. In this readout, the recovery of longitudinal

magnetization is perturbed by applying several excitation pulses with a low flip angle.
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The application of LL in ASL MRI corresponds to the acquisition of multiple images

after protons are inverted by the labeling RF pulse. The advantage of this technique is

to acquire multiple images with higher temporal information in a single scan without

increasing the scan time. However, this readout results in low SNR, due to the pertur-

bations of longitudinal magnetization by multiple RF pulses [40]. Figure 2.4 shows the

Look-Locker readout pulses in ASL seqeunce, changes in the longitudinal magnetiza-

tion with low flip-angle excitation pulses and perfusion-weighted images corresponding

at each low flip-angle excitation pulse.

Figure 2.4 the Look-Locker readout pulses in ASL seqeunce, changes in the longitudinal magneti-
zation with low flip-angle excitation pulses and perfusion-weighted images over time.

In 2001, Gunther et al. used the combination of LL readout with a flow alternat-

ing inversion recovery (FAIR) labeling scheme, which is one of PASL sequences [8]. In

2006, Petersen et. al. combined signal targeting by alternating radiofrequency (STAR)

labeling of arterial regions with LL readout in order to speed up the acquisition, while
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acquiring multiple images at different time points in a single slice [41].

There are some disadvantages of LL, like the need of a relatively complex model

for CBF calculation, because repeated image acquisitions by employing low flip angle

RF pulses affects the labeled blood that has already reached the imaging volume [42].

So, the effect of LL readout needs to be taken into account for the quantification of

CBF. Moreover, the loss of SNR is seen in images. Lastly, ASL MRI with LL doesn’t

cover the whole brain, because the repeated acquisitions allow only limited time for

acquiring multiple slices.

2.5.4.2 Time-Encoded pCASL MRI

In 2007, Gunther proposed te-pCASL to sample ASL signal with high time and

SNR efficiency using a Hadamard matrix [13]. The Hadamard matrix is a square matrix

consisting of either +1 or -1 entries. In ASL MR, each row of this matrix represents the

labeling and the sum of the column widths of this matrix is equal to the total labeling

duration. The main idea of this technique is to split the labeling into several small

individual blocks called "sub-boli". Each sub-boli has different labeling duration and

TI. Sub-boli is tagged as either "control" or "label" in accordance with the entry sign

of the Hadamard matrix. Because the first column contains only label, this column

doesn’t generate a perfusion-weighted image. So, the first column of the Hadamard

matrix is removed (N × N-1) [43]. Figure 2.5 shows the control and label pCASL

sequence schematics, and also a te-pCASL with Hadamard-8 matrix sequence. In the

Hadamard-8 matrix scheme, a long labeling duration (b) is divided into consecutive

eight sub-boli with different labeling durations. In control situations (c) where the

value of entry is "-1", labeling is not applied similar to the control image scheme (a).

On the other hand, labeling is applied during "+1" sub-boli like in the label image

scheme (b). Encoded image means the acquired image includes the summation of

label and control signals coming from all the sub-boli during one row of the Hadamard

matrix.
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Figure 2.5 The schematic of the pCASL control (a), label (b) sequences and te-pCASL with
Hadamard-8 sequence (c).

In the decoding process, "1" and "-1" correspond to addition and subtraction,

respectively. The ASL signal having unique combination of labeling duration and TI

is calculated by either adding or subtracting encoded images in accordance with the

signs (1 =" add" and -1 =" subtract") of entries in each column (Figure 2.6). When a

decoded image is calculated for one column, its sign is applied to the encoded images.

Each decoded image includes signals coming from just one column, because the signals

coming from the other columns cancel each other out. Decoded images correspond

to perfusion-weighted images with different TIs for each sub-boli. Figure 6 shows the

calculation of the 1st decoded image. First, the entries of the first column are applied

to all encoded images. While the total signal of first column (sub-boli) is equal to the

subtraction of 4 label (4 L) and 4 control (4 C) signals, the label and control signals of

all other columns (sub-boli) will cancel out. For example, for the second column, total

signal is the summation of (L-L+C-C+L-L+C-C) and is equal to zero. As can be seen,
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te-pCASL uses the natural ordering advantage of Hadamard matrix for decoding and

encoding. Moreover, te-pCASL has higher time efficiency when compared to traditional

pCASL. In pCASL, 2×(N-1) measurements are needed to acquire images with different

(N-1) TIs, because control and label images are acquired separately. On the other

hand, N measurements are required to generate perfusion-weighted images with (N-

1) different TIs in te-pCASL. Also, te-pCASL image has same SNR with respect to

pCASL with the same labeling duration and the same TI [44]. It was also observed

that ATT maps acquired with te-pCASL were very similar to that of quantitative

STAR labeling of arterial region ASL-MRI technique [44]. Also, new combinations of

Hadamard encoded labeling have been developed by adjusting the duration of each

individual sub-boli to compensate for label decay.

Figure 2.6 The schematic of the pCASL control (a), label (b) sequences and te-pCASL with
Hadamard-8 sequence (c).

There is one issue about te-pCASL MRI. Before decoding, acquired image in-

cludes all label and control encoded image information. During decoding, the infor-

mation of sub-boli encoded images at other TIs is supposed to be zero in order to

accurately calculate the ASL signal at one TI. If there are signal fluctuations in en-

coded images at any TI due to pulsatile flow, the difference of the signals coming
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from the other sub-boli images is not zero, because these signal fluctuations cause the

difference contrast in encoded images [14]. This has been dubbed the ’shine-through

effect’.

2.6 Perfusion Deficits in Parkinson’s Disease

Neurodegenerative diseases are a heterogeneous group of progressive neurolog-

ical disorders that are characterized by progressive neuronal loss in the central ner-

vous system. Common neurodegenerative diseases are Alzheimer’s disease (AD), PD,

amyotrophic lateral sclerosis and prion diseases [45]. The CBF values could provide

information about the neuronal activity of the brain at both normal and diseased

states [46]. Cerebral perfusion disturbances and hypoperfusion have been associated

with impairment in cognition and eventually dementia [47–57].

The common consensus labels objectifiable cognitive impairment without func-

tional impairment "mild cognitive impairment" (MCI), and considers it a transitional

phase between normal cognition and dementia in progressive neurodegenerative dis-

eases. However, determining cognitive impairment is far from objective, instead de-

pending on the arbitrarily predefined stdv cutoffs of the neuropsychological test scores.

This arbitrariness may be a particularly issue in PD, because a liberal stdv cut-off of -1

leads to as high as 92.1%, but a stringent one of -2 leads to as low as 9.9% prevalence

of MCI among patients with PD [58]. Furthermore, the current diagnostic criteria of

idiopathic PD rely solely on motor symptomatology [59]. However, considering the

caudo-rostral progression of the PD pathology, starting from the lower brainstem, mo-

tor symptoms of the disease, reflecting the involvement of nigral dopaminergic neurons,

already correspond to the midstages of the disease [60]. Nigro-striatal dopaminergic loss

not only deprives the motor circuit, thus leading to the diagnostic motor symptoms, but

also the parallel frontostriatal circuits, presumably subserving executive functions [61].

Therefore, hypothetically, a dysexecutive syndrome may well accompany the initial

motor signs of the disease. Accordingly, MCI in PD (PD-MCI) was reported to be

present at the time of the diagnosis, before the initiation of dopaminergic replacement,
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in the so-called denovo patients [62]. A critical review of the relevant literature by the

Movement Disorder Society (MDS) Task Force reported that PD-MCI was present in

26.7% of PD patients starting from the early stages of the disease [63].

Additionally, PD-MCI was associated with a higher likelihood of conversion

into dementia in one longitudinal study [64]. However, every type of MCI may not

be malignant in the context of PD, in the sense that there may be "benign" subtypes

that do not progressively deteriorate, ultimately converting into dementia, and remain

stable over time. Martinez-Horta and Kulisevsky proposed that while frontostriatal

deficits leading to dysexecutive syndrome may be the benign, nonprogressive subtype,

the impairment of specific functions that depend on posterior cortical regions, such as

visuospatial, language, and memory functions, may represent the malignant, progres-

sive subtype [65]. This distinction was called the "dual syndrome hypothesis" [66]. The

authors suggested that, while frontostriatal defects appear more related to dopamin-

ergic deficits, posterior-cortical defects might obey multiple neurotransmitter failures.

After the above-mentioned critical review, the MDS Task Force subsequently pub-

lished guidelines for the diagnosis of PD-MCI [67], and the current clinical practice

mostly follows those guidelines, nevertheless utilizing arbitrarily determined stdvs of

mean neuropsychological scores for PD-MCI diagnosis. Therefore, there is a dire need

for developing surrogates of progressive cognitive impairment in PD, to use them as

biomarkers in future studies, such as drug trials aiming to prevent disease progression.

Disease signatures, as obtained from multimodal neuroimaging, are promising

candidates for being such surrogates. A number of studies used the ASL MRI technique

for studying cerebral perfusion in PD [49–56]. Decreased perfusion in the parietooc-

cipital cortex (POC), cuneus, precuneus, and posterior cingulate cortex (PCC) in PD

compared to healthy controls (HC) has been reported [49], which indicates a pattern

commonly called "posterior hypoperfusion" (PH). Three other studies also reported

PH in PD subjects compared with HC [50, 51, 56]. In terms of intrinsic connectivity

networks (ICNs) that parcellate the brain into functionally connected regions based

on resting-state functional MRI (rs-fMRI), the stated posterior midline and lateral ar-

eas and the dorsolateral prefrontal areas very likely correspond to the default-mode
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network (DMN) and visual network (VN), which are not under dopaminergic modula-

tion, and top-down control networks, such as frontoparietal (FPN), cinguloopercular,

and dorsal attention (DAN) networks, which are mainly under dopaminergic modu-

lation [68, 69]. Some genetic factors have been implicated as risk factors in cognitive

decline [70, 71]. These include polymorphisms in the microtubule-associated protein

tau gene (MAPT), which encodes the protein that stabilizes microtubules. There are

two MAPT haplotype classes, H1/H1 and H1/H2. It appears that MAPT H1/H1 hap-

lotype (versus H1/H2 haplotype), apart from playing a significant role in tauopathies,

not only predisposes to PD [72], but also leads to progressive cognitive decline into PD

dementia (PDD) [71,73].

2.7 Aim

ASL MRI techniques acquired at multi-TI including ASL MRI with LL readout

and te-pCASL MRI have been proposed to estimate CBF maps while compensating

for the delays in blood transit. However, these techniques suffer from some problems.

While ASL MRI with LL readout is prone to errors in CBF estimation due to its

complex model, te-pCASL MRI displays an artifact called shine-through effect. The

specific aims of this thesis are:

1. To write an in-house program for modeling multi-TI ASL MRI signal acquired

with LL readout method. The application of low flip-angle excitation pulses

during the readout was taken into account in the model. The effect of LL was

modelled by combining the general kinetic model and arterial blood volume cor-

rection.

2. To investigate voxel-wise differences of calculated CBF values between PD-MCI,

cognitively normal PD (PD-CN), and healthy controls (HC).

3. To discern possible brain perfusion-based signatures that correspond to cognitive

decline in PD.
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4. To apply machine learning algorithms to classify cognitive deficits in PD based on

CBF values calculated at different functional brain parcellations obtained from

resting state fMRI [74].

5. To assess the perfusion deficits in PD having different MAPT haplotypes.

6. To build a simulation model to compare the longitudinal magnetization of blood

in traditional pCASL MRI and te-pCASL MRI.

7. To compare the noise characteristics of traditional pCASL and te-pCASL datasets

acquired from one subject at different TIs.

8. To understand whether the Hadamard labeling scheme has any effects on the

high signal fluctuations seen in te-pCASL MRI.

9. To assess the appearances of the shine-through effect when the global or selective

BGS inversion pulses are applied in te-pCASL.
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3. MATERIALS and METHODS

3.1 ASL MRI with LL readout data

Subjects

Twenty-seven PD-MCI, 26 PD-CN, and 15 HC subjects were scanned using

ASL MRI technique with LL readout. Istanbul University Clinical Research Ethics

Committee approved the study protocol, and all subjects provided written informed

consent after the nature of the examination was explained.

Diagnostic Criteria and Assessment

All patients were examined by expert neurologists at Behavioral Neurology and

Movement Disorders Unit, Department of Neurology, Istanbul University, Istanbul,

Turkey. Firstly, PD status of the subjects was diagnosed according to UK Brain Bank

Criteria [59]. After, some main criteria were employed to include the subjects in this

study. The first selection criterion was to graduate at least from the primary school

to carry out neurophysiological tests (NPT) successfully. All neuropsychological tests

were performed in the on period of the patients with PD. Another criterion is whether

subjects use antidepressant or not because it has been reported that regional blood flow

in brain changed in people using antidepressants [75]. Also, Geriatric Depression Scale

was carried out to understand whether a subject is in depressed, because depressed

patients might have changes in CBF with compared to non-depressed people [76].

After the selection of PD subjects, the severity of PD patients was diagnosed in

accordance with MDS Task Force Guidelines [67]. Level I evidence, based on the in-

structions of the aforementioned guidelines, and Addenbrooke’s Cognitive Examination-

Revised (ACE-R) cut-off score of ≥83 were used to discriminate PD-CN and PD-

MCI [77]. The Hoehn and Yahr Scale was used to determine the stage of PD dis-
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ease [78]. The Movement Disorders Society-Unified Parkinson’s Disease Rating Scale

(MDS-UPDRS) were performed on all patients to quantify a total symptom severity

score and a motor (MDS-UPDRS III) and various non-motor-domain sub-scores [79].

UPDRS is a test to quantify motor manifestations of PD by employing the questions re-

lated four subsections. The questions in subsection 1 assessed mental, behavioral, and

mood situations of PD. Questions which patients were asked were related to activities

of daily living. In subsection 3, clinician rates the motor manifestations of subjects.

In Subsection 4, questions cover the complications of therapy. Results obtained from

these subsections were evaluated by the interviewer and clinical observation. The total

score of UPDRS was calculated by summation of the subsection results to detect a

patient’s disease progression [80].

Table 3.1 shows the demographic characteristics of the subjects. Three subject

groups were matched for age, sex, and education (P > 0.05). Hoehn and Yahr scores,

disease durations, and levodopa dosages of the PD-CN and PD-MCI patients were not

statistically significantly different (P > 0.05). UPDRS-III (P = 0.06, not significant)

and UPDRS-total (P = 0.05) scores of PD-MCI patients were higher than those of

PD-CN patients.

Table 3.1
Demographics of subjects.

HC PD-CN PD-MCI P
Sex (M:F) 11:04 16:10 21:06 0.43
Age 58.67 ± 6.30 60.15 ± 8.98 64.00 ± 8.14 0.09
Education Years 11.00 ± 3.80 10.08 ± 4.05 9.00 ± 3.67 0.26
Hoehn Yahr N/A 1.77 ± 0.51 1.92 ± 0.56 0.32
Disease duration, years N/A 5.42 ± 3.04 6.62 ± 3.54 0.20
Levodopa dosage, mg/day N/A 688.72 ± 341.75 839 ± 384.34 0.13
MDS-UPDRS-III N/A 26 ± 10.80 32.40 ± 13.11 0.06
MDS-UPDRS-Total N/A 45.23 ± 16.79 55.11 ± 20.75 0.05
N/A: not applicable

Neuropsychological Tests
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An extensive neuropsychological test battery was employed for assessing the

cognitive status of all subjects. The following tests were performed in this study.

Montreal Cognitive Assessment Montreal Cognitive Assessment (MOCA) test was de-

veloped by Nasreddine et al. in 2005 for detecting MCI [81]. The MOCA test consists

of one page administered in 10min. Total score is 30 points. Assessments are related

to several cognitive functions including visuospatial/Executive, Naming, Memory, At-

tention, Language, Abstraction, Delayed Recall and Orientation (to time and place).

If the score of 26 or above, participant is considered normal. Otherwise, there is MCI

in participant.

The Addenbrooke’s Cognitive Examination Revised

ACE-R [82] are employed for the identification of the general cognitive status.

Also, the Mini-Mental State Examination (MMSE) is embedded in this test [83]. This

test includes the questions related to five different cognitive domains including atten-

tion/orientation, memory, verbal fluency, language and visuospatial abilities. Total

score of ACE-R is directly proportional to cognitive functioning.

Stroop Test

In 1935, John Ridley Stroop proposed the Stroop effect for the measurement of

attention [84]. In this test, participants are supposed to say whether the color of the

word and the meaning of the word on the card are same or not when a card is showed.

This test has two steps from easy to hard. In the first step, the color and mean of the

word are these same, while these are not same in the second part. During the test,

brain needs to suppress wrong answer, which causes delay in the response. Score of

this test is defined as the duration of interference task as a measure of resistance to

interference.

The Wisconsin Card Sorting Test

The Wisconsin Card Sorting Test (WCST) has been used as a clinical neuropsy-



30

chological instrument for executive functions [85]. It is a percentage of perseverative

responses score as a measure of set-shifting by assessing abstract thinking, cognitive

flexibility, and impairment. In this test, shapes on stimulus cards, which have different

color, number and the forms, are seen to participant.

The Benton’s Judgment of Line Orientation Test

The Benton Judgment of Line Orientation Test (JLO) has been employed as a

measure of visual perception [86]. In this test, a participant is supposed to match line

segments of different spatial orientation with a set of longer lines on a response card.

Total score is based on the number of correct items with age and gender adjustments

and categorizes the participants as normal, mild, moderate, and severely impaired.

The Symbol-Digit Modalities Test

The Symbol Digit Modalities Test (SDMT) has been developed for the exam-

ination of neurocognitive functions including attention, visual scanning, and motor

speed [87]. Participant subjected to this test is supposed to insert the numbers, asso-

ciated with one of the series symbols, into a blank space within a 90-second time limit

participant is supposed.

Data Acquisition

All subjects were scanned using a 3T clinical MR system (Philips Medical Sys-

tems, Best, Holland) with a 32-channel head coil. The brain MR protocol included

ASL MRI and a T1-weighted (T1w) MRI (TR/TE=8.31/3.81 ms, flip angle=8°, field

of view (FOV)=240 mm x 240 mm, slice thickness=1 mm, matrix size=256 x 256, total

scan duration=143 s). ASL MR images were acquired by using STAR labeling with

multi-slice single-shot echo-planar imaging (EPI) readout with LL sequence at multiple

inversion time (TIs) (TR/TE=250/16 ms, flip angle=40°, FOV=240 mm x 240 mm,

matrix size=80 x 80, slice thickness=6 mm, spacing between slices=6.6 mm, number

of dynamics=48, and total scan duration=248 s). Each slice was acquired at eight dif-
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ferent TIs with eight distinct TIs (Figure 3.1). For the first slice, the minimum TI was

set to 300 ms, and the maximum set to 2050 ms. The minimum TI of each consecutive

slice was increased by 32 ms, whereas the minimum TI of the consecutive TI at the

same slice was increased by 250 ms. Further, the data acquisition was repeated 30

times at each TI and slice to increase the SNR. The ASL MRI data acquisition was

repeated three times to cover the whole brain.

Figure 3.1 The demonstration of six slices at different eight TIs.

Genetic Work-up

DNA was extracted from venous blood using a genomic DNA purification kit

(Jena Bioscience, Germany). Single nucleotide polymorphism genotyping for rs9468

(MAPT H1/H1 versus H1/H2 haplotype) was performed using Stratagene Mx3005p

real-time PCR system (Agilent Technologies, USA).



32

CBF maps calculation

ASL MR dataset acquired from each subject consisted of 1440 control and 1440

label images. An in-house program was developed in MATLAB (The MathWorks Inc.,

Natick, MA) for estimating the CBF maps. In the first step, control and label images

were realigned and averaged after all images were arranged in accordance with their

slice locations (Figure 3.2).

Figure 3.2 ASL images of different slices were realigned at each TI for each repeat.

Then, ∆M were created by subtracting mean realigned control images from

mean realigned label images (Figure 3.3).
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Figure 3.3 The creation of difference images by subtracting the mean realigned control and label
images.

The calculation of the main magnetization (M0) was based on the partial flip

angle imaging. (Figure 3.4) shows the changes of longitudinal magnetization of con-

trol images by employing 40°flip angle RF pulses at eight TIs. ∆TI time between the

equally spaced readout flip angle RF pulses was 250 ms. Firstly, longitudinal magneti-

zation of control images was saturated by employing 90°RF pulses. Afterwards, images

were acquired by employing 40°flip angle RF pulses at different TIs. M0 was estimated

for each pixel of mean control images with different TIs after accounting for flip angle

excitation recovery (Figure 3.4) by employing the following formulas,

M (−)
z (t) = M0

(
1 − e

−t
T1blood

)
+M+

z (TI) e(−∆TI/TI) (3.1)

M (+)
z (t) = M−

z (t) cos 40 (3.2)

where T1blood is the longitudinal relaxation of blood (1,664s). Non-linear least squares

fitting was employed to estimate an unknown pixel of M0 map by fitting the above

formula to the eight mean control pixel intensities [88].
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Figure 3.4 The changes of longitudinal magnetization of control images during LL readout.

Additionally, the CBF calculations took into account the effect of intravascular

component to minimize the high signal coming from arterial vessels. It was reported

that difference of control and label images included an intravascular (∆Mart) com-

ponent, which represents that some of the labeled blood remains in vessels, and an

extravascular (∆Mtiss) component, which represents that some of the labeled blood

remains in tissue [89]. The equation of ∆Mtiss(t)) based on the inflow turbo-sampling

EPI-FAIR was described in detail in the ’ASL MRI Models of Quantification’ sec-

tion [7, 8]. On the other hand, ∆Mart was described using,

∆Mart(t) =


0, t < ∆ta

2M0bαe
−t

T1blood aBV, ∆ta ≤ t ≤ ∆ta + τa

0, ∆ta + τa < t

(3.3)
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where ∆Mart is the arterial bolus arrival time, τa is the bolus duration (seconds) of the

arterial bolus, and α is the inversion efficiency (0.95).

The total signal of the perfusion-weighted image was the sum of these two

components as,

∆M = ∆Mtissue + ∆Mart. (3.4)

Therefore, eight pixels of ∆M with different TIs was fitted to the model based

on the sum of (∆Mtiss) and (∆Mart) using non-linear least square fitting in order

to estimate all the pixels of the CBF map per slice. R-squared was calculated and

checked to statistically measure how well the model fit the observed data points for

M0 and CBF maps. Figure 3.5 shows the curve fit of one example pixel of the M0 map

at eight TIs. After calculated CBF maps and T1w images were converted to ".nii"

format in MATLAB, a brain mask was generated from the mean control images for

each subject using the brain extraction tool of the FMRIB Software Library (FSL)

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) software package to remove out-of-the brain tis-

sue. The intensity threshold was selected as 0.3, 0.5 and 0.7 for each subject, respec-

tively. After visually checking the brain masks, the best mask was selected for each

patient. Subsequently, this mask was applied to the quantitative CBF maps to remove

the out-of-brain voxels. Figure 3.6 shows the mask of a mean control image (a) using

0.3 (b), 0.5 (c) and 0.7 (d) intensity thresholds. As can be seen easily, 0.3 intensity

threshold was selected as the optimal one, because 0.5 and 0.7 intensity thresholds

caused elimination of brain tissue.
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Figure 3.5 M0 curve fit for one example pixel.

Figure 3.6 Masking of a mean control image (a) using 0.3 (b), 0.5 (c) and 0.7 (d) intensity thresholds,
respectively.



37

Registration

Estimated CBF map of each subject was converted to a single 3D volume in

NIFTI format in MATLAB, which was coregistered to the high-resolution T1w MRI

(b) of the subject. The T1w MRIs were then spatially normalized to the Montreal

Neurological Institute brain atlas (MNI152) (a) using FSL, and the transformation

matrix for each subject was obtained. The same transformation matrix was applied

for coregistration of the CBF map (c). Figure 3.7 shows the MNI152 brain atlas (a),

registered T1w image (b) and CBF map (c) of one example HC subject.

Figure 3.7 Registered T1w image (b) and CBF map (c) of one example HC subject onto MNI152
brain atlas (a).

Statistical Analysis

Neuropsychological scores were compared among the three subject groups using

a Kruskal-Wallis test followed by post hoc Dunn-Sidak tests. Moreover, neuropsycho-

logical scores were compared between the two genetic groups of PD patients (MAPT

H1/H1 haplotype versus H1/H2 haplotype), first in the entire PD (all-PD) group, then

in the PD-MCI group alone using a Mann-Whitney U test. Bonferroni multiple com-

parison correction was applied, and a P < 0.006 was considered statistically significant

for the Kruskal-Wallis test and the Mann-Whitney U test. A P < 0.05 was considered

statistically significant for post hoc comparisons.
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Whole brain voxelwise statistical tests were applied on CBF maps with the

SPM12 software package (http://www.fil.ion.ucl.ac.uk/spm/). GM masks were gener-

ated from the segmented and normalized GM images of the subjects with the proba-

bility of being GM larger than 95%. Subject-specific GM masks were then combined

and binarized with the group level threshold of 5% to produce a GM group template to

exclude non-gray-matter voxels. Figure 3.8 shows the overlay of standard probability

map of GM in SPM and the GM mask created for our subject population.

Figure 3.8 The overlay of standard probability map of GM in SPM (grey) and the GM mask created
for subject population (yellow).

First, a one-way analysis of variance was performed to compare CBF maps

between HC, PD-CN, and PD-MCI, followed by pairwise post hoc comparisons. Af-

terward, the two subgroups of the all-PD group, which were divided according to

possessing the risky H1/H1 haplotype, were compared. Whole-brain voxelwise differ-

ences of CBF values of the all-PD group and only-PD-MCI group were assessed by a

two-sample t-test. For all statistical tests, the level of statistical significance was set to

uncorrected cluster forming threshold of P < 0.005 and cluster level familywise error

correction threshold of P < 0.05, with a minimum cluster size of 50 voxels.

Two PD groups (PD-CN and PD-MCI) were first collapsed as a single group

of 53 individuals and then divided into two groups of low performers (LP) and high

performers (HP) in general cognitive, executive and visual domains. For the general

cognitive domain, composite z-scores of ACE-R, MMSE and MOCA were calculated
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as the average of their respective z-scores for each patient, and the lowest and highest

tertile z-scores were taken as LP and HP, respectively. Similarly, for the visual do-

main, lowest and highest tertile z-scores of JLO were used to determine LP and HP,

respectively. For the executive domain, composite z scores of WCST percentage of per-

severative response and Stroop interference duration measures were used, and highest

and lowest tertile z-scores were taken as LP and HP, respectively. Furthermore, the

same procedure was applied to the scores of all of the participants including the HC

group. Then, CBF maps of LP and HP in these cognitive domains were compared

using two-sample t-tests for both PD group and all participants group in SPM12 soft-

ware package (http://www.fil.ion.ucl.ac.uk/spm/). For all of the performed two sample

t-tests, the level of statistical significance was set to uncorrected cluster forming thresh-

old of P < 0.005 and cluster level FWE threshold of P < 0.05, with a minimum cluster

size of 50 voxels.

The MNI coordinates produced by the whole brain voxelwise statistical analyses

were visually matched to 100 parcellations of the cerebral cortex defined by Schaefer

et al. [74] corresponding to Yeo et al.’s [68] seven rs-fMRI networks. For the cerebel-

lar components, the MNI coordinates were matched to functional connectivity maps

proposed by Buckner et al. [90].

Machine Learning

Finally, machine learning algorithms, including logistic regression, support vec-

tor machine (SVM), and k-nearest neighbor (kNN) were employed for classification

of HC vs PD-MCI, HC vs PD-CN, and HC vs all-PD using the voxel intensities of

the posterior hypoperfusion regions. Principal component analysis (PCA) was used

as a dimensionality reduction technique. The principal components explaining 95% of

the total variance were employed as features for each classification. Synthetic minor-

ity class over-sampling (SMOTE) method was used to overcome the class imbalance

problem, and the minority class was oversampled to match its sample size to the ma-

jority class [91]. After oversampling, 50-fold cross-validation was employed to assess

the performance of the classification algorithms in terms of accuracy, sensitivity and
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specificity.

3.2 te-pCASL MRI data

Simulation

A simulation model was built in MATLAB to create traditional pCASL and te-

pCASL datasets. Firstly, ASL MRI was modelled schematically with a two compart-

ment model (Figure 3.9). According to this model, the magnetically labeled protons

first arrive at the arterial vessels in the imaging volume. The arrival time to arterials

is termed as the arterial transit time (ATT). Afterwards, they keep traveling within

the imaging volume and arrive at the tissue compartment. The time from labeling

to arriving to tissue compartment defines the tissue transit time (TTT). The signal

acquired at TI (imaging time) depends on the exact location of the labeled protons in

the brain.
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Figure 3.9 The schematic model of the ASL MRI technique.

There are six different situations possible for where the labeled protons could

be found in the brain when readout RF pulse is applied. All these situations were

formulated by assessing the longitudinal magnetization changes of labeled protons in

arterial vessel and tissue compartment over time, separately. The general formula of

the longitudinal magnetization (Mz) is,

Mz(t) = Mz(t0)e−(t−t0)/T1 +M0(1 − e−(t−t0)/T1), (3.5)

where T1 is relaxation time. In arterial vessels, the longitudinal magnetization of

labeled spins is calculated by employing the following formula,

Mz (t) = M0e
−(t−0)/T1blood +M0 (1 − e−(t−0)/T1blood) = M0(1 − α ∗ e−(t)/T1blood) (3.6)

where T1blood is relaxation time of the blood, and α is labeling efficiency. In tissue
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vessels, the longitudinal magnetization of labeled spins is calculated as,

Mz(t) = M0(1 − αe−TTT/T1blood)e−(t−TTT )/T1tissue +M0(1 − e−(t−TTT )/T1tissue) (3.7)

where T1tissue is the relaxation time of the tissue. In the first situation, the signal

acquired from the imaging slice is equal to zero, because no labeled spins have arrived

at the arterial vessels within the imaging volume,

SignalLabel = Signalarterial = 0, t < ATT (3.8)

In the second situation, first labeled spins arrive at the arterial vessels within the

imaging volume,

SignalLabel =
∫ TI+τ−ATT

0 M0αe
−(TI+τ−t)/T1blood , t− τ < ATT < t < TTT (3.9)

In the third situation, all labeled spins are residing in arterial vessels and the

signal comes from only the arterial vessels,

Signalarterial =
∫ τ

0 M0αe
−(TI+τ−t)/T1blood , ATT < t− τ < t < TTT (3.10)

After that, the first labeled spins arrive within the tissue compartment, but

other labeled spins still stay in the arterial vessels. So, in the fourth situation, the

total signal is the sum of signal coming from not only arterial vessels, but also tissue

compartment,

Signallabel = Signalarterial + Signaltissue, ATT < t− τ < TTT < t (3.11)

Signalarterial =
∫ τ

TI+τ−TTT
M0αe

−(TI+τ−t)/T1blood (3.12)

Signaltissue = e−TTT/T1blood

∫ TI+τ−TTT

0
M0αe

−(TI+τ−t)/T1tissue (3.13)
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In the fifth situation, all labeled spins have arrived at the tissue compartment

and will stay within the tissue compartment. So, the signal comes only from the tissue

compartment,

Signaltissue = e−TTT/T1blood
∫ τ

0 M0αe
−(TI+τ−t)/T1tissue , TTT < t− τ (3.14)

On the other hand, when labeling duration is long, the first labeled spins will

already arrive in the tissue compartment through the arterial vessels, whereas the last

labeled spins didn’t reach the arterial vessels within the imaging volume yet. As a

result, in the sixth situation, the total signal can be modelled as the sum of the signals

coming from arterial vessels and the tissue compartment,

SignalLabel = Signalarterial + Signaltissue, t− τ < ATT < TTT < t (3.15)

Signalarterial =
∫ TI+τ−ATT

TI+τ−TTT
M0αe

−(TI+τ−t)/T1blood (3.16)

Signaltissue = e−TTT/T1blood

∫ TI+τ−TTT

0
M0αe

−(TI+τ−t)/T1tissue (3.17)

This signal model was based on one labeling duration and TI and is suitable for

pCASL MRI. In te-pCASL, the number of acquired encoded images is the same as the

Hadamard matrix of order, N. One encoded image is the total signal coming from a

combination of control and label blocks. The signal of one encoded image is therefore,

Signaltotal =
N−1∑
i=1

(jSignalcontrol,block + (1 − j)Signallabel,block) (3.18)

where j=0 for label, j=1 for control. Because signal coming from a control block is

zero, the signal of each encoded image is described as,

Signaltotal = M0α
N−1∑
i=1

∫ τi

0
e−(∆i+τi−t)/T1) (3.19)
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After defining these formulas based on a two compartment model for pCASL

MRI and te-pCASL MRI, the next step was to build a simulation model in MATLAB

to assess the longitudinal magnetization of the label spins in time. First of all, GM,

WM and arterial vessels maps were created by segmenting the MNI152 brain atlas us-

ing SPM12 software package (http://www.fil.ion.ucl.ac.uk/spm/) (Figure 3.10). Then,

ATT and TTT maps were created. For these maps, the transit time ranges of the

arterial vessels and the tissue were taken from the literature (Figure 3.11) [26,92].

Figure 3.10 Generated arterial vessels, GM and WM maps.

Figure 3.11 Generated ATT and TTT maps.

The labeling durations were set as 1175 ms, 683 ms, 482 ms, 374 ms, 305 ms,

257 ms, 224 ms and TIs were 2825 ms, 2142 ms, 1660 ms, 1286 ms, 981 ms, 724 ms

and 500 ms for pCASL MRI. Labeling durations were chosen to provide sufficient SNR

for each TI. The control and label images of pCASL MRI were created with 32 repeti-

tions with different sampled noise levels. Perfusion-weighted images were generated by

subtracting control and label images. For te-pCASL MRI, a Hadamard-8 matrix was
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applied. Therefore, the total labeling time was divided into seven consecutive sub-boli.

Labeling durations of sub-boli were 1175 ms, 683 ms, 482 ms, 374 ms, 305 ms, 257

ms, 224 ms and TI was 500ms, respectively for the simulated te-pCASL MRI. These

sub-boli were tagged either "control" or "label" considering the sign of entries of the

Hadamard matrix (Figure 3.12). For a "label" sub-boli, labeling was performed during

the duration of the block. For a "control" sub-boli, there was no effective inversion.

Each encoded image in te-pCASL was repeated eight times with different noise levels.

For all te-pCASL MRI, the decoding process was done in order to create perfusion

signal intensity (∆M) for each unique combination of labeling duration and TI.

Figure 3.12 The scheme of Hadamard-8 matrix that was applied in this study.

The simulated images of pCASL and te-pCASL MRI for the same TI and label-

ing duration were compared with each other. The SNR of te-pCASL MRI was defined

as the ratio of average decoded images to the temporal stdv (tStdv) of decoded im-

ages. In the SNR calculation of pCASL MRI, subtraction images were divided into

eight groups, and then four subtraction images in each group were averaged. After-

wards, the tStdv of eight average subtraction images was calculated, and the SNR was

estimated.

Graphical User Interface
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A graphical user interface (GUI) was designed in MATLAB for showing the

longitudinal magnetization changes of each sub-boli in te-pCASL in time. Hadamard

size, the sub-boli labeling duration times, TI, ATT, TTT and CBF were defined by

the user. Also, the estimated values of sub-boli, encoded and decoded images were

shown in the "Table" part of the GUI. Additionally, the longitudinal changes of each

defined sub-boli were shown over time as a graph at the lower section of the GUI. In

one example, the parameters were set as, the sub-boli 1 labeling duration= 30 ms,

sub-boli 2 labeling duration= 40 ms, sub-boli 3 labeling duration= 50 ms, TI=100 ms,

ATT= 100 ms, TTT = 150 ms, f =0.01 ms, α= 0.85. Figure 3.13 shows the scheme of

te-pCASL for these parameters

Figure 3.13 The scheme of te-pCASL for Hadamard size 4.

The design of the GUI is shown in Figure 3.14. This GUI enabled a more

convenient visualization of the longitudinal magnetization calculation of sub-boli in

MATLAB.
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Figure 3.14 The GUI of te-pCASL.

Data acquisition of traditional pCASL MRI and te-pCASL MRI

One healthy subject was scanned on a Philips 3T Achieva-TX scanner with a 32-

channel head coil at the Leiden University Medical Center (LUMC), The Netherlands.

The volunteer underwent two scanning sessions on the same scanner. T1w images,

M0 images, te-pCASL MR with Hadamard matrix of order 8 and multi-TI traditional

pCASL MR images were acquired. In the first scan, the labeling durations of the

individual sub-boli were 1175 ms, 683 ms, 482 ms, 374 ms, 305 ms, 257 ms, 224 ms,

and TI was 500ms. Eight separate pCASL MR images were acquired at multi-TIs

corresponding to the labeling duration and TI of each individual block in te-pCASL

technique. Nineteen slices were acquired. BGS inversion pulses were applied at 2330
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ms and 3580 ms in the acquisition of te-pCASL MRI. On the other hand, BGS in the

pCASL MR was applied at 2330 ms and 3580 ms for only one experiment having 2325

ms TI and 1175 ms labeling duration, whereas 2 auto BGS were applied at the rest

of TIs. In the second scan, the labeling durations of the individual sub-boli were 1800

ms, 600 ms, 400 ms, 300 ms, 200 ms, 175 ms and TI was 125 ms. For this experiment,

17 slices were acquired. BGS was applied at 1900 and 3400 ms in the Hadamard

scheme and in the pCASL MRI which were acquired at 1800 ms TI with 1800 ms

labeling duration. In the rest of pCASL MRI experiments, BGS was not applied. The

imaging parameters were single-shot EPI, EPI factor: 31, SENSE: R=2.5, no vascular

crushing, excitation flip angle: 90°, and FOV: 240x240x133 mm3. In both scanning

sessions, encoded images were repeated eight times whereas control and label images

were repeated 32 times.

In addition to these datasets, 12 separate te-pCASL experiments were carried

out using a Philips 3T scanner with a 32-channel head coil at LUMC. The imaging

parameters were set as, single-shot EPI, EPI factor: 31, SENSE: R=2.3, no vascular

crushing, excitation flip angle: 90°, FOV: 240x240x95 mm3, and TR/TE: 4500/14 ms

and Hadamard-8 matrix. The labeling durations of the individual te-pCASL sub-boli

were 1800/600/400/300/200/150/150ms, and TI was 200ms. For BGS, global (non-

selective) hyperbolic secant inversion pulses were used, and selective FOCI inversion

pulses were used during labeling. BGS inversion pulses were applied at 1014 ms and

2923.6 ms. Optimal time points of BGS inversion pulses were determined automatically

by the scanner console. In the first experiment, the full Hadamard scheme was acquired

as normal. In experiments from 2th to 8th, the labeling RF pulses were only enabled

for each single sub-boli with selective BGS at a time. In the 9th experiment, labeling

RF pulse was applied for a single sub-boli 3 with global BGS. In the 10th and 11th

experiments, selective and global BGS were applied separately without applying any

labeling RF pulse at any block. In the 12th experiment, RF pulses were applied for

a single sub-boli 3 of interleaved Hadamard-8 matrix with selective BGS. Figure 3.15

shows the schematic of the MR experiments performed at LUMC.
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Figure 3.15 The schematic of the MRI experiments performed at LUMC.

Analysis

Data analysis was performed in MATLAB. All traditional pCASL MRI and te-

pCASL MRI were masked using M0 images to exclude out-of-brain tissues. Perfusion-

weighted and tStdv images were calculated for all acquired data. In te-pCASL MRI,

tStdv of eight repeated decoded images were calculated. On the other hand, 32 repeated

subtraction pCASL images were divided into eight groups, and then subtraction images

in each group were averaged. Afterwards, tStdv of four average subtraction images

was calculated. Since signal fluctuations can be seen as positive or negative, the tStdv

images are more helpful than perfusion-weighted images to detect and quantify signal

fluctuations.

te-pCASL MRI and pCASL MRI datasets from the first two scanning sessions

were statistically compared. Firstly, the T1w image of the volunteer was segmented

using SPM to generate a GM mask. Also, a vessels mask was generated by averaging
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the perfusion-weighted images at early TIs. Figure 3.16 shows the generated GM and

vessels masks of the volunteer.

These generated masks and tStdv images were converted into a single 3D volume

in NIFTI format in MATLAB and coregistered onto T1w MRI. After transformation

matrix was obtained by normalizing T1w image into MNI152 brain atlas using FSL,

it was applied to register coregistered masks and tStdv images onto the MNI152 brain

atlas. Afterwards, GM and vessels masks were converted to binary masks, and the

tStdv images were multiplied with the masks to get tStdv values in GM and vessels

regions. Then, tStdv values in GM and arterial vessels of pCASL and te-pCASL images

were compared by applying a paired t-test (P<0.05). A Bland-Altman test were applied

to compare pCASL and te-pCASL MRI values.

Figure 3.16 The GM and vessels masks of the volunteer.
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4. RESULTS

4.1 ASL MRI with LL readout data

4.1.1 Comparison of Subjects’ NPT scores

PD-MCI patients had significantly lower ACE-R (P < 0.001), MMSE (P <

0.001), MOCA (P < 0.001), and SDMT (P < 0.001) test scores as compared with the

other two groups, while HC and PD-CN groups were similar in all neuropsychological

measures. However, PD-MCI patients had higher WCST (P = 0.009) and Stroop (P =

0.02) test scores than the other two groups. There were not any statistically significant

differences between JLO scores (P = 0.07) among the three groups (Table 4.1).
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Table 4.1
Comparison of neuropsychological test scores and the P values calculated by a Kruskal-Wallis test

followed by post-hoc Dunn-Sidak tests.

Test Subjects Mean ± stdv P PD-CN, P PD-MCI, P

ACE-R
HC 94.13 ± 3.40

0.001
0.13 0.001

PD-CN 89.81 ± 3.75 0.001
PD-MCI 77.07 ± 5.68

MMSE
HC 30.00 ± 0.00

0.001
0.07 0.001

PD-CN 29.38 ± 0.80 0.002
PD-MCI 28.15 ± 1.41

MOCA
HC 26.69 ± 1.93

0.001
0.34 0.001

PD-CN 25.20 ± 2.33 0.003
PD-MCI 22.37 ± 2.52

WCST
PR (%)

HC 16.40 ± 7.10
0.009

0.65 0.013
PD-CN 19.16 ± 9.14 0.068
PD-MCI 25.73 ± 10.84

STROOP
IT (sec)

HC 46.33 ± 17.07
0.02

0.40 0.02
PD-CN 54.69 ± 17.25 0.22
PD-MCI 73.63 ± 41.19

JLO
HC 25.13 ± 2.61

0.07
0.83 0.10

PD-CN 24.04 ± 3.86 0.19
PD-MCI 21.22 ± 5.77

SDMT
HC 37.14 ± 14.80

0.001
0.61 0.002

PD-CN 31.27 ± 10.19 0.01
PD-MCI 22.07 ± 9.91

*P<0.006 and P<0.05 were considered as statistically significant for Kruskal-Wallis test and
Dunn-Sidak test, respectively. PR: perseverative responses; IT: interference time

Comparison between the neuropsychological scores of two genetic groups (MAPT

H1/H1 haplotype versus H1/H2 haplotype) did not reveal any statistically significant

differences in the all-PD or in the PD-MCI groups(Table 4.2).
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Table 4.2
Comparisons of neuropsychological test scores between two genetic groups according to MAPT
haplotypes within the all-PD group and the PD-MCI group, and the P values calculated by a

Mann-Whitney U test.

Subjects Tests
Genotype

P
MAPT H1/H1
(mean ± stdv)

MAPT H1/H2
(mean ± stdv)

All-PD
(n=33 vs. n=19)

ACE-R 84.42 ± 7.83 81.58 ± 8.39 0.20
MMSE 28.94 ± 1.32 28.37 ± 1.21 0.054
MOCA 24.37 ± 2.56 22.58 ± 3.00 0.07
WCST
PR(%)

20.50 ± 10.70 24.68 ± 10.22 0.11

STROOP
IT (sec)

69.33 ± 35.24 57.68 ± 27.32 0.30

JLO 23.12 ± 5.09 21.63 ± 5.21 0.25
SDMT 27.82 ± 11.88 23.84 ± 8.91 0.29

PD-MCI
(n=15 vs. n=11)

ACE-R 77.93 ± 6.12 75.64 ± 5.22 0.14
MMSE 28.20 ± 1.52 27.91 ± 1.22 0.61
MOCA 23.17 ± 2.37 21.00 ± 2.31 0.07
WCST
PR(%)

23.79 ± 11.61 27.85 ± 10.45 0.28

STROOP
IT (sec)

87.07 ± 43.03 59.64 ± 33.26 0.08

JLO 21.13 ± 6.21 21.09 ± 5.65 0.96
SDMT 21.27 ± 10.67 21.73 ± 8.32 0.60

*P<0.006 and P<0.05 were considered as statistically significant for Kruskal-Wallis test and
Dunn-Sidak test, respectively. PR: perseverative responses; IT: interference time

4.1.2 Voxel-Based Comparison of Subject Groups

Figure 4.1 shows M0 (a), CBF (b), arterial blood volume (aBV) (c) and ATT

(d) maps estimated for an example HC. The ranges of M0, CBF, aBV, and ATT values

were [0, 40000], [0, 80], [0, 2.5] and [0, 1.5], respectively. The aliasing artifact that is

visible in the M0 map was alleviated in CBF, aBV, and ATT maps as a result of fitting

the data into the general kinetic model. In aBV maps, the blood vessels had higher

signal intensity than the surrounding tissue.
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Figure 4.1 M0 (a), CBF (b), aBV (c), and ATT (d) maps for a healthy control subject.

There were statistically significant voxel-wise differences between CBF maps of

HC, PD-CN, and PD-MCI groups in the left superior parietal lobule (SPL) of the FPN,

two separate areas in the right SPL of DAN, and right postcentral gyrus (postCG) of

the sensorimotor network (SMN) (Table 4.3). Post hoc comparisons revealed that CBF

values of PD-CN patients were significantly lower than those of HC participants only

in an area centered in crus I of the left cerebellum posterior lobe extending into crus

II (P < 0.001), which are both the components of FPN according to the cerebellar

parcellation described by Buckner et al. [90].

PD-MCI versus HC revealed some areas of decreased perfusion, including the

same cerebellar region observed in the PD-CN versus HC comparison (P = 0.002). The

largest area of hypoperfusion in PD-MCI was centered in the Brodmann area (BA) 7

of the right SPL, which was a part of DAN, extending downward into the angular

gyrus of the inferior parietal lobule (IPL), posteriorly into the superior occipital gyrus,

and anteriorly into the postCG and precentral gyrus (P < 0.001). Another smaller

BA7 region in the opposite hemisphere, corresponding to FPN, extending into the

precuneus and IPL, also had hypoperfusion (P < 0.001). Additionally, hypoperfusion
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at the SMN in the left anterior-Rolandic area centered in BA6 extending backward

into the primary motor cortex (M1) (P = 0.033), the VN in the right inferior occipital

gyrus centered in BA19 extending into the fusiform gyrus (FG) (P = 0.009), the right

PCC area centered in BA31 of the precuneus corresponding to DMN (P = 0.003),

and the bilateral primary VN centered in the right cuneus (P = 0.012) were observed

in PD-MCI. Finally, the comparison of PD-CN versus PD-MCI revealed a single area

of significant hypoperfusion in PD-MCI group in the right posterior-Rolandic area,

centered in S1 of the postCG, which was a part of the SMN (P = 0.018). These

statistically significantly different brain regions are depicted in Figure 4.2.

The classification algorithms revealed an overall accuracy of 92.60% (sensitiv-

ity = 93% and specificity = 93%) for classifying PD-MCI and HC using a fine kNN

algorithm. Additionally, the classification accuracy of all-PD versus HC was 91.50%

(sensitivity = 98%, specificity = 85%) using a quadratic SVM algorithm. On the

other hand, PD-CN and HC groups were classified with a lower accuracy of 80.80%

(sensitivity = 88%, specificity = 73%) using a logistic regression algorithm.

Figure 4.2 The areas showing statistically significant differences of CBF between HC, PD-CN, and
PD-MCI observed with ANOVA and post hoc comparisons. The color bars represent peak F value in
the ANOVA and t values in the pair-wise comparisons. R: Right, L: Left.
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Table 4.3
The regions of CBF differences between groups detected by one-way ANOVA, with cluster forming P<0.005, cluster level FWE corrected threshold at

P<0.05, and cluster size of 50 voxels.

Test Type Comparison Core Region Cluster Size(1x1x1 mm3) Cluster P(FWE corr.) Peak MNI coordinate(x y z) Networks

ANOVA Main group effect

*Left superior parietal lobule
(L BA7)

94 0.043 -32 -64 56 FPN

*Right superior parietal lobule
(R BA7)

119 0.011 30 -52 56 DAN

*Right superior parietal lobule
(R BA7)

117 0.012 20 -66 60 DAN

*Right postcentral gyrus
(R S1)

105 0.023 16 -38 68 SMN

Post hoc tests

HC>PD-CN
Left cerebellum posterior lobe

(L Crus I)
269 0.001 -44 -60 -38 FPN

HC>PD-MCI

Left cerebellum posterior lobe
(L Crus I)

232 0.002 -44 -62 -36 FPN

*Left superior parietal lobule
(L BA7)

346 0.001 -32 -64 56 FPN

Left precentral gyrus
(L BA6)

144 0.033 -20 -22 64 SMN

*Right superior parietal lobule
(L BA7)

907 0.001 30 -52 56 DAN

*Right inferior occipital gyrus
(R BA19)

179 0.009 32 -82 -8 VN

*Right precuneus
(R BA23)

211 0.003 18 -56 26 DMN

*Right cuneus
(R BA17)

171 0.012 14 -102 -2 VN

PD-CN>PD-MCI
*Right postcentral gyrus

(R S1)
161 0.018 16 -38 70 SMN

*: Regions that constituted posterior hypoperfusion.
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4.1.3 Comparison of Subjects Groups with Different genotypes

When two MAPT haplotypes (H1/H1 versus H1/H2) of all-PD patients were

compared, the former group had significantly decreased CBF values compared with

the latter in a large area in the bilateral cerebellum, centered in the right crus I, but

also in the left crus I and Lobule IV (P < 0.001), which corresponded to FPN; a left

middle temporal gyrus (MTG) of VN and the anterior hub of FPN (P = 0.001); and

three smaller clusters in the right visual network areas, including the inferior occipital

gyrus (P = 0.025), lingual gyrus (P = 0.018), and calcarine (P = 0.030) (Table 4.4).

When only the PD-MCI group was considered, the same comparison revealed decreased

perfusion in the MAPT H1/H1 subgroup in nine areas. Six of these nine were in

bilateral visual areas, including the primary visual cortex (V1), the extrastriate visual

areas, and downstream visual areas, such as FG. There were two cerebellar areas in

the right hemisphere, at the anterior lobe (lobule IX), and the posterior lobe (crus

I), which were the cerebellar components of DMN or FPN, respectively. Finally, a

posterior medial region comprising the precuneus, centered in the BA31 of PCC, was

detected (P = 0.007), which corresponded to DMN. The regions of lower CBF in all-PD

and PD-MCI patients with the MAPT H1/H1 haplotype are shown in Figure 4.3.
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Table 4.4
The regions of CBF differences between two groups within all-PD and PD-MCI groups according to MAPT haplotypes at cluster-forming P < 0.005,

cluster-level FWE-corrected threshold of P<0.05, and cluster size of 50 voxels.

Comparison Region Cluster Size (1x1x1 mm3) Cluster P (FWE corr.) Peak MNI coordinate (x y x) Network

All-PD
MAPT H1/H2 (n=19)

>
H1/H1 (n=33)

Bilateral cerebellum posterior lobe
(R CrusI)

1144 0.001 36 -50 -34 FPN

*Left middle occipital gyrus
(L BA19)

250 0.001 -48 -63 8 VN

*Right inferior occipital gyrus
(R BA19)

145 0.025 40 -82 -8 VN

*Right lingual gyrus
(R BA17)

154 0.018 4 -96 -4 VN

*Right calcarine
(R BA18)

140 0.030 6 -82 12 VN

PD-MCI
MAPT H1/H2 (n=11)

>
H1/H1 (n=15)

*Left precuneus
(L BA31)

161 0.007 -8 -62 30 DMN

*Left middle temporal gyrus
(L BA37)

224 0.001 -50 -60 0 DAN

*Left lingual gyrus
(L BA18)

174 0.004 -90 VN

*Left inferior occipital gyrus
(L BA18)

473 0.001 -128 VN

*Right fusiform gyrus
(L BA37)

236 0.001 50 -56 -20 VN

*Right lingual gyrus
(R BA18)

201 0.001 22 -86 -6 VN

*Right cuneus
(R BA17)

218 0.001 6 -72 20 VN

Right cerebellum anterior lobe
(R lobule IX)

170 0.005 16 -38 -42 DMN

Right cerebellum posterior lobe
(R Crus I)

134 0.021 36 -50 -36 FPN

*: Regions that constituted posterior hypoperfusion.
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Figure 4.3 The areas showing significantly lower CBF in MAPT H1/H1 haplotype compared to
H1/H2 haplotype, including the all-PD or the PD-MCI patients, respectively. The color bars represent
t values. R: Right, L: Left.

4.1.4 Comparison of Subjects Groups in General cognitive, executive, and

visual domains

When all three groups of participants were collapsed together, and divided into

tertiles according to z scores in the general cognitive domain, the comparison of the low-

est tertile group with the highest tertile group revealed significantly lower CBF changes

in LP in two areas, which were a right superior parietal area, centered in angular gyrus

and extending into superior parietal lobe (SPL) (P<0.001); and a left superior parietal

area, covering SPL, centered in Broadman area (BA)7 (P=0.037) (Table 4.5). These

regions had symmetric hypoperfusion in posterior parietal cortex (PPC) corresponding

to the on the border zone of posterior hubs of the bilateral FPN and DAN. When only

two PD groups were combined, the same analysis did not show any significant differ-



60

ences between HP and LP. The same analysis was also repeated with the executive

domain z scores. The differences observed were again in the combined three groups,

but not in combined two patient groups. Executive domain LP showed significantly

lower CBF values as compared to HP in three areas, which were right middle frontal

gyrus (MFG), centered in BA9 (P=0.042); left inferior parietal lobule (IPL), centered

in BA39-angular gyrus (AG) and extending into supramarginal gyrus (BA40-SMG)

(P=0.008); and left SPL, centered in BA7 (P=0.049).

Figure 4.4 shows the statistically significantly different brain regions between

HP and LP groups in general cognitive and executive domains. The comparison in the

executive domain revealed two posterior areas in the left hemisphere. The first one

was with the peak coordinates in the border zone of DAN and FPN and the second

one was with peak coordinates in the border zone of FPN, and default mode network

(DMN). There were not any statistically significant CBF differences between HP (4

HC, 7 PD-CN, 12 PD-MCI) and LP (6 HC, 10 PD-CN, 7 PD-MCI) z score subgroups

of the visual domain either in all subjects or in PD patients.

Table 4.5
Regions of CBF differences between two groups defined based on composite z-scores in general

cognitive domain and executive domain within the entire subject group, separately.

Domain Comparison Region
Cluster Size
(1x1x1 mm3)

Cluster P
(FWE corr.)

Peak MNI
Coordinate
(x y z)

Network

General Cognitive
Domain

HP > LP*
Right superior
parietal lobule

331 0.001 38 -56 50 DAN-FPN

Left superior
parietal lobule

135 0.037 -20 -54 66 FPN-DAN

Executive Domain HP>LP**

Right middle
frontal gyrus

132 0.042 30 40 26 FPN

Left inferior
parietal lobule

176 0.008 -60 -52 36 DMN-FPN

Left superior
parietal lobule

128 0.049 -18 -68 44 DAN-FPN

*The composite z-scores are the average of the z-converted raw scores of ACE-R, MMSE and
MOCA. Median of the composite z-scores: - 1.22. LP: lowest tertile, HP: highest tertile. **The
composite z-scores are the average of the z-converted raw scores of WCST percentage of
perseverative responses score and Stroop interference duration score. Median of the composite
z-scores: 0.56. LP: highest tertile, HP: lowest tertile.
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Figure 4.4 Regions of significant CBF decreases of LP compared to HP in all of the participants
according to general cognitive and executive domain scores. The color bars represent t values. R:
Right, L: Left.

4.2 te-pCASL MRI data

4.2.1 Simulation

Figure 4.5 shows the changes of longitudinal magnetization of unlabeled (blue),

first (green) and last (red) labeled protons within the blood during labeling duration

for control experiment. Longitudinal magnetization didn’t change during the control

experiment, whereas inverted protons were returning back to the equilibrium by de-

caying with T1 of the blood and tissue, respectively. Additionally, Figure 4.6 shows

the ASL signal based on the general kinetic model [7] and two compartment model in

time.



62

Figure 4.5 The changes of longitudinal magnetization of control protons, first and last labeled
protons versus time.

Figure 4.6 The curves of ASL signal of general kinetic model and two compartment model versus
time.

Figure 4.7 shows the simulated perfusion-weighted images of pCASL MRI, and

encoded and perfusion-weighted images of te-pCASL MRI. Perfusion-weighted images

of pCASL MRI were subtracted from that of te-pCASL at same TIs. Subtracted
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perfusion-weighted images were just noisy differences (Figure 4.8). Figure 4.9 shows

that the SNR images of simulated standard and decoded images were the same.

Figure 4.7 The perfusion-weighted images of pCASL (a), encoded (b) and perfusion-weighted (c)
images of te-pCASL.

Figure 4.8 Subtraction of perfusion-weighted images of simulated pCASL and te-pCASL MRI.

Figure 4.9 The SNR images of simulated pCASL and te-pCASL MRI.
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4.2.2 Comparison of te-pCASL and traditional pCASL datasets

Figure 4.10 shows perfusion-weighted (a, b) and tStdv (c, d) images of te-pCASL

with BGS and pCASL with BGS for 10 slices at 724 ms TI with 257 ms labeling

duration.

Figure 4.10 Perfusion-weighted images of te-pCASL (a) and pCASL (b) and tStdv images of te-
pCASL (c) and pCASL (d) from first single scan session.

There were statistically significant differences between the tStdv values in GM

(P=0.005) and vessels (P=0.003) regions of pCASL and te-pCASL images for the same

one slice at different TIs (Figure 4.11).
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Figure 4.11 Box-plot showing mean tStdv of vessels (a) and GM (b) values of pCASL and te-pCASL
images.

Figure 4.12 demonstrates perfusion-weighted (a, b) and tStdv (c, d) images of

te-pCASL with BGS and pCASL without BGS for 10 slices at 1220 ms TI with 600 ms

labeling duration. Unlike te-pCASL, perfusion-weighted images of pCASL had more

negative intensities. Additionally, tStdv images of pCASL had high intensities.

Figure 4.12 Perfusion-weighted images of te-pCASL (a) and pCASL (b) and tStdv images of te-
pCASL (c) and pCASL (d) from second single scan session.

Despite the high signal difference, there were no statistically significant differ-
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ences between the tStdv values in GM and vessels regions of pCASL (P= 0.008) and

te-pCASL (P=0.009) for the same slice at different TIs (Figure 4.13).

Figure 4.13 Box-plot showing mean tStdv of vessels (a) and GM (b) values of pCASL and te-pCASL
images.

Figure 4.14 shows the mean differences of tStdv values of pCASL and te-pCASL

in GM and vessels regions acquired from first (Figure 36-a, b) and second (Figure 36-

c, d) scan sessions. The mean differences were close to zero, and there were no outliers.
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Figure 4.14 The Bland-Altman test results for the differences of the mean tStdv values of pCASL
and te-pCASL in GM and vessels regions acquired from first (a, b) and second (c, d) scan sessions.

4.2.3 Shine-through effect

Figure 4.15 shows the perfusion-weighted images of fully acquired te-pCASL at

different TIs for 11 slices. The shine-through effect was seen as negative or positive

intensities in perfusion-weighted images at different TIs and slices. Also, tStdv images

of fully acquired te-pCASL had high intensities in the pixels where the shine-through

artifact was seen (Figure 4.16).
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Figure 4.15 Perfusion-weighted images of fully acquired te-pCASL images.

Figure 4.16 tStdv images of fully acquired te-pCASL dataset.

Figure 4.17 shows the perfusion-weighted images of fully acquired data from

te-pCASL (first column) and seven separate te-pCASL experiments where labeling RF
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pulse was on for only one individual sub-boli at a time. When labeling RF pulse was

applied in individual sub-boli in time, the shine-through artifact was also seen in the

disabled sub-boli.

Figure 4.17 Perfusion-weighted images of fully acquired te-pCASL and seven separate te-pCASL
experiments for one slice.

In perfusion-weighted images of te-pCASL when labeling RF pulse was on at

only sub-boli 3 with selective BGS (Figure 4.18 - a), some pixels had high ASL signal.

Interestingly, these same pixels were negative with global BGS (Figure 4.18 - a - II). In

te-pCASL with interleaved Hadamard-8, high ASL signal was seen at longest TI when

labeling RF pulse was applied at only sub-boli 3 with selective BGS (Figure 4.18 - a -

III). tStdv images with global BGS were seen unsimilar to the te-pCASL with selective

with and without interleaved Hadamard (Figure 4.18 - b).
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Figure 4.18 Perfusion-weighted images of te-pCASL with RF at only sub-boli 3 with either selective
BGS (a) or global BGS (b) and of interleaved te-pCASL with RF at only sub-boli 3 with selective
BGS (c).

Figure 4.19 shows the perfusion-weighted (a) and tStdv (b) images of te-pCASL

when labeling RF pulse was off at any sub-boli with either selective or global BGS.

ASL signal was also seen in both techniques without any RF labeling. Additionally,

tStdv images had more high values in te-pCASL with global BGS than with selective

BGS.
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Figure 4.19 Perfusion-weighted (a) and tStdv images (b) of te-pCASL without any labeling RF
pulses with either selective or global BGS for one slice.
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5. DISCUSSION

Multi-TI ASL MRI is an advantageous approach that provides accurate CBF

estimations by taking into account the blood arrival time. Two multi-TI ASL MRI

techniques are ASL MRI with LL readout and te-pCASL MRI. ASL-MRI with LL

readout requires a complex model to accurately estimate CBF. On the other hand,

te-pCASL MRI has a shine-through effect, which might cause errors in CBF estima-

tion. This thesis study aimed to accurately estimate CBF based on ASL-MRI with LL

readout and apply it to underpin perfusion deficits in PD, in addition to explore the

potential reason of the shine through effect in the te-pCASL MRI. In the first part of

the thesis, a software program was developed to calculate CBF maps from ASL MRI

with LL readout. Afterwards, the brain perfusion deficits reflecting both mild cog-

nitive impairment state and possessing a risky genetic state in PD were investigated

using ASL-MRI with LL readout. The major finding of the first part of the thesis is

the PH both in PD-MCI as compared with HC and genetically risky PD with MAPT

H1/H1 haplotype as compared with non-risky PD with MAPT H1/H2 haplotype. In

the second part of the thesis, the possible reasons of shine-through effect in te-pCASL

MRI were assessed using simulations and in-vivo data. Based on the theoretical model,

pCASL and te-pCASL MRI resulted in similar ASL signals. On the other hand, our

experimental results indicated that the shine-through effect could be caused by the

application of selective BGS inversion pulses.

PH, which is decreased blood flow at the posterior part of the brain, was first

reported in a SPECT study, which found significant bilateral occipital and posterior

parietal regional CBF reductions in nondemented PD patients compared with HCs

[93]. Subsequently, several ASL-MRI studies reported PH as a correlate of cognitive

impairment in PD [50, 51, 56]. The Kamagata study was the first to use the PH

term in an ASL-MRI study, and they reported significantly different perfusion at a

posterior area, more or less corresponding to VN, between healthy control subjects,

PD-CN, and PDD, the lowest being in the PDD group and highest in the PD-CN
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group [51]. Later, posterior cortical hypoperfusion related to cognitive decline in PD

has been reported at the posterior POC, precuneus, cuneus, and posterior cingulate

[50, 56]. Moreover, LeHeron et al. compared the ASL-perfusion pattern in PDD with

AD and the HC groups, and analysis of absolute blood flow showed no significant

differences between AD and PDD, but each group, compared with the HC group,

revealed an overlapping, posterior pattern of hypoperfusion, including PCC, precuneus,

and occipital regions [55]. Similarly, comparison among PD-MCI, PD-CN, and HC in

our study revealed that PH was composed of spots of areas located mostly in the

lateral and medial parietooccipital cortices, corresponding to posterior components of

DAN, FPN, DMN, and VN. In addition to the previous findings, an area in the right

postCG, with peak coordinates in primary somatosensory cortex belonging to SMN,

was the only discriminating area in the PD-MCI and PD-CN comparison of the present

study. Moreover, cerebellar crus I hypoperfusion, which is at a component of FPN [90],

was the only discriminating area in the PD-CN and HC comparison of this study.

However, Fernandez-Seara et al. reported somewhat more widespread hypoperfusion

in nondemented PD patients as compared with HC in areas including PFC (BA 8 and

9), PMd, pre-SMA, PPC, and POC [52].

This study revealed decreased perfusion in H1 homozygous PD patients. In-

terestingly, although comparison of the neuropsychological test scores did not reveal

any differences between the two genetic PD groups, the CBF comparisons between the

H1/H1 and H1/H2 subgroups of both all-PD and PD-MCI revealed cortical areas that

were almost entirely parts of the VN, while the only exceptions were the PCC of DMN

and posterior MTG of DAN in the PD-MCI group. One cerebellar (crus I) area in

the all-PD and two cerebellar areas (crus I and lobule IX) in the PD-MCI groups were

components of FPN and DMN, respectively [90]. The lack of performance difference in

the JLO test may stem from the relative easiness of this task. Nombela et al. reported

that the H1/H1 carrier of newly diagnosed PD patients had much worse performance

compared with noncarriers in the difficult items of a visuospatial task, and that their

parietal cortices and caudate nuclei were hypoactive [71].

PD-MCI and all-PD groups were successfully differentiated from HC based on
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the voxel intensity differences within the PH regions using machine learning algorithms.

However, the accuracy was lower for the differentiation of PD-CN and HC, because

PD-CN patients did not exhibit posterior hypoperfusion. Several machine learning

algorithms were used for classifications, because no single classifier works best across

all possible problems [94]. Additionally, class imbalance problem was solved using the

SMOTE technique, which has been reported to perform better than simple oversam-

pling [95].

In addition to PH, other biomarkers of cognitive decline in PD have been

reported in the literature. rs-fMRI studies in PD patients with cognitive deficits

have consistently reported altered functional connectivity patterns in DMN, FPN, and

SN [96–100]. The Jia et al. study that was previously referred to also found decreased

functional connectivity at the precuneus in addition to reduced perfusion in PD-MCI

patients in comparison with PD-CN and HC groups [56]. Moreover, structural brain

MRI analysis revealed significant GM atrophy in the left caudate in PD-CN and PD-

MCI subjects in comparison to HC [56] and white matter impairment at the prefrontal

and fronto-parieto-temporal areas in cognitively impaired PD patients [101–103] Al-

though, GM atrophy has been reported along with occipital and posterior parietal

hypoperfusion in PDD [103], other studies revealed presence of regional hypoperfusion

patterns without detectable GM atrophy in MCI [104]. Moreover, hypoperfusion has

been reported to precede structural alterations in MCI [103, 104]. On the other hand,

when present, GM atrophy might confound regional perfusion measurements, and it

might be necessary to correct for the partial volume effects [105].

The simulation model built in the second part of the thesis study assumed a

two compartment model, including arterial vessels and the tissue compartment. The

general kinetic model that is commonly employed has three major assumptions, which

are, a) before TTT, there are no labeled protons within the imaging volume. After

TTT, labeled spins arrive uniformly at the tissue, b) TTT and ATT can be considered

as equal, because labelled spins are retained within the microvasculature and exchanges

rapidly between vessels and brain tissues and c) the longitudinal magnetization of the

labeled spins decays with the T1 of blood. Our simulation model wasn’t dependent on
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these three assumptions and provided a detailed assessment of longitudinal magnetiza-

tion over time. Additionally, the simulation results showed that ASL signal of pCASL

and te-pCASL MRI were the same, except for the noise levels, which means that these

two techniques are theoretically identical.

The noise characteristics of pCASL and te-pCASL were statistically compared

to show the presence of shine-through effect. te-pCASL had higher noise in GM and

arterial regions than pCASL upon BGS application in both techniques. In another data

set, BGS was applied in te-pCASL whereas it was not applied in pCASL acquisitions

except for one. It was observed that noise levels of pCASL and te-pCASL were not

statistically significantly different even in GM and vessels regions even if the patterns

of both images looked different. Also, the Bland Altman test results indicated that

there were no significant differences between pCASL and te-pCASL MRI. Unsuppressed

pCASL MRI had residual signals, which might help with decreasing noise difference

between these two techniques. Without the residual signals, te-pCASL MRI could have

high signal fluctuations not seen in pCASL MRI even if these techniques are supposed

to be same.

After it was found that there could be signal differences between pCASL and

te-pCASL, some mechanisms have been devised to understand the origin of the shine-

through effect. Firstly, the effect of Hadamard labeling scheme has been assessed by

switching the label and control situations and imperfect interleaved labeling. The shine-

through artifact was seen in the disabled sub-boli when labeling RF pulses were applied

in individual sub-boli in time, but also, surprisingly, in the images without any labeling

at any sub-boli. Also, the noise patterns were seen as similar in te-pCASL images with

and without equally interleaved labeling durations. As a result, we concluded that

the Hadamard labeling scheme did not have an effect on the appearance of the shine-

through artifact.

Another mechanism assessed in the second part of this thesis was the BGS

scheme in te-pCASL MRI. Several studies have been conducted to suppress the back-

ground signal by applying extra inversion pulses during the labeling of spins within
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the blood to reduce physiological noise while improving the ASL image quality [11,

29,30,32]. In one study, PCASL with BGS had higher sensitivity than PASL without

BGS for detecting CBF differences between MCI and elderly HCs [106]. On the other

hand, Garcia et al. [31] measured the efficiency of the inversion pulses in-vivo or on

an appropriate phantom and found out that BGS reduced the ASL signal, while also

decreasing the standard deviation of the signal. Therefore, it was reported that the

loss of signal due to BGS inversion pulses should be taken into account for the CBF

calculations. As a result, no more than two inversion BGS pulses were used in the

experiments performed at Leiden University Medical Center that were utilized in this

study.

Additionally, the noise levels were lower in te-pCASL with global BGS than that

with selective BGS when labeling RF pulses were off at all sub-boli. The global BGS

pulses invert all of the spins regardless of location. Inverted inflowing spins below the

labeling region could lead to lower signal fluctuations in the arteries if these are not

labeled and then arrive at imaging volume before the readout. On the other hand,

the selective BGS pulses are applied above the labeling region and the spins of the

protons flowing to the labeling region will remain untouched until the application of

the labeling RF pulse. When labeling is stopped at the end of the labeling duration,

the untouched inflowing spins could lead to high signal in the arteries if these arrive

to imaging volume before readout. Even though te-pCASL needs the use of BGS with

slice-selective pulses to prevent mixing of inverted and un-inverted spins [34], it can

be said that shine-through effect could be caused by the application of these selective

BGS inversion pulses.

In literature, global BGS inversion pulses have been employed in pCASL MRI

because they also attenuate the inflow spins of the protons below the labeling region

due to multiple inversions [29,107]. Also, our results showed that the signal fluctuations

in arterial vessels was lower in pCASL with global BGS. However, beside the low signal

fluctuations, the ASL signal was also low because all the signals were attenuated. These

results were in good agreement with the literature. This finding supported that global

BGS is not compatible with long labeling durations because of interleaving with the
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labeling pulses [34].

This thesis had some limitations. Some artifacts were observable in multi ASL

MRI techniques. One was the susceptibility artifact resulting from the EPI readout,

which caused a signal loss in some regions of the CBF maps in ASL MRI with LL

readout [108]. Also, an aliasing artifact resulting from imperfect SENSE reconstruc-

tion was visible in raw ASL MR with LL readout images although the patients were

scanned after they took medication in order to prevent motion artifacts resulting from

involuntary movements, which might have resulted in higher CBF estimations [109].

Better coil sensitivity map estimation might be useful to alleviate this artifact. These

artifacts were more was more pronounced in ASL-MRI with LL readout even if EPI

readout and SENSE reconstruction were also applied in te-pCASL. Although binary

GM masks were used in this study, a better approach could be to use partial volume

effects correction to more accurately estimate and compare pure GM perfusion [105].

In the first part of this thesis, due to the limited coverage of LL readout, acquisitions

were repeated three times, which caused a long scan time and high SAR. Additionally,

the registration of CBF maps onto the MNI152 template might have resulted in slight

regional shifts, because the MNI template includes a normalized brain atlas based on

healthy, young subjects. Future studies will explore the effect of using age-matched

brain atlases for registration [110]. Moreover, this study employed a standard univari-

ate analysis of ASL-MRI data, and a multivariate analysis resulting in disease specific

spatial covariance patterns might provide a better assessment of perfusion deficits in

PD-MCI [49,111–113]. Additionally, the hypoperfusion pattern differences between ge-

netic subgroups of this study might be partially influenced by apparent differences in

gender distribution and motor symptoms. Another limitation was the limited number

of subjects in the study population, and ASL-MRI data were only acquired at baseline.

Moreover, the consecutive recruitment method used did not result in a clinically overt

visual subtype of PD-MCI, and a single measure of visuospatial dysfunction turned

out to be a limitation of the study. The chosen measure to define the visuospatial

dysfunction (JLO score) was not different among the three groups. However, both the

executive measures (WCST percentage of perseverative responses and Stroop inter-

ference time) were significantly worse in the PD-MCI group than in the HC. Future
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studies need to be designed where the CBF will be measured longitudinally in a larger

patient cohort to see whether indeed a "dual syndrome" could be parsed out of the

PH pattern: the involvement of dopaminergic-dependent, top-down executive control

networks, such as FPN and DAN, which is nonprogressive, and the involvement of

nondopaminergic, mnemonic, and visuospatial networks, such as DMN and VN, which

is expected to progressively lead to dementia. Additionally, more than one measure

(and possibly more-difficult measures) of visuospatial skills and recruitment of a vi-

sual PD-MCI patient group, whose performance will be below a specific SD for the

visuospatial domain assessment, would be necessary for such an assessment.

In the second part of this thesis, a limited number of pCASL and te-pCASL

MRI scans with same TI and same labeling duration were compared in terms of noise

characteristics. In the future, more data will be included for this comparison. Also,

deep learning models could be applied for detection of shine-through effect after more

te-pCASL data is available in the future. Another limitation was BGS timing to

acquire high quality images. One study showed that BGS timing was automatically

optimized by using the T1 spectrum, obtained from M0 scans [114]. To solve signal

fluctuations caused by BGS, subject-specific background suppression could be applied

in te-pCASL. Additionally, one study combined te-pCASL labeling with a LL readout

and a simultaneous multi-slice (SMS) acquisition and reported that this combination

could enable acquisition of multi-TI ASL MRI with a whole-brain coverage in a time-

efficient manner and calculation of CBF, ATT, as well as arterial blood volume maps

[115]. This study has brought a new perspective. In the future, the combination of

LL readout and te-pCASL with optimized BGS could be tried and images could be

analyzed by using the in-house program, written within the scope of this thesis, for ASL

MRI with LL readout, which could provide to enable shine-through artefact at more

multi-TI in a short scan time and more accurate results in perfusion deficits patients

with neurodegenerative diseases.
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6. CONCLUSION

ASL-MRI with LL readout data acquired from PD patients and HC subjects

were analyzed using in-house written program within the scope of this thesis. At the

end of the analysis, a PH pattern was identified in patients with PD-MCI, and these

patients were successfully classified with over 90% accuracy using machine learning

algorithms. Moreover, the study indicated that the risky gene carriers, which are

homozygous for the H1 haplotype of the MAPT gene, clearly had a visual network

hypoperfusion without yet having a detectable visuospatial dysfunction. We concluded

that multi-TI ASL MRI with LL readout contributed to the increasing evidence that

PH was indeed a marker of cognitive impairment in PD. In the future, a GUI will be

developed for merging all the ASL-MRI post-processing and analysis steps and will be

made publicly available to enable the clinicians and students to assess the perfusion

changes at different functional brain parcellations obtained from resting state fMRI.

Our results indicated that te-pCASL and pCASL techniques theoretically pro-

duced the same perfusion-weighted images when using the same TI and labeling dura-

tion, although in a more time-efficient manner for te-pCASL. However, the perfusion

weighted images of te-pCASL and pCASL MRI often reveal differences, which was not

related to Hadamard encoding scheme. We concluded that the application of BGS

inversion pulses with slice-selection was better in te-pCASL, but could be a potential

reason of shine-through artifact, because selective BGS inverts only the spins above

the labeling region.

In conclusion, multi-TI ASL MRI techniques could be useful for the identifica-

tion of brain disorders. Also, the BGS scheme should be optimized to prevent signal

fluctuations in multi-TI ASL MRI.
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