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1. Introduction 

  

1.1 Parkinson’s disease 

 

Worldwide, Parkinson’s disease (PD) is the second most common 

neurodegenerative disorder among older adults, only surpassed by Alzheimer’s 

(de Lau & Breteler, 2006). Its pathologic hallmark is a loss of dopaminergic cells 

in the substantia nigra pars compacta, a region of the midbrain (Fearnley & 

Lees, 1991), and the development of neuronal Lewy bodies (Gibb & Lees, 

1988). Its principal symptom is a general slowdown of movement (bradykinesia) 

paired with either a slow tremor of the extremities while resting with a frequency 

of 4-6 Hz, or a stiffening of the extremities due to hypertension of the muscles 

(rigor). The disease is named after James Parkinson, who first described its 

symptoms in his “Essay on the Shaking Palsy” in 1817 (Parkinson, 2002). 

 

The onset of disease typically lies in between 40 to 60 years of age. An onset of 

disease before 40 years of age indicates a strong genetic disposition. 

Worldwide its prevalence rises with age: from 41 per 100 000 in individuals from 

40 to 49 years of age, up to 1903 per 100 000 in individuals over the age of 80. 

There is an insignificant effect of sex in the prevalence of PD, with men being 

slightly more affected then women (Pringsheim et al., 2014).  

 

While the ultimate cause of PD is still unknown, there is an increasing 

understanding of the mechanisms leading to Parkinsonian symptoms. At the 

core of the pathophysiology of PD is the death of the dopaminergic neurons of 

the substantia nigra. The substantia nigra is part of a network of different brain 

regions summed up as the basal ganglia, which regulate and enable movement 

of the body. Normally, the basal ganglia release the neurotransmitter dopamine 

to allow the body to perform a motion. In PD, dopaminergic cells of the 

substantia nigra die due to so far unknown reasons. Consequently, they can no 

longer allow motion, which leads to the principal symptom of PD, bradykinesia 

(Trepel, 2008). 
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Diagnosis of PD takes several steps. First, a patient must exhibit symptoms as 

defined by the UK Parkinson’s Disease Society Brain Bank diagnostic criteria 

(Hughes et al., 1992) and updated by the clinical criteria of the Movement 

Disorders Society (Postuma, 2015): bradykinesia, accompanied by at least one 

of the cardinal symptoms, rigidity and tremor. Second, when treated with a drug 

for PD the patient must show an improvement of symptoms. Third, red flags and 

absolute exclusion criteria need to be checked to discern differential diagnoses 

as listed in the guideline of the “Arbeitsgemeinschaft der Wissenschaftlichen 

Medizinischen Fachgesellschaften” (AWMF) released in 2012 (Eggert et al., 

2012). 

 

The differential diagnosis of sporadic PD can be divided in three subgroups: 

Secondary Parkinson syndromes, atypical Parkinson syndromes and familial 

PD. Secondary Parkinson syndromes are caused by any other than primary 

neurodegenerative process that damages the basal ganglia network and its 

connections, e.g. trauma, tumor, hematoma, hydrocephalus, drug or toxin 

induced damage and M. Wilson - among many others. Atypical Parkinson 

syndrome is the umbrella term for parkinsonian symptoms in the context of 

neurodegenerative diseases other than PD, of which the most common are 

multisystem atrophy, corticobasal degeneration, progressive supranuclear palsy 

and Lewy body dementia (Ahlskog, 2000; Tolosa et al., 2006). Familial PD is 

caused by genetic mutations, which anticipate with varying penetrance rates the 

parkinsonian pathophysiology. Up to this date 16 risk loci have been identified. 

One example are mutations in the SNCA gene (protein: alpha-synuclein) that 

lead to an early accumulation of high amounts of Lewy bodies in the brain. 

Other important mutated genes are LRRK2, Parkin,  PINK1, and ATP13A2 

(Singleton et al., 2013).  
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1.2 Prodromal stage 

 

In PD there is a delay between the start of the degeneration of dopaminergic 

cells and the development of its cardinal symptoms - not until around 60% of 

the dopaminergic neurons of the substantia nigra have died, cardinal symptoms 

start to become evident (Pakkenberg et al., 1991). Thus, early PD can be 

divided into preclinical, prodromal and clinical stages (see fig. 1, p. 6). In the 

preclinical stage, neuronal loss has started but is fully compensated, which 

allows the body to function normally. For now, this stage is undetectable due to 

a lack of clinical and biological markers. With continuing neuronal loss, the 

compensating mechanisms begin to fail and non-motor symptoms and slight 

motor symptoms start to occur. (Gaenslen, 2014; Postuma & Berg, 2016). 

These non-motor and slight motor symptoms are referred to as prodromal 

markers. On the basis of current diagnostic criteria, these prodromal markers do 

not allow diagnosis, but are associated with an increased risk of developing PD 

(Postuma, 2009; Postuma, Lang, Gagnon, Pelletier, & Montplaisir, 2012). The 

markers with the highest association with an increased risk of developing PD 

are rapid eye movement sleep behavior disorder (RBD), impaired olfaction and 

lifetime depression. The duration of the prodromal stage is still unclear and may 

vary intraindividually. In general it is supposed to last more than a decade 

(Fearnley & Lees, 1991; Marek & Jennings, 2009; Postuma & Berg, 2016). 

 

RBD is a condition which lacks the normal loss of muscle tone in the dreaming 

phase of sleep. Thus, the often lively dreams or nightmares are encountered 

with defending movements, resulting in kicking, punching or jumping out of bed 

(Schenck et al., 1986). Epidemiological studies have shown that in the course of 

12 years the risk of RBD patients to develop PD is more than 80%, which is why 

RBD is considered to be the strongest prodromal marker of PD (Postuma, 

Gagnon, Bertrand, Marchand & Montplaisir, 2015). The olfactory bulb, which 

houses the neurons responsible for the olfactory sense, is known to be one of 

the first affected brain regions in PD, and therefore impaired olfaction is a 

prodromal marker and one of the first symptoms that develop in the course of 
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the disease. Overall, 85% of PD patients suffer from impaired olfaction (Goedert 

& Spillantini, 2012; Siderowf, 2012). 

 

Also, experiencing a depression is accompanied with a two- to threefold risk of 

developing PD (Ishihara & Brayne, 2006). Already in the early 20th century a 

specific, depressed, personality type was observed in PD patients (Camp, 

1913).  

 

Further symptoms associated with an increased risk of developing PD are 

constipation (Abbott, 2001), orthostatic hypotension, hyperhidrosis, urinary urge 

(Müller et al., 2011), cognitive impairment, pain and disturbance of color vision 

(Gaenslen, 2014), slow reaction time, excessive day time sleepiness and 

impaired executive function (Ross et al., 2012).  

 

In addition to these features of early PD, studies based on interviews revealed, 

that also subtle changes in movement occur prior to full blown PD. These 

studies either retrospectively asked PD patients whether they experienced 

symptoms prior to their diagnosis or they asked healthy subjects whether they 

experienced any symptoms and then followed them prospectively until they 

were diagnosed with PD. Among these motor features of prodromal PD are 

slowing of fine hand movement, reduced arm swing and changes in movement 

patterns (Alexandra Gaenslen et al., 2011), stiffness, tremor and imbalance (De 

Lau et al., 2006). However, with a prevalence of up to 40% in people in between 

70 and 80 years of age, these features are common in the elderly and of low 

specificity and low positive predictive value, meaning that the likelihood of 

somebody showing one of these features actually having PD is very small. A 

rather new but promising way to detect subtle motor markers is the identification 

of changes in movement patterns with wearable sensors, e.g. gyroscopes 

and/or accelerometers. These sensors help evaluate several aspects of motor 

control that are generally impaired in PD, such as transferring from sitting to 

standing, walking and turning, gait initiation and speed of movement. The 

advantage of these sensors over a clinical “snapshot” assessment is that they 



 

5 
 

allow the collection of objective data over a long period of time and thus might 

be superior in detecting changes in movement hinting at PD in its prodromal 

state (Maetzler & Hausdorff, 2012; Maetzler, 2012). 

 

On its own, each one of these prodromal markers is an insufficient indicator of 

PD. Nonetheless, there is evidence that a higher specificity can be achieved by 

combining multiple prodromal markers. For example, Ross ea showed that 

screening their study population with a combination of the prodromal markers 

excessive daytime sleepiness and impaired olfaction results in a ten-fold 

increase of the incidence of PD (Ross, 2012). Therefore, it is plausible that 

combining multiple motor and non-motor markers might allow us to designate 

individuals in the prodromal phase of PD. Lately, Berg ea established a 

mathematical model to estimate the likelihood of prodromal PD being present 

using a multiplication of different diagnostic information expressed as likelihood 

ratios. Diagnostic information included background information such as clinical 

motor (Unified Parkinson’s disease rating scale, short UPDRS) and non-motor 

markers (risk factors), genetic findings and neuroimaging (DAT-Scan). A 

likelihood of > 80% was defined as prodromal PD being present. This definition 

is intended to help delineate the prodromal phase from early PD, thus 

establishing a common baseline for further studies (Berg, 2015). 
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Figure 1: The stages of Parkinson’s disease and their markers 

 

Symbolic illustration of the loss of dopaminergic cells in the substantia nigra over the 
course of Parkinson’s disease and the chronology of onset of some of the established 
prodromal markers. The loss of cells depicted as linear is a simplification and most 
likely not true. 

 

1.3 Introduction to Magnetic Resonance Imaging and functional Magnetic 

Resonance Imaging  

 

Magnetic Resonance Imaging (MRI) is an imaging technique during which a 

subject is put into a strong magnetic field, in which it itself becomes magnetic. 

This is due to the fact, that the protons, which make up the core of every atom, 

represent spinning positive charges and are consequently surrounded by their 

own magnetic field. On its own, this magnetic field is not measurable. But when 

put in a strong external magnetic field, the spin of all protons aligns in the same 

direction, their magnetic fields add up and become measurable. The problem to 

overcome is that the proton’s magnetic field points in the same direction as the 

magnetic field of the scanner and both are indistinguishable. Therefore, the 

protons are hit with an electromagnetic pulse. When the pulse is applied in the 

right frequency, it transfers energy to the protons – they resonate to it – and 

they change direction. The sum of the magnetic fields of all protons can be 
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differentiated from the field of the scanner and is picked up by the antenna of 

the MRI scanner, a coil, which picks up the native MRI signal. When the 

electromagnetic pulse is switched off, the protons stop resonating and relax 

back into their alignment with the strong external magnetic field. The speed of 

this process is described by the time constant T1. When the pulse is switched 

of, the protons go back to their relaxed state with different speed, which is 

described by the time constant T2. T1 and T2 depend on properties of the 

microscopic magnetic fields of the protons, which are influenced by the 

neighboring nuclei and inhomogeneities of the strong magnetic field of the 

scanner. Therefore, they are specific to a certain position in the scanner  and to 

tissue characteristics, which is utilized when creating an image from the signal 

(Schild, 1990). 

 

In functional MRI (fMRI), the sequence of magnetic pulse application and the 

gradation of magnetic field force is tailored to portray the oxygenation level of 

the blood – this is possible as magnetic properties of the blood change 

according to its oxygenation status: deoxygenated blood is more magnetic 

(paramagnetic) than oxygenated blood (diamagnetic) and creates microscopic 

magnetic distortions in and around blood vessels leading to a hyperintense MRI 

signal wherever blood is deoxygenated (Pauling, 1935). Thus, the name of the 

recorded signal is: Blood Oxygenation Level Dependent signal, abbreviated 

BOLD signal (Ogawa et al., 1990). The oxygenation level of the blood and 

therefore the BOLD signal physiologically correlates with brain activity via a 

mechanism named the hemodynamic response: in active brain regions blood 

perfusion increases. This phenomenon was first described by Charles Scott 

Roy in 1890, who measured brain volume and pulse rates during stimulation of 

different peripheral nerves in dogs (Roy & Sherrington, 1890). He observed that 

under stimulation brain volume and pulse rate increased, hypothesizing that 

brain activity leads to an increase of its perfusion with blood. This increased 

blood flow is the physiological reaction to an increased demand for energy 

(oxygen and glucose) of the activated neurons. It is important to understand, 

and somewhat counter intuitive, that in active brain areas BOLD signal intensity 
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actually decreases. This is due to the fact that in activated brain areas perfusion 

increases by around 30 to 50%, while actual oxygen utilization only increases 

by around 5% and as a result the fraction of deoxygenated hemoglobin 

decreases in activated brain areas leading to a slight decrease in BOLD signal 

intensity (Fox & Raichle, 1986). The exact relation between the BOLD signal 

and neuronal activity was further defined by Logothetis ea in 2001, who 

measured simultaneously BOLD signal intensity and intracortical activity around 

a microelectrode in the visual cortex of monkeys. He showed that the BOLD 

signal mainly correlates with synaptic activity and afferences to a certain brain 

region, not so much with its efferences or activity of the nerve cell (Logothetis et 

al., 2001). The MRI scanner measures the BOLD signal with a mode of data 

collection called Echo Planar Imaging (EPI). With this acquisition mode it is 

possible to capture one slice of an image in one electromagnetic pulse and its 

subsequent echo resulting in fast acquisition times of around 20-30 ms for one 

slice. As the depiction of a whole brain consists of around 30 slices, a whole 

brain can be captured in less than two seconds – compared to other MRI 

measurements this is lightning fast and crucial for distinguishing the timing of 

activation between different brain regions.  

 

The BOLD signal and its interpretation underlie certain limitations: first, the 

BOLD signal only portrays the sum of neuronal activation. The BOLD signal of a 

few high spiking neurons and the signal of a big group of neurons, that increase 

their activity only a bit, look exactly the same. Thus, the signal intensity does not 

allow inferences on the number of active neurons as well as the degree of 

activity. Second, the signal intensity is also influenced by different factors that 

are not due to changes of the oxygenation status of hemoglobin and therefore 

not the result of neuronal activity. Shortly, these factors produce unwanted 

signal referred to as noise. Some sources of noise arise from the MRI setup and 

cannot be changed when measuring subjects like the inhomogeneity of the 

magnetic field of the scanner or thermal influences to the signal at room 

temperature. Others arise from physiological processes like pulse, respiration 

and the subject’s movement, which blur the image and complicate the correct 
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localization of signal increase. In extreme situations up to 90% of signal 

intensity must be attributed to noise (Friston, Williams, Howard, Frackowiak & 

Turner, 1996). Consequently, when making inferences based on functional MRI 

data it is vital to correct for the effects of physiological noise in the data (Faro, 

Scott & Mohamed, 2006). Third, the BOLD signal itself has a suboptimal spatial 

resolution. Focal brain activation is accompanied by oxygenation and perfusion 

changes that (at three tesla) spread about 3.5mm around the actual center of 

activation (Engel, Glover & Wandell, 1997). Furthermore, if a voxel (a voxel is a 

value in a three-dimensional space, which is the equivalent of one pixel in an 

MRI image) picks up the signal from a large vessel draining an activated brain 

region, the signals intensity is stronger than in the activated area itself, 

temporally delayed and also distant to the true origin of activation. And lastly, 

although EPI significantly reduces the capture time for a whole brain, the time 

needed to visualize the activation is still magnitudes higher than the time of the 

actual activation itself (Bandettini, 2009).  

 

1.4 Resting-state and functional connectivity 

 

Functional MRI measurements can be conducted in two ways: with the 

participant completing a task or with the participant at rest. One simple example 

for a task could be the administration of an auditory stimulus e.g. a beep at fixed 

intervals during a measurement, and then the analysis of the areas where 

changes in the BOLD signal occur in time with the stimulus – thus connecting 

the brain function “hearing” to its topography, the auditory cortex. In addition to 

these task-induced changes of the BOLD signal, there are also spontaneous 

low frequency (< 0.1 Hz) fluctuation of the BOLD signal. They occur in the 

absence of any tasks or stimulus all over the brain, which is called the resting-

state. Most interestingly these fluctuations appear temporally correlated across 

brain areas that are modulated by the same tasks implying a deeper 

physiological meaning. This was first described by Biswal ea in 1995, who 

measured subjects during rest as well as when performing a finger tapping task 

(Biswal et al., 1995). He observed, that the BOLD signal fluctuations of the 
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bilateral sensorimotor cortices, which he had identified using the finger tapping 

task, are highly temporally correlated during resting-state fMRI (rs-fMRI). Until 

the publication date of this thesis, multiple networks have been described, that 

show a synchronous activity while the brain is resting, which are called resting-

state networks (RSN). Among them the most important being the visual, 

auditory, sensorimotor, language, dorsal and ventral attention networks and the 

default mode network (DMN). Although the origin and the exact interpretation of 

these low frequency fluctuations are still unknown, the hypothesis is that they 

could carry information about brain architecture and brain organization, that the 

narrow paradigm of task based fMRI cannot portray (Fox & Raichle, 2007; 

Rosazza & Minati, 2011; Sala-Llonch et al., 2015). 

 

Analyzing rs-fMRI means searching for brain regions, which show a 

synchronous change in the slow frequency fluctuations of the BOLD signal, 

indicating that they are activated and deactivated at the same time. Therefore, 

the different techniques for analyzing rs-fMRI are summed up with the term 

functional connectivity analysis. Rs-fMRI can not only be used to investigate the 

above mentioned RSNs, but also to precisely investigate the connection of one 

or more specifically selected regions to the rest of the brain. One approach to 

analyzing fMRI is the seed-based analysis. When performing a seed-based 

analysis, a region of interest (abbr. ROI, also referred to as seed region or just 

seed) is defined and its mean BOLD signal for every scan taken during the MRI 

measurement is calculated. The result is called a time course, a graph with the 

BOLD signal intensity on the y-axis and the number of scans on the x-axis. This 

time course is then correlated with the time course of every other voxel in the 

brain (voxel-wise correlation), revealing those that are activated and deactivated 

at the same time as the seed region (Biswal et al., 1995; Friston, 2011). 

 

Other popular approaches to functional connectivity analysis are hierarchical 

clustering, graph theory, independent component analysis (ICA) and regional 

homogeneity analysis (ReHo). When using hierarchical clustering multiple seed 

regions are defined and their time course is extracted. Then a clustering 
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algorithm is used to determine which regions are more closely related and 

which are more distantly related, allowing a visualization of the degree of 

synchronous activation between regions with a hierarchical tree. In a graph 

theory approach, multiple ROIs are chosen and the functional connectivity of 

each ROI to every other ROI is calculated. In this case, ROIs are referred to as 

nodes and the functional connections to other nodes are referred to as links. 

For each node all its links are summed up in one value called the total 

connectivity degree, which depicts the amount of information the nodes receive 

and how well they are connected within the network of chosen ROIs (Jiang et 

al., 2004). ICA does not need the a priori definition of seed regions. Instead a 

mathematical algorithm is used to decompose the BOLD signal of the entire 

data set into statistically maximal independent components. Each component is 

represented by a spatial map showing maximal dependent components, which 

are mostly activated simultaneously during the measurement. The benefit of this 

technique is that some spatial maps represent noise, while others represent 

actual functional networks, which can be used to differentiate noise from 

neuronal activity. A  possible approach is to use an ICA to determine and 

eliminate patterns of noise and continue with a seed-based analysis (Fox & 

Raichle, 2007; Prodoehl et al., 2014). In ReHo the time course of each voxel is 

compared to the time course of its neighboring voxels, thus the focus lies on 

short distance functional connectivity. A decrease in ReHo is interpreted as 

locally desynchronized blood flow due to reduced gray matter concentration 

(Choe et al., 2013). 

 

1.5 Resting-state functional MRI in Parkinson’s disease  

 

Several studies have used one or more of the above-mentioned methodologies 

to compare rs-fMRI in PD with healthy controls. Based on the well documented 

pathophysiology of the motor impairments in PD, the focus of most of the 

studies lay on functional connectivity of the striatum (Helmich et al., 2010; Kwak 

et al., 2010; Luo et al., 2014; Yu et al., 2013) or other regions that are part of 

the basal ganglia like the subthalamic nucleus (Baudrexel et al., 2011). A few 
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studies investigated further regions involved in execution of motion like the 

cerebellum (Liu et al., 2013) and the motor cortex (Wu et al., 2011; Yu et al., 

2013). Other studies investigated changes in RSNs, e.g. the DMN (Krajcovicova 

et al., 2012; Tessitore et al., 2012) or the sensorimotor network (Esposito et al., 

2013). Other studies used graph theory or the simultaneous evaluation of 

multiple ROIs (Sharman et al., 2013; Wu et al., 2009). Two studies used ReHo 

to further define pathologically altered regions in PD (Choe et al., 2013; Yang et 

al., 2013). The findings of the above-mentioned studies are described below 

and listed in detail in table 1, p. 14 to 15. 

 

Hacker ea described an increase in functional connectivity of the striatum to the 

cerebellum and brainstem, which is consistent with findings of Wu ea who 

identified an increase of the functional connections of the cerebellum using a 

graph theory approach (Hacker et al., 2012; Wu et al., 2011). Baudrexel ea and 

Liu ea chose to investigate functional connectivity of the subthalamic nucleus 

and the dentate nucleus, revealing increased connectivity of the subthalamic 

nucleus to the motoric and sensory cortex and increased functional connectivity 

within the cerebellum (Baudrexel et al., 2011; Liu et al., 2013). Sharman ea 

found an overall decrease in functional connectivity within the striatum using a 

seed-based approach consistent with findings of Szewczyk-Krolikowski ea 

using ICA to analyze connections within the basal ganglia network, which 

consists of the putamen, the caudate nucleus and the anterior thalamus 

(Sharman et al., 2013; Szewczyk-Krolikowski et al., 2014). Krajcovicova ea and 

Tessitore ea investigated changes of the DMN in PD. The DMN is an RSN 

consisting of the medial temporal, medial prefrontal and cingulate cortex. It is 

thought to be important for the planning of cognitive processes while resting. 

DMN alterations have been identified in other neurodegenerative disorders like 

Alzheimer’s  disease, multiple sclerosis and frontotemporal dementia (Bonavita 

et al., 2017; Grieder et al., 2018). Krajcovicova ea found no significant 

differences in DMN connectivity in PD patients, however Tessitore ea described 

reduced connectivity in the medial temporal lobe and the inferior parietal lobe 

(Krajcovicova et al., 2012; Tessitore et al., 2013). 
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Esposito ea investigated changes in the sensorimotor network (primary and 

secondary sensory and motor cortex) and found a decrease in functional 

connectivity in the supplementary motor area (SMA), while the functional 

connectivity of other sensory and motoric areas remained unchanged (Esposito 

et al., 2013). Choe ea and Yang ea both conducted a ReHo analysis and while 

the description of the results differs in the details both studies share multiple 

observations. Both found increased regional homogeneity in the inferior parietal 

lobe and the middle occipital lobe. They had adverse results regarding regional 

homogeneity in an area around the hippocampus and the sensory and motor 

cortices (Choe et al., 2013; Yang et al., 2013). 

 

Some studies also investigated the influence of anti-parkinsonian medication on 

functional connectivity by directly comparing rs-fMRI of PD patients on 

medication and after 12 hours off medication. As an effect of levodopa 

administration in PD patients an increase of functional connectivity was 

described for the basal ganglia network (Szewczyk-Krolikowski et al., 2014), the 

SMA, the thalamus (Esposito et al., 2013) and the dorsolateral prefrontal cortex 

(Wu et al., 2009).  A decrease of functional connectivity was described for the 

right parietal cortex, left cerebellum and primary motor cortex (Wu et al., 2009) 

as well as for the cortico-striatal loop (Kwak et al., 2010). While the findings 

were diverse (which can be attributed to the different experimental foci that 

were chosen), each study reported that the levodopa administration returned 

functional connectivity in PD patients to a healthy state. 

 

The majority of the above-mentioned studies are not directly comparable due to 

differences in methodology, e.g. type of analysis and targeted brain areas, and 

differences in study population, e.g. handedness, disease stage, dominant 

symptoms and medication of the patients. Nonetheless the most common (and 

therefore presumably robust) finding is an increase in functional connectivity of 

the striatum to different cortical brain regions (Hacker et al., 2012; Helmich et 

al., 2010; Kwak et al., 2010; Yu et al., 2013) and a decrease of functional 

connectivity within the basal ganglia (Hacker et al., 2012; Sharman et al., 2013; 
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Szewczyk-Krolikowski et al., 2014; Yang et al., 2013; Yu et al., 2013) in PD 

patients. In an attempt to further define this finding, several studies investigated 

the connection of the anterior and posterior putamen separately, as dopamine 

depletion spreads from the anterior to the posterior putamen in PD patients 

(Hacker et al., 2012; Helmich et al., 2010; Luo et al., 2014). Hacker ea and 

Helmich ea found an increase in functional connectivity of the anterior putamen 

to the motor and sensory cortex and a decrease of functional connectivity of the 

posterior putamen, which corresponds to the chronology of dopamine depletion 

of the putamen (Kish et al., 1988). However, Luo ea had adverse findings 

showing an overall decrease of functional connectivity of the cortico-striatal loop 

in PD. 

 

Table 1: Literature review of resting-state fMRI in Parkinson’s disease 

Author  Method 

N
u

m
b

e
r 

o
f 

in
d

iv
id

u
a
ls

  

D
is

e
a
s
e
 (

y
) 

U
P

D
R

S
 I
II
 

 

Functional connectivity changes in PD 

vs controls 

Functional 

connectivity ↑ 

Functional 

connectivity ↓ 

Yu ea  

2013 

Seed-based analysis of 

SMA, CN, PU 

19 PD* 

20 HC 

rh 

2.7 27 Bilateral PU to 

bilateral SMA, SMA 

to AM 

Bilateral CN 

Helmich ea 

2010 

Seed-based analysis of 

ant. and post. PU (AP/PP), 

CN 

41 PD* 

36 HC 

6 28 AP to S2 and SMG 
 

PP to S1, SMG, CC, 

S2, IPC 

Kwak ea  

2010 

Seed-based analysis of six 

striatal seeds 

25 PD** 

24 HC 

5.2 17 TH, PFC, inferior 

temporal gyrus, CC, 

superior frontal 

gyrus (off) 

M1, SMA, PFC (on) 

Hacker ea 

2012 

Seed-based analysis of 

AP, PP, CN 

13 PD  

19 HC 

12.9 22 Sensorimotor and 

visual regions 

TH, midbrain, CE and 

brainstem  

Wu ea  

2011 

Seed-based analysis of 

rostral SMA and M1 

18 PD* 

18 HC 

rh  

4.2 22 SMA to M1, bilateral 

M1 

SMA to PU, insula, 

PMC and inferior 

parietal lobe 

Liu ea  

2013 

Seed-based analysis of 

dentate nucleus 

18 PD  

18 HC  

rh 

10.9 16 Ipsilateral CPL Contralateral parietal 

lobe 
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Luo ea  

2014 

 

Seed-based analysis of 

AP, PP, CN  

52 PD*** 

52 HC 

rh 

2 25 AP to AM, HI, OA, 

PP to S1, AP/PP to 

contralateral PU 

- 

 

Baudrexel ea 

2011 

Seed-based analysis of 

subthalamic nucleus 

PD: 31* 

HC: 44 

4.9 16 SMA, M1, S1 - 

Sharman ea 

2013 

 

ROI to ROI analysis of 

striatum, TH, SN, 

associative, sensorimotor 

and lymbic cortical areas 

PD: 36  

HC: 45 

5 18 Putamen to DLPFC, 

VLPFC, TH and 

limbic cortex areas 

Thalamus to SMC, 

Sensorimotor cortex 

to TH, GP to PU and 

TH, SN to GP, PU and 

TH 

Choe ea 

2013 

 

Reho PD: 22* 

HC: 25 

rh 

3.2 10 Inferior parietal 

lobe, angular gyrus, 

SMG, middle 

occipital gyrus, PHG 

M1, S1, SMA 

Yang ea  

2013 

 

Reho PD: 17 

HC: 17 

rh 

1.6 21 CE, parietal lobe, 

temporal lobe, 

precuneus, frontal 

gyrus, STN 

PU, inferior frontal 

gyrus, HI, anterior 

cingulum and bilateral 

lingual gyrus 

Krajcovicova 

ea 

2012 

Investigation of DMN with 

ICA, seed-based analysis 

and a task 

PD: 18  

HC: 18 

rh 

4.4 14 - - 

Tessitore ea 

2013 

 

ICA, DMN PD: 16 

HC: 16 

rh 

5.4 12 - Medial temporal and 

bilateral inferior 

parietal lobe 

 

Szewczyk-

Krolowski ea 

2014 

ICA, BGN PD: 19** 

HC: 19 

2.6 30 - PU, CN, midbrain, 

superior temporal 

gyrus, DLPFC, 

precuneus 

Esposito ea 

2013 

ICA PD:  

20*** 

HC: 18 

1.6 20 - SMA 

Wu ea 

2009 

Graph theory with M1, CE, 

SMA, PMC, cingulate 

motor area, PU, Striatum, 

TH, DLPFC, parietal cortex  

PD: 22** 

HC: 22 

rh 

4.1 12 Parietal cortex, CE 

(on) and CE, M1, 

parietal cortex (off) 

SMA, PU (on) and 

SMA, DLPFC, PU (off) 

*measured after 12h off medication; **measured on and off medication; ***drug-naive; 

AM, amygdala; AP, anterior putamen; BG, basal ganglia; BGN, basal ganglia network; 

CC, cingulate cortex; CE, cerebellum; CN, caudate nucleus; CPL, cerebellar posterior 

lobe; DLPFC, dorsolateral prefrontal cortex; DMN, default mode network; GP, globus 

pallidus; HI, hippocampus; ICA, independent component analysis; IPC, inferior parietal 
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cortex; l, left; lh, left handed; M1, primary motor cortex; OA, olfactory area; PD, 

Parkinson’s disease; PFC, prefrontal cortex; PHG, parahippocampal gyrus; PMC, 

premotor cortex; PP, posterior putamen; PU, putamen; r, right; rh, right-handed; SMA, 

supplementary motor area; SMG, supramarginal gyrus; SMN, sensorimotor network; 

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; VLPFC, 

ventrolateral prefrontal cortex. 

 

1.6 Resting-state functional MRI in the prodromal stage of Parkinson’s 

disease 

 

So far (2020) only three studies have been published using fMRI as a mean to 

detect differences in brain activity in a group of participants with risk factors for 

developing PD (see table 2, p. 17). Ellmore ea investigated functional 

connectivity in the resting-state in a group of ten patients with RBD, age and 

gender matched with eleven PD patients and ten healthy controls using a seed-

based approach with the substantia nigra as ROI. Compared to healthy controls 

the PD group showed increased functional connectivity of the right substantia 

nigra to the right superior occipital gyrus, decreased functional connectivity of 

the right substantia nigra to the right precuneus and of the left substantia nigra 

to the putamen. In all except one cluster the functional connectivity of the RBD 

group took a middle position between healthy controls and PD patients, 

portraying RBD as an attenuated version of PD (Ellmore et al., 2013). Rolinski 

ea performed rs-fMRI and functional connectivity analyses on a group of 26 

patients with RBD, comparing them to 23 healthy control and 48 PD patients 

using ICA. They found reduced functional connectivity within the basal ganglia 

network as well as in the cingulate, the paracingulate and the orbital, inferior 

and middle frontal gyrus when comparing patients with PD and RBD to healthy 

controls. Again the findings in the RBD group mirrored the changes in functional 

connectivity found in the PD group (Rolinski et al., 2016). Dayan and Browner 

did a ROI to ROI analysis within the basal ganglia network as well as a seed-

based analysis with the left and the right putamen as seed region comparing 15 

participants suffering from RBD and/or hyposmia to 17 healthy controls. Their 

ROI to ROI analysis showed a decrease within the basal ganglia network in 
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their prodromal group that mirrored the findings of Rolinski ea. In the seed-

based analysis with both putamina as ROI they found decreased functional 

connectivity of the right putamen to the left putamen and of the left putamen to 

the bilateral striatum in the prodromal group (Dayan & Browner, 2017).  

 

Table 2: Literature review of resting-state fMRI in the prodromal stage of 

Parkinson’s disease 

Author  Method 
N

u
m

b
e

r 
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id
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D
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e
a
s
e
 (

y
) 

U
P

D
R

S
 I
II
 

(o
n

) 

 

Functional connectivity changes in PD vs Controls 

Functional 

connectivity ↑ 

Functional connectivity ↓ 

Ellmore ea 

2013 

 

Seed-based 

analysis of RSN 

and LSN 

PD: 11*  

HC: 10 

RBD: 10 

rh + lh 

- 33 RSN to r. superior 

occipital gyrus 

PD > RBD > 

control 

 

LSN to left PU 

Control > RBD > PD, 

RSN to right precuneus 

RBD > Controls > PD 

Rolinski ea 

2016 

ICA PD: 48* 

HC: 23 

RBD: 26 

1.8 26 - BGN, cingulate and paracingulate 

cortices, frontal orbital gyri, middle 

and inferior frontal gyri 

Dayan and 

Browner 

2017 

Seed-based 

analysis of PU, 

ROI to ROI within 

the basal ganglia 

RBD or 

HYP: 15 

HC: 17 

- - - Within the striato-thalamo-pallidal 

network, left PU to bilateral 

striatum, right PU to left PU 

*measured 12h of medication; BGN, basal ganglia network; HC, healthy controls; HYP, 

hyposmia; ICA, independent component analysis; lh, left-handed; LSN, left substantia 

nigra; PD, Parkinson’s disease; PU, putamen; RBD, REM sleep behavior disorder; rh, 

right-handed; ROI, region of interest; RSN, right substantia nigra; UPDRS, Unified 

Parkinson’s disease Rating Scale Motor part III. 
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1.7 Aims and hypothesis 

 

This study aimed to compare the functional connectivity of both putamina to the 

rest of the brain in the resting-state of PD patients, healthy controls and a highly 

preselected, unique group of participants with an increased risk of developing 

PD (prodromal group) using rs-fMRI. All participants in the prodromal group had 

at least two risk factors for PD. We wanted to determine the place the 

prodromal group takes in comparison to healthy controls and patients in our 

functional connectivity analysis and especially whether there are differences 

between healthy controls and the prodromal group that might allow the use of 

fMRI to detect PD in its prodromal stage. 
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2. Materials and Methods 

 

2.1 Description of the study population 

 

The study population consists of participants from the TREND study and of PD 

patients from the ward and the outpatient clinic of the Neurodegenerative 

Department of the Center of Neurology, University Hospital of Tuebingen. The 

abbreviation TREND stands for Tuebinger evaluation of Risk factors for Early 

detection of NeuroDegeneration. In the TREND study 1200 participants who 

exhibit prodromal markers of PD as well as healthy controls without specific 

prodromal markers undergo a battery of examinations, among others a 

quantitative motor assessment battery every two years (for details concerning 

the TREND study visit: www.trend-studie.de). For this study, the TREND 

database was prescreened for suited participants using the study requirements 

as well as the in- and exclusion criteria described below. The study was 

approved by the Ethics committee of the Medical Faculty of the University of 

Tuebingen (approval-no.: 370/2013BO2). 

 

2.1.1 Groups and baseline criteria 

 

The study population consisted of three groups: A high risk (prodromal) group, a 

low risk group (negative controls) and PD patients (positive controls). 

 

Group 1 – Prodromal group: individuals at risk for PD 

The prodromal group was defined by the occurrence of at least two out of three 

non-motor risk factors for PD (hyposmia, depression and RBD). 

Group 2 – Healthy controls 

A low-risk group from the same experimental protocol as group 1 without any of 

the three non-motor risk factors for PD. 

Group 3 – PD patients  

PD patients in an early state of the disease that were age matched to the other 

groups. 
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2.1.2 Inclusion and exclusion criteria 

 

The following criteria were applied for in- and exclusion to our functional MRI 

study: 

 

Inclusion criteria 

• Male or female between 50 – 85 years of age. 

• For groups 1-2: Participants of the TREND study, no diagnosis of PD. 

• For group 1: At least two of the non-motor risk factors hyposmia, 

depression and RBD for PD. 

• For group 2: Absence of any of the three non-motor risk factors 

hyposmia, depression and RBD for PD. 

• For group 3: Diagnosis of PD according to the UK Brain-Bank criteria, 

Hoehn & Yahr stage I or II, i.e. without obvious balance deficit or a 

relevant gait disorder. Treatment with oral medication, but not with deep 

brain stimulation. 

• No contraindication of the MRI scan, e.g. absence of metal implants, 

pacemakers, claustrophobia (for details, refer to the informed consent 

form for participation in the fMRI experiments, p. 85-88). 

• Able to communicate well with the investigator, to understand and 

comply with the requirements of the study. 

• Provide written informed consent to participate in the study and 

understand the right to withdraw consent at any time without prejudice to 

participate in the TREND study and to future medical care. 

 

Exclusion criteria 

• Any disability that may prevent the subject from completing the informed 

consent form or other study requirements. 

• Any disease which renders the subject unable to communicate well with 

the investigator or to understand and comply with the requirements of the 

study. 

• Fulfilling the criteria for dementia according to ICD-10. 
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• Participation in any clinical investigation of a new investigational 

compound or therapy within four weeks prior to baseline visit, or any 

other limitation of participation based on local regulations. 

• Alcohol, medication or drug dependency or abuse (except for nicotine). 

• Contraindications for the MRI scan. 

• Disagreement to the study rule of getting informed about incidental 

findings and being counselled by a neuroradiologist. 

 

2.1.3 Screening and recruitment process 

 

The whole TREND database containing 1200 participants was prescreened on 

the basis of our baseline criteria. For matched PD patients, records of the 

outpatient clinic were screened. In a second step, a telephone interview was 

conducted informing the possible participants about the study, and if interested 

checking for in- and exclusion criteria using a checklist. Only participants who 

were interested in the study and fulfilled all in- and exclusion criteria were 

considered for the assessment and received a letter containing a fact sheet 

explaining the study in detail (see appendix, p. 79-84). After two weeks of time 

for consideration purposes, we contacted the potential participants again by 

phone to answer questions and, in the case of the ongoing wish to partake in 

our study, made an appointment for clinical and fMRI assessment. In the course 

of the recruitment process 231 potential participants were contacted and 

informed about the study. 126 potential participants had to be excluded as they 

did not meet the studies inclusion criteria, leaving 105 participants who were 

invited to clinical assessment and scanning: 55 prodromal participants, 25 

healthy controls, and 25 patients. All subjects provided written informed consent 

and understood their right to withdraw their consent at any time without 

consequence regarding participation in the TREND study or future medical 

care. 
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2.2. Assessments 

 

All assessments were identical for all participants. They were performed in an 

ambulatory setting and needed the participants to be present at the 

Neurological outpatient clinic of the University Hospital Tuebingen and the Max 

Planck institute for Biological Cybernetics for a duration of overall six hours. 

These six hours consisted of around four hours of clinical assessment and 

preparation for the MRI measurements followed by one hour of measurements 

in the scanner with an hour lunch break in between. The subjects were able to 

choose whether they wanted to perform the measurements on one day or on 

two consecutive days. 

 

2.2.1 Clinical assessment 

 

The clinical data collection began with an interview investigating clinical history 

as well as current medication and double-checking exclusion criteria of the MRI 

assessment. Motor disabilities were examined using the Unified Parkinson’s 

Disease Rating Scale (MDS-UPDRS part III). Further clinical assessments were 

made, which were used for other studies. 

 

2.2.2 Functional MRI assessment 

 

In the scanner room, participants were equipped with silicone ear protection and 

then placed on the scanner tray. Utmost care was taken for the most 

comfortable position using multiple cushions. To minimize head movement the 

space between head and coil was stuffed with different upholstery. PD patients 

were measured on medication to prevent unwanted movements and to 

minimize subject burden. Additionally, all participants were instructed to lie as 

still as possible during the measurement. First, a localizer was performed to 

ensure the correct positioning of the brain volume. Then, a high-resolution 

anatomical scan (MPRAGE: magnetization prepared rapid acquisition gradient 

echo sequence) was acquired. For the resting-state measurement the 



 

23 
 

participants were told to focus on a black cross on gray background presented 

on an overhead display, to think of nothing in particular and to stay awake. We 

measured for the duration of ten minutes, capturing whole brain images every 

two seconds, resulting in over all 300 whole brain images per participant. During 

this measurement the participants’ pulse was sampled using an MRI safe 

pulsometer. Acquisition of the resting-state data failed in overall four cases, 

once due to technical issues, once due to the subject falling asleep, and two 

times due to the participant suffering from claustrophobia. 

 

After the rs-fMRI measurement altogether five more measurements were 

performed as part of the “imagination” study conducted in cooperation with the 

University Hospital of Nijmegen. Lying in the scanner the participants had to 

visualize two motor tasks concerning gait and balance they had trained 

beforehand. Then, they had to imagine to watch the task being done, while 

remaining passive. Lastly, a diffusion tensor imaging sequence was acquired for 

future fibre tracking studies. For an overview of all measurements, see table 3 

below. 

 

Table 3: List of all MRI measurements conducted 

measurement  duration (min) 

Imaginary task MI of gait 10 

VI control of gait 10 

MI of balance 10 

VI control of balance 10 

Resting-state  10 

Structural imaging 5-6 

Diffusion tension imaging 7-8 

MI, motor imagination; MPRAGE, magnetization prepared rapid acquisition gradient 

echo; VI, visual imagination. 
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2.2.3 Technical data of the MRI measurements  

 

All participants were imaged on the same 3 tesla MR-scanner equipped with a 

standard 20 channel head coil (Siemens Prismafit syngo MR D13D). First, 

anatomical images were acquired using T1-weighted magnetization-prepared 

rapid acquisition gradient echo (MP-RAGE) with TR/TE = 2300/4.18 ms, TI = 

900 ms and a voxel size of 1x1x1 mm3. To correct for image distortion later on, 

a field map was acquired with TE1 = 4.92 ms, TE2 = 7.38 ms, TR = 400 ms, 

gap 0.8 mm and a voxel size of 3x3x3.2 mm3. Then, using echo planar imaging 

(EPI) with TR/TE = 2000/31 ms 300 volumes were acquired, each consisting of 

thirty-six slices with a 64x64 matrix, yielding 3x3x3.2 mm3 voxels. An MRI save 

pulsometer was used to sample the pulse wave during measurements.  

 

2.3. Data preparation and selection 

 

2.3.1 Challenge of functional MRI data analysis 

 

When analyzing fMRI datasets an inference is made from the BOLD signal 

intensity of a voxel or a group of voxels to a region of the brain. Therefore, it is 

vital, that every voxel always represents exactly the same spot in the brain. 

Already within a single participant’s dataset this is never the case, because the 

participant himself as well as the vibration of the machine moves the head in the 

coil, shifting different brain regions through the rigid voxel frameset. Additionally, 

when comparing different participant’s datasets, the unique anatomy makes a 

direct comparison impossible. To make the data comparable allowing for any 

kind of inference a sequence of image editing steps commonly referred to as 

data preprocessing is applied to each participant’s data set. In this study we 

kept to well established preprocessing steps, which are listed and explained 

down below. All preprocessing steps were automated using the SPM12 

software package (Penny, Friston, Ashburner, Kiebel, & Nichols, 2006; 

download: www.fil.ion.ucl.ac.uk/spm/software/spm12). If not explicitly named 

the recommended default settings for fMRI preprocessing were used. 
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2.3.2 Data preprocessing 

 

Prior to the automated preprocessing steps, the origin of each scan (which is 

the reference point for all changes applied to the images) was manually set to 

the anterior commissure in the anatomical and the functional images. 

 

Step 1: Calculating a voxel displacement map 

When acquiring EPI images, the native images show a geometric distortion 

caused by static magnetic field inhomogeneities inherent to the scanner. This 

results in pixel shifts and signal loss (drop out) especially at tissue borders. In 

this first preprocessing step magnetic field inhomogeneities around the 

participant’s head in the scanner are captured and written in a so called voxel 

displacement map (VDM), which is later used to unwarp the EPI images 

(Jezzard & Balaban, 1995). 

 

Step 2: Realignment and unwarping 

The 300 images of a participant’s data set can be thought of as a shuffled deck 

of cards that are in disarray due to the head movement in between scans. In the 

realignment step all cards are brought into alignment with the top card. This is 

achieved using an approach called rigid body transformation. For each image 

six motion parameters are calculated describing its translation and rotation in 

relation to a reference scan using a least square approach. By means of these 

parameters all scans are then brought into alignment with the reference scan. 

The realigned images were unwarped using the VDM calculated earlier 

(Ashburner & Friston, 2003). 

 

Step 3: Slice timing 

Statistical models that analyze EPI images assume that an image is taken at 

one point in time. In reality, this is not the case, as one image consists of many 

slices taken over a period of time. In our case a scan consisted of 36 slices 

acquired in two seconds. Also, slice acquisition happened interleaved, which 

means that first all the odd number slices were scanned (1, 3, 5…), followed by 
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the even number slices (2, 4, 6…). As a consequence, neighboring slices are 

acquired as much as one second apart from each other. During slice timing 

correction voxel values of every slice are corrected for this shift in time, resulting 

in an image in which each slice corresponds to the same point in time.  

 

Step 4: Anatomical coregistration 

Functional images have a worse spatial resolution than structural images. 

Therefore, the functional images are brought into alignment with a high 

resolution anatomical scan, resulting in functional images that are more similar 

to an individual’s actual anatomy than the native scans (Collignon et al., 1995).  

 

Step 5: Spatial normalization 

The scans of each participant are warped into the same, standardized 

anatomical space. This ensures that across participants each voxel represents 

the same brain region. Every participant’s anatomical scan is warped into the 

space of a tissue probability map (TPM) in standard space. A TPM contains the 

probability of the tissue classes gray matter, white matter and cerebrospinal 

fluid, which are detected at each location of the image. Using the TPM, each 

voxel is classified as being one out of three tissue classes. The estimated 

warping parameters are applied to the functional scans. In our study, the scans 

were warped into the space of the templates of the Montreal Neurological 

Institute (MNI), which were implemented in SPM12 (Ashburner & Friston, 2005).  

 

Step 6: Smoothing 

Smoothing is the intentional blurring of the functional scans. Each voxel’s value 

is spread across the neighboring voxel values by means of a Gaussian filter, 

averaging the voxel values. This has different effects: It reduces the impact of 

noise in the functional data. It enlarges clusters of active voxels making them 

easier to detect. It puts neighboring voxels into a dependency, thereby reducing 

the degrees of freedom and the amount of correction needed for multiple testing 

when analyzing the data. For this study the data sets were smoothed with a 

Gaussian filter of 8 mm full width at half maximum (FWHM).  
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2.3.3 Exclusion of data sets due to motion of the participants 

 

Motion of the participants is a substantial generator of noise in fMRI data sets. 

This is especially an issue in rs-fMRI, in which the baseline signal of the brain 

and not specific task evoked activation is investigated. Here, already minimal 

movements can be detrimental (Power et al., 2012). Therefore, thorough 

analyses of the participants’ movements were performed using the “motion 

fingerprint” and “analyze motion” scripts written and kindly provided by Marko 

Wilke (Wilke, 2012). These two scripts evaluate the six motion parameters 

obtained during the rigid body transformation of the realignment procedure. 

Among other motion measures they calculate the participants’ motion in 

between two consecutive scans, also referred to as scan to scan motion (STS). 

Because STS is more difficult to regress out of the data than large continuous 

motion throughout the whole measurement (Lemieux et al., 2007), every 

dataset with an STS displacement of more than 0.5 mm in more than 20% of 

the data (60 scans out of 300) was excluded from the analysis. For the 

remaining data sets with a number of STS displacement of 0.5 mm in less or 

equal 20% of the data, all the motion influenced images were discarded and 

replaced by a mean image of the two neighboring scans. This process was 

automated using a proprietary script kindly provided by Marko Wilke. Also, the 

first five images of every participant’s dataset were discarded due to T1 

saturation effects. Altogether 15 datasets had to be excluded from analysis. 

One data set was deficient and could not be preprocessed, six datasets had 

incomplete or partially missing pulse samples and eight datasets were excluded 

due to motion. In the end, 86 data-sets were included in the study (see fig. 5, p. 

36).  

 

2.4 Statistical analysis: seed-based analysis 

 

The remaining preprocessed functional scans were entered into a seed-based 

analysis. In this type of analysis, a region of interest (ROI, also referred to as 

seed) is chosen and its mean signal intensity over the time of the measurement, 
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also referred to as time course, is extracted. The time course is a graph with the 

time on the x-axis and the mean signal intensity of the ROI on the y-axis. Then, 

the time course of the ROI is correlated to the time course of every other voxel 

in the brain. This results in a correlation map for each subject, in which every 

voxel represents the correlation to the chosen ROI. Voxels or clusters of voxels 

with a high resemblance of their time course to the time course of the ROI have 

high correlation values, marking them as regions that were synchronously 

active with the ROI – and are therefore thought to be functionally connected. 

For this study the left and right putamen were chosen as ROI and two separate 

seed-based analyses were performed, one for each seed. The putamen was 

chosen as its functional connectivity, precisely a decrease within the basal 

ganglia and an increase to other brain regions i.e. cerebellum, precentral gyrus 

and supplementary motor area is well documented in PD patients (Hacker et al., 

2012; Helmich et al., 2010; Kwak et al., 2010; Liu et al., 2013; Luo et al., 2014; 

Tessitore et al., 2012). Additionally, the putamen was a practical choice, as its 

volume is big enough to serve as seed. Smaller regions are difficult to measure 

reliably due to the bad spatial resolution of the BOLD signal (Boubela et al., 

2015). The seed-based analysis was calculated using the REST toolbox V.1.8 

(Song et al., 2011; download: www.rfmri.org/REST). First, the linear trend was 

removed from each participant’s dataset to focus the analysis on fluctuations 

around the trend. Then, assuming that the signal of interest and noise are 

present at separable frequencies, the detrended scans were temporally filtered 

only retaining frequencies of BOLD fluctuation between 0.01-0.08 Hz.  

 

When conducting a seed-based analysis masks are needed. A mask is a binary 

image, consisting of zeroes and ones, that is laid over the functional scans 

during the analysis. Only where the mask has the value one, the underlying 

functional scan is visible and correlation analysis can be performed. One mask 

hides the whole brain except the ROI. With this mask overlaid, the mean time 

course of all voxels of the ROI is extracted and averaged, resulting in one mean 

time course for the region of interest. Before this mean time course of the region 

of interest is correlated to every voxel of the scan, a second binary mask is 
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overlaid over the image, called the brain mask. The brain mask covers all the 

space outside of the brain, so that only correlation of actual brain volume and 

not the space around the brain is calculated. The resulting correlation values 

are corrected for noise in the data using a table of covariates. For this study the 

data was corrected for noise due to motion of the subject and pulse. The 

creation of the brain mask, the seed mask as well as the table of covariates is 

described in further detail below. Lastly, the R-values of the correlation maps 

were Fisher’s z-transformed. This is a necessary step when doing statistical 

analysis to determine if two correlating values are significantly different. In 

Fisher’s z-transformation, a confidence interval is calculated for each R-value. If 

the confidence intervals of two z-scores do not overlap, then there is a 

significant difference. 

 

2.4.1 Creation of a brain mask and a ROI mask 

 

The masks for the ROI as well as the whole brain mask were derived from the 

Hammersmith atlas n30r83 kindly provided by A. Hammers (© Copyright 

Imperial College of Science, Technology and Medicine 2007, all rights reserved, 

atlas source: www.brain-development.org). This atlas is an adult maximum 

probability brain map based on 83 manually delineated regions drawn on MR 

images of 30 healthy adult participants (Hammers et al., 2003). The 

Hammersmith atlas was chosen over more common tools for mask creation like 

Automated Anatomic Labeling (AAL) as it is based on the anatomy of multiple 

participants and therefore takes anatomical variations into account (Tzourio-

Mazoyer et al., 2002). Also, the mean age of the individuals on whom the 

Hammersmith atlas is based (31 years) is closer to the mean age of our 

participants than the age of the single male template (a student) used in AAL. 

 

The Hammersmith atlas defines the putamen as the region bordered anteriorly 

by the frontal lobe, the internal capsule and the insula, posteriorly by the internal 

capsule, medially by the internal capsule, the lamina medullaris lateralis and the 

substantia perforata anterior, laterally by the frontal lobe, the parietal lobe and 

http://www.brain-development.org/
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the insula, superiorly by the most superior slice where the putamen is seen and 

inferiorly by the frontal lobe. The ROI masks of the left and right putamen were 

reduced in their volume via four iterations of smoothing with a Gaussian kernel 

with 4 mm FWHM and thresholding (60%) to account for brain atrophy due to 

aging (Galluzzi et al., 2008) and to increase specificity of the analysis. This 

process was automated using a proprietary script by M. Wilke. Original and 

reduced volumes of the masks as well as MNI coordinates of their center of 

mass are listed in Table 4 below. The center of mass was calculated using the 

MARSBAR toolbox (Brett et al., 2002; download: marsbar.sourceforge.net). 

 

Table 4: ROI coordinates and its volume prior and post reduction 

MNI, Montreal Neurological Institute; ROI, region of interest. 

 

Figure 2: Creation of brain mask using iterations of smoothing and thresholding 

 

The red outlined image shows the original hammersmith atlas, the yellow outlined 

image an intermediate state after two iterations of smoothing and thresholding and the 

green outlined image the final brain mask. 

 

ROI Original volume Reduced volume MNI coordinates 

Left putamen 7028 mm3 790 mm3 -24 4 -0.3 

Right putamen 6719 mm3 720 mm3 25 6 -0.5 
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For the brain mask, the Hammersmith atlas was converted into a binary mask 

using the Image Calculator in SPM8 (download: fil.ion.ucl.ac.uk/spm/software). 

This mask was then smoothed with a Gaussian Kernel with 8mm FWHM and 

the resulting image was binarized with a threshold of 5% (all voxels with a 

likelihood of belonging to the brain of five percent were included). This resulted 

in a mask that was more inclusive than the original one as gaps that were left by 

areas not defined in the Hammersmith atlas were closed (see fig. 2, p. 30). 

 

Finally, the masks (dimension: 181x217x181 voxels) were resliced using the 

“coregister: reslice” function of SPM12 to match the dimension of the functional 

images (53x63x53 voxels). Correct topography of all masks was visually 

inspected by overlaying them on a mean anatomical image of all participants in 

MRIcron (Chris Rorden, download: people.cas.sc.edu/rorden/mricro, see fig. 3 

below). 

 

This image shows the ROI masks overlaid over a mean anatomical image of all 

participants. The four images on the left are axial scans through the seed regions. 

Their exact location is represented by the blue lines over the single sagittal scan on the 

right. The red volume is the left putamen ROI, the blue volume is the right putamen 

ROI. 

 

 

 

 

 

Figure 3: ROI masks overlaid over a normalized mean anatomical image of all 

participants 
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2.4.2 Implementation of covariates for pulse and motion 

 

Covariates for pulse and motion of the participants were regressed out of the 

correlation maps. Pulse wave samples were obtained using an MRI safe 

pulsometer fixed on the participants’ index finger during the MRI measurement. 

The recorded pulse samples were stored in physio files and were later 

converted into covariates using the RETROICOR toolbox (Glover et al., 2000), 

which is part of the PhysIO toolbox (Kasper et al., 2017; download: 

nitrc.org/projects/physio). The RETROICOR toolbox was adapted to the studies 

scanner and sensor setup by Michael Erb. RETROICOR transformed the 

sample wave of the pulse to a single value for every time point (which means 

every single scan) of the measurement which later was subtracted from the 

activation signal while calculating the correlation maps with the REST toolbox. 

 

The six motion parameters obtained through the rigid body transformation 

during the realignment procedure were used as motion estimates, a 24-

parameter Volterra expansion was applied to them and used as covariate in the 

seed-based analysis to compensate for noise through motion of the 

participants. For each scan 24 movement regressors were calculated, that 

consisted of the six original movement parameters, the exponentiation of the 6 

movement parameters  (R2), a shift of the 6 movement parameters to the next 

time point (Rt-1), and again the exponentiation of the shifted parameters (Rt-1
2): 

R R2Rt-1Rt-1
2. Shifting of the movement parameters means applying the 

movement parameter estimated of a scan to the consecutive scan. This 

procedure accounts for the fact that the current position of a participant in the 

scanner results from multiple movements that happened in the past that still 

influence the signal intensity. The exponentiation of the original and shifted 

motion parameters represents the exponential effect motion has on the noise 

level in functional scans (Friston et al., 1996). The 24-parameter Volterra 

expansion and the combination of the motion regressor and pulse regressor into 

one file (requirement of the REST toolbox) were achieved with a proprietary 

script provided by Marko Wilke. 
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2.5 Statistical analysis 

 

Using SPM12, two one-way between subject analysis of variance (ANOVA) 

were performed with the z-transformed correlation maps, one for each seed 

region. Differences in demographics and clinical characteristics were evaluated 

using ANOVA with post-hoc t-tests or Chi-squared test, where appropriate. 

 

2.5.1 Analysis of differences in demographic and clinical data 

 

Differences in age, movement in the scanner defined by STS movement and 

UPDRS III scores were analyzed using one-way between subject ANOVAs in 

JMP (JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2007; download: 

www.jmp.com/en_us/home). If significant, directionality was investigated using 

post-hoc two-sample t-tests. Significance of distribution of gender in the study 

population was analyzed with Chi-squared test.  

 

2.5.2 One-way between-subject ANOVA 

 

Any differences in correlation with the left and right putamen among the three 

groups – PD patients, healthy controls and participants at risk for developing PD 

(prodromal group) – were assessed by calculating two one-way between-

subject ANOVAs in SPM12 over the whole brain: the first ANOVA was 

computed using the correlation maps of the left putamen and the second 

ANOVA using the correlation maps of the right putamen. Both age at MRI 

assessment and gender were added as covariates of no interest. To detect any 

significant difference in correlation to the putamen six different t-contrasts were 

used (see fig. 4, p. 34). The resulting maps were inspected using a threshold of 

p < 0.001 uncorrected for multiple comparisons and a deliberately chosen 

minimum cluster size of 60 voxels (results with at least 60 coherent voxels were 

regarded as significant) was applied. Significant clusters were saved and further 

evaluated. The anatomical regions part of the significant clusters were identified 
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using AAL toolbox implemented in SPM12, and then visually reviewed overlaid 

on a mean anatomical image of all participants (Tzourio-Mazoyer et al., 2002). 

 

Figure 4: T-contrasts used in the ANOVA 

The top row shows all three groups and the middle row all options of pairing them. The 

bottom row depicts all possible ways to contrast them. HC, healthy controls; PD, 

Parkinson’s disease patients; PROD, prodromal group. 

 

2.5.3 Extraction of mean z-scores in significant clusters 

 

To determine the hierarchy of the functional connectivity in the three groups, the 

average correlation in all significant clusters was extracted from each 

participant’s correlation maps for the left and the right putamen using a 

proprietary script provided by Marko Wilke. The extracted z-scores were 

entered into a spreadsheet in JMP, and their distribution graphically plotted to 

illustrate the order of the groups. 
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2.6 New classification of groups based on number of risk 

factors at the follow-up closest to the functional MRI 

assessment 

 

The first data analysis conducted as described above did not yield any 

significant results. Searching for an explanation it became obvious that a 

probable reason was the selection of participants based on the risk factors they 

displayed at the baseline assessment of their inclusion into TREND. For some 

participants, this assessment dated back as much as six years before the fMRI 

assessment. Participants suffering from RBD and depression were treated, and 

therefore their number of risk factors changed over time. Also, participants 

affected with hyposmia at the baseline assessment surprisingly regained their 

sense of smell at later follow-ups. Furthermore, participants who did not display 

risk factors at the baseline assessment and were counted as healthy controls 

developed one or multiple risk factors over time. Therefore, it was decided to 

reclassify the groups based on the prodromal markers assessed at the follow-

up closest to our fMRI measurement to truly portray the actual number of risk 

factors present during our study. Finally, the study population comprised of 21 

patients, 24 healthy controls and 22 participants in the prodromal group. In the 

prodromal group eleven participants suffered from depression and hyposmia, 

nine participants from depression and RBD, one participant from hyposmia and 

RBD and one participant from all three risk factors (see fig. 5, p. 36).  
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Figure 5: Flowchart of the recruitment process 

 

This flowchart depicts in detail the recruitment process as well as the exclusion of 

participants. The green outlined box at the bottom shows all participants included in the 

study. 

Contacted

53 Healthy controls

53 Patients

133 Prodromal cohort

Invited for scanning

25 Healthy controls

25 Patients

55 Prodromal cohort

Completed resting-state 

accquisition

23 Healthy controls

23 Patients

55 Prodromal cohort

Included into 1. analysis

18 Healthy controls

21 Patients

47 Prodromal cohort

Excluded from analysis due to 

Did not complete measurement due to

Excluded due to

issues of MRI safety

Healthy controls 7

Patients 5

Prodromal cohort 19

no time/interest

Healthy controls 4

Patients 13

Prodromal cohort 27

other ilnesses

Healthy controls 3

Patients 6

Prodromal cohort 15

falling asleep

Healthy controls 1

claustrophobia

Healthy controls 1

Patients 1

excessive movement

Healthy controls 2

Patients 1

Prodromal cohort 5

flawed physio data

Healthy controls 2

Patients 1

Prodromal cohort 3

flawed data set

Healthy controls 1

technical issues

Patients 1

claustrophobia

Healthy controls 6

Patients 4

Prodromal cohort 17

Included into 2. analysis

24 Healthy controls

21 Patients

22 Prodromal cohort

Reorganisation of cohorts based on numbers of 

risk factors present at fMRI measurement

Excluded from analysis due to decrease in 

numbers of risk factors (to 1 or 0 risk factors)

Prodromal cohort: 25

Included in analysis as healthy controls

Prodromal: 6
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2.7 Subgroup analysis based on handedness and Parkinson’s 

disease subtype 

 

While drafting the summary for this thesis it became evident that the original 

study layout missed two exclusion criteria, that are important for reliable results 

in functional imaging: handedness of the participants and PD subtype. 

Differences in handedness determine different brain morphology and activation 

patterns in functional imaging  (Amunts et al., 1996; Hammond, 2002). The 

same applies to different PD subtypes: Tremor-dominant disease subtype 

shows different activation patterns in ReHo than the akinetic-rigid subtype 

(Zhang et al., 2015). For these reasons, a subgroup analysis was done 

excluding all left-handed participants and all PD patients of the tremor-dominant 

subtype. While checking the clinical data of all patients for disease subtypes, it 

was discovered that three participants of the patient cohort were later 

diagnosed with atypical PD. Additionally, two patients were excluded due to 

disease subtype. Four participants of the healthy control group and two 

participants of the prodromal group were excluded due to handedness. Then, 

the subgroups consisted of 20 healthy controls, 16 patients and 20 participants 

of the prodromal cohort (see fig. 6, p. 38). The same statistics as described 

above were used in the subgroup analysis. The results will be discussed after 

the main discussion, which is fashioned according to the original study layout. 
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Figure 6: Flowchart of the exclusion process for the subgroup analysis 

 

This flowchart accounts for all the datasets excluded for the subgroup analysis. 

Datasets were excluded due to handedness, disease subtype and diagnosis of atypical 

PD. MSA, multisystem atrophy; PD, Parkinson’s disease; PSP, progressive 

supranuclear palsy. 
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3. Results 

 

3.1 Differences in demographic and clinical characteristics of 

the groups 

 

There were no significant differences regarding age, gender and movement in 

the scanner between the healthy controls, the prodromal group and PD 

patients. Movement in the scanner was defined by the count of STS movement 

> 0.5 mm. A significant difference could be found in the MDS-UPDRS III scores. 

As expected, scores of the patients’ group were significantly higher compared to 

controls (p < 0.0001) as well as compared to the prodromal group (p < 0.0001). 

Mean disease duration in the patients’ group calculated from the time point of 

first manifestation of symptoms was 2.3 years with a range from one year to six 

years. Mean Hoehn & Yahr stage was 1.8 with a range from 1 to 2.5. In eleven 

patients the side more severely affected by PD was the left side, in seven 

patients the right side. In two patients the more prominently affected side could 

not be determined (see table 5, below). 

 

Table 5: Demographic and clinical data of the groups 
 

HC (n=24)  PROD (n=22)  PD (n=21) Statistics 

Age (years) 67.7 ± 6 65.8 ± 7.0 66.2 ± 7.7 0.6025 
Men/Women  
(female%) 

12/12  
(50) 

8/14  
(63.6) 

14/7  
(33.3) 

0.1384 

STS > 0.5  8.0 ± 11.4 5.8 ± 10.3 8.4 ± 9.2 0.667 
MDS-UPDRS III (0-132) 2 ± 3 4 ± 4 24 ± 10 < 0.0001  
Disease duration (years) - - 2.3 ± 1.1  

(1-6) 
- 

H&Y (0-5) - - 1.8 ± 0.5   
(1-2.5) 

- 

Most effected side (l/r) * - - 11/7  - 
Levodopa equivalent dose 
(mg) 

- - 321.1  
(30-640) 

- 

* most affected side of two patients unknown; HC = healthy controls; PD = Parkinson’s 

disease patients; PROD = prodromal group. 
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3.2 Results of the one-way ANOVAs of the correlation maps 

 

As described above, two one-way between subject ANOVAs were calculated 

and contrasted for the main effect of groups to detect any significant differences 

in functional connectivity to the left and the right putamen between the groups. 

 

3.2.1 One-way between-subject ANOVA with the correlation maps of the 

left putamen 

 

The left putamen showed increased functional connectivity in five clusters in the 

prodromal group, when compared to patients. One cluster of 170 voxels was 

mainly located in in the right middle frontal gyrus (MNI coordinate 30 38 38, p = 

0.025). A right hemispheric cluster of 251 voxels comprised of parts of the 

precuneus, the superior parietal lobule, the postcentral gyrus and the cingulate 

gyrus (MNI coordinate 21 -40 44, p = 0.006). A third cluster of 257 voxels was 

located in the right middle and inferior temporal gyrus (MNI coordinate 39 2 -49, 

p = 0.005). A fourth cluster of 975 voxels encompassed parts of the right SMA, 

the left and right cingulate gyrus and the left middle and superior frontal gyrus. 

(MNI coordinate -3 5 29, p < 0.001). The last cluster of 5522 voxels was located 

in both cerebellar hemispheres and the vermis, the right precuneus and the 

right cuneus, the right occipital and fusiform gyrus, the left hippocampus and the 

left middle and inferior temporal gyrus (MNI coordinate -42 -82 -13, p < 0.001).  

 

The left putamen also showed increased functional connectivity in two clusters 

in the prodromal group, when compared to healthy controls. One cluster of 372 

voxels was located in the left and the right pre- and postcentral gyrus and the 

right cingulate gyrus (MNI coordinate -6 -37 74, p = 0.001). A second mostly 

symmetric cluster of 633 voxels comprised of parts of the cingulate gyrus, the 

superior frontal gyrus and the right SMA (MNI coordinate 0 35 23, p < 0.001). 

For a detailed overview over all clusters see table 6 and 7, p. 42 as well as fig. 7 

p. 43. 
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The analysis yielded no significant clusters when comparing healthy controls to 

PD patients. 

 

Table 6: Clusters with increased functional connectivity of the left putamen in 

the prodromal group compared to patients 

Cluster  p-value  MNI coordinates (mm) Anatomical area 

170 0.025 30 38 38 r. middle frontal gyrus 

251 0.006 21 -40 44 r. precuneus 
r. superior parietal lobule 

r. postcentral gyrus 
r. cingulate gyrus 

257 0.005 39 2 -49 r. middle temporal gyrus 
r. inferior temporal gyrus 

975 < 0.001 -3 5 29 r. SMA 
l. and r. cingulate gyrus 
l. superior frontal gyrus 
l. middle frontal gyrus 

5522 < 0.001 -42 -82 -13 l. and r. cerebellar hemisphere 
vermis 

r. precuneus 
r. cuneus 

r. occipital gyrus 
r. fusiform gyrus 
l. hippocampus 

l. middle temporal gyrus 
l. inferior temporal gyrus 

MNI coordinates, Montreal neurological institute coordinates; SMA, supplementary 

motor area. 

 

Table 7: Clusters with increased functional connectivity of the left putamen in 

the prodromal group compared to healthy controls 

Cluster  p-value  MNI coordinates (mm) Anatomical area 
372 0.001 -6 -37 74 l. and r. postcentral gyrus 

l. and r. precentral gyrus 
r. cingulate gyrus 

633 < 0.001 0 35 23 l. and r. cingulate gyrus 
l. and r. superior frontal gyrus 

r. SMA 

MNI coordinates, Montreal neurological institute coordinates; SMA, supplementary 

motor area. 
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Figure 7: All clusters with the left putamen as ROI 

 

The clusters are overlaid on a mean anatomical image of all participants. All clusters 

shown indicate increased functional connectivity in the prodromal group. Clusters with 

increased functional connectivity compared to PD patients are displayed in warm 

colors. Clusters with increased functional connectivity compared to healthy controls are 

shown in cold colors. Color mapping for each cluster: 5522 voxels, dark red; 975 

voxels, red; 257 voxels, orange; 251 voxels, yellow, 170 voxels bright green; 633 

voxels, blue; 372 voxels, dark green. L, left side; R, right side.  

 

 

 

L R 
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3.2.2 One-way between-subject ANOVA with the correlation maps of the 

right putamen 

 

The right putamen showed increased functional connectivity in four clusters in 

the prodromal group, when compared to patients. One cluster of 177 voxels 

was located in left middle and superior frontal gyrus (MNI coordinate -30 52 38, 

p = 0.025). The second cluster of 279 voxels was located in the right inferior 

frontal gyrus and the right superior temporal gyrus, pars opercularis (MNI 

coordinate 63 20 11, p = 0.004). The third cluster of 299 voxels encompassed 

the right middle and superior frontal gyrus (MNI coordinate 30 62 29, p = 0.003). 

And a fourth large clusters of 13088 voxels was located in both cerebellar 

hemispheres, the left and right striatum, the right occipital gyrus, the left and 

right supramarginal gyrus, the left postcentral and the right precentral gyrus, the 

right SMA, the left and right cingulate gyrus, the left hippocampus, the left 

thalamus and the left and right superior temporal and superior frontal gyrus 

(MNI coordinate -42 -82 -13, p < 0.001). For a detailed overview over all 

clusters see table 8 below and fig. 8, p. 45. The analysis yielded no significant 

clusters when comparing healthy controls to PD patients or healthy controls to 

the prodromal group. 

 

Table 8: Increased functional connectivity of the right putamen in the prodromal 

group when compared to patients 

Cluster  p-value  MNI coordinates 
(mm) 

Anatomical area 
 

177 0.025 -30 52 38 l. middle frontal gyrus 
l. superior frontal gyrus 

279 0.004 63 20 11 r. inferior frontal gyrus 
r. superior temporal gyrus 

299 0.003 30 62 29 r. middle frontal gyrus 
r. superior frontal gyrus 

13088 < 0.001 -42 -82 -13 l. and r. cerebellar 
hemispheres  

l. and r. striatum 
r. occipital gyrus 

l. and r. supramarginal gyrus 
r. SMA 

l. and r. cingulate gyrus 
 l. hippocampus 
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 l. thalamus  
l. and r. superior temporal 

gyrus 
l. and r. superior frontal gyrus 

MNI coordinates, Montreal neurological institute coordinates; SMA, supplementary 

motor area. 

 

Figure 8: All clusters with the right putamen as ROI 

 

Increased Functional connectivity of the right putamen in the prodromal group 

compared to PD patients overlaid on a mean anatomical image of all participants. Color 

mapping for each cluster: 13088 voxels, dark red; 279 voxels, orange; 177 voxels, 

yellow; 299 voxels, red. L, left side; R, right side. 

L R 
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3.2.3 Comparison of mean functional connectivity in all clusters across 

groups 

 

As neither the ANOVA with the correlation maps of the left putamen, nor the 

ANOVA with the correlation maps of the right putamen yielded significant 

findings when comparing healthy controls to PD patients the mean z-scores in 

every identified cluster was extracted for every group. This showed a stable 

TREND throughout all clusters: mean z-scores were highest in the Prodromal 

group and lowest in the PD group, while the connectivity of the healthy controls 

was found right in the middle (see fig. 9, p. 47). 
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Grouped boxplots of the mean z-scores of each group in every cluster. White boxes 

represent healthy controls, light grey boxes the prodromal group and dark grey boxes 

the PD patients. Above each group of boxplots an abbreviation identifies the cluster, 

e.g. LP 170 (seed left putamen, cluster of 170 voxels). In all clusters, the prodromal 

group shows highest mean z-scores, whereas the patient group mostly shows lowest 

mean z-scores without ever differing significantly from the healthy controls. 
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Figure 9: Grouped boxplot of the mean z-scores of every group extracted from all 

significant clusters 
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3.4 Subgroup analysis 

 

As described above a subgroup analysis was conducted excluding all left-

handed participants, all patients with tremor-dominant subtype as well as 

patients which were later diagnosed with atypical PD (see p. 37). The set-up 

mostly did not change: two one-way between subject ANOVAs with correlation 

maps of the left and the right putamen and determination of differences 

between groups using T-contrasts. The chosen significance level was higher: p-

values < 0.05 after family-wise error correction (FWE) and a minimum cluster 

size of 60 voxels were defined as significant. 

 

3.4.1 Demographic and clinical characteristics of the subgroup 

 

Within the subgroup no significant differences regarding age, gender and 

movement were found. As to be expected, a significant difference was found for 

MDS-UPDRS III scores, with higher values in PD patients. For details, see table 

9 below. 

 

Table 9: Demographic and clinical data of the subgroup 
 

HC (n=20) PROD (n=20) PD (n=16) Statistics 

Age (years) 67.4 ± 6.1 65.3 ± 7.0 65.9 ± 8.1 0.6 
Men/Women (female %) 10/10 (50) 8/12 (60) 12/4 (25) 0.10 

STS > 0,5 mm 8.4 ± 11.3 6.2 ± 10.5 6.6 ± 7.3 0. 7 
UPDRS III [0-132] 2 ± 2 * 4 ± 4 * 23 ± 10 <0.0001  

Disease duration (years)  - - 1.5 ± 0.7 (0.5-
2) 

- 

Hoehn & Yahr stage [0-5]  - - 1.6 ± 0.5 (1-
2.5) 

- 

Most effected side (l/r/u)  - - 9/5/2  - 
Disease subtype (AR/EQ/TD)  - - 11/5/0 - 
Levodopa equivalent dose 

(mg) 
- - 340 (100-640) - 

DEP + HYP (%) - 9 (45) - - 
DEP + RBD (%) - 8 (40) - - 
HYP + RBD (%) - 1 (5) - - 

DEP + HYP + RBD (%) - 2 (10) - - 

Data are presented with mean and standard deviation. AR, akinetic-rigid subtype; DEP, 
depression; EQ, equivalent subtype; HC, healthy controls; HYP, hyposmia; l, left; PD, 
Parkinson’s disease patients; PROD, prodromal group; r, right; RBD, REM sleep 
behavior disorder; STS, Scan to scan deviation; TD, tremor-dominant; u, unknown; 
UPDRS III, Unified Parkinson’s disease Rating Scale part III. 
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3.4.2 Findings for the left putamen within the subgroup 

 

The ANOVA of the left putamen yielded four significant clusters with increased 

functional connectivity in the prodromal group when compared to the PD 

patients. One big mostly symmetric cluster of 2886 voxels comprised of the 

cerebellum, the precuneus, the inferior and middle occipital lobe and the inferior 

and middle temporal lobe (MNI coordinate -42 -82 -13, p < 0.00001). A left 

hemispheric cluster of 187 voxels comprised of the middle and superior 

temporal lobe and the supramarginal gyrus (MNI coordinate -63 -43 17, p < 

0.00001). A third, again symmetric, cluster of 243 voxels contained the 

cingulum and the SMA (MNI coordinate 3 26 35, p < 0.00001). The smallest 

cluster (78 voxels) encompassed the bilateral precuneus and cuneus, as well as 

the superior occipital lobe (MNI coordinates 9 -85 47, p = 0.00002). 

 

Comparing the left putamen functional connectivity of the prodromal group to 

healthy controls, four significant clusters showed increased functional 

connectivity in the prodromal group. A symmetric cluster of 251 voxels was 

located in the vermis and the crus cerebelli (MNI coordinate 6 -73 -37, p < 

0.00001). Another cluster of 271 voxels comprised of the left and right cingulum, 

the left and right SMA and the left superior medial frontal gyrus (MNI coordinate 

0 29 32, p < 0.00001). A third right hemispheric cluster of 119 voxels covered 

the inferior temporal and occipital gyrus as well as the fusiform gyrus (MNI 

coordinates 48 -58 -197, p = 0.00002). The last cluster of 73 voxels involved the 

left and right paracentral lobule, the right precentral gyrus, the right SMA and 

the left precuneus (MNI coordinate -6 -31 77, p = 0.0005).  

The comparison of healthy controls and PD patients yielded no significant 

differences in both directions. All findings are summarized and illustrated in 

table 10 and 11 as well as fig. 10, p. 50/51. Further illustrations for each cluster 

can be found in the appendix (p. 97-100). 
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Table 10: Increased functional connectivity of the left putamen in the prodromal 

group when compared to healthy controls (subgroup) 

Cluster p-value MNI coordinates (mm) Anatomical area 

251 < 0.00001 6 -73 -37 l. and r. cerebellum 
vermis 

l. and r. crus cerebellum 

271 < 0.00001 0 29 32 l. and r. middle and anterior cingulum 
l. and r. SMA 

l. superior medial frontal gyrus 

119 0.00002 48 -58 -19 r. inferior temporal gyrus 
r. inferior occipital gyrus 

r. fusiform gyrus 

73 0.0005 -6 -31 77 l. and r. paracentral lobule 
r. precentral lobule 

r. SMA 
l. precuneus 

MNI coordinates, Montreal neurological institute coordinates; SMA, supplementary 

motor area. 

 

Table 11: Increased functional connectivity of the left putamen in the prodromal 

group when compared to the patients (subgroup) 

Cluster p-value MNI coordinates (mm) Anatomical area 

2886 < 0.00001 -42 -82 -13 l. and r. cerebellum 
l. and r. lingual gyrus 

l. and r. inferior occipital lobe 
l. and r. fusiform gyrus 

vermis 
l. and r. inferior temporal lobe 

l. and r. calcarine gyrus 
l. and r. middle occipital lobe 

l. and r. precuneus 
r. middle temporal lobe 

r. cuneus 
l. and r. crus cerebelli 

187 < 0.00001 -63 -43 17 l. middle and superior temporal lobe 
l. supramarginal gyrus 

243 < 0.00001 3 26 35 l. and r. middle cingulum 
l. and r. SMA 

l. and r. anterior cingulum 
l. and r. medial superior frontal lobe 

78 0.00002 
 

9 -85 47 l. and r. cuneus 
l. and r. precuneus 

r. superior occipital lobe 
r. superior parietal lobe 

MNI coordinates, Montreal neurological institute coordinates; SMA, supplementary 

motor area. 
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Figure 10: Clusters with the left putamen as ROI in the subgroup 

 

The clusters are overlaid on a mean anatomical image of all participants. All clusters 

shown indicate increased functional connectivity in the prodromal group. Clusters with 

increased functional connectivity compared to PD patients are displayed with warm 

colors. Clusters with increased functional connectivity compared to healthy controls are 

shown in cold colors. Color mapping for each cluster: 2886 voxels, dark red; 187 

voxels, orange; 78 voxels, red; 243 voxels, yellow; 251 voxels, dark blue; 119 voxels, 

light blue; 73 voxels, green, 271 voxels, lilac.  L, left side; R, right side.  
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3.4.3 Findings for the right putamen within the subgroup 

 

The ANOVA of the right putamen yielded seven clusters with significantly 

increased functional connectivity in the prodromal group when compared to PD 

patients. A mostly symmetric cluster of 4184 voxels comprised of the 

cerebellum, the majority of the occipital and temporal lobe, the vermis and the 

precuneus (MNI coordinate -42 -82 -13, p < 0.00001). A left hemispheric cluster 

of 418 voxels was located in the middle and superior temporal lobe and the 

inferior frontal lobe pars opercularis (MNI coordinate -63 -43 17, p < 0.00001). A 

right hemispheric cluster of 119 voxels involved the inferior frontal lobe pars 

opercularis and pars orbitalis (MNI coordinate 60 14 -4, p < 0.00001). A 

symmetric cluster of 233 voxels encompassed the cingulum, the SMA and the 

superior medial frontal lobe (MNI coordinate 3 26 17, p < 0.00001). A cluster of 

160 voxels was located in the right temporal lobe (MNI coordinates 66 -37 11, p 

< 0.00001). A sixth cluster of 78 voxels was located in the right supramarginal 

gyrus (MNI coordinate 60 -34 35, p = 0.00002). The last cluster of 106 voxels 

comprised of the left and right precuneus and paracentral lobule (MNI 

coordinate 3 -55 56, p < 0.00001).  

 

Comparing the right putamen functional connectivity of the prodromal group to 

healthy controls, we found three significant clusters with increased functional 

connectivity in the prodromal group. The first cluster of 176 voxels sat in the 

right cerebellar hemisphere and the right fusiform gyrus (MNI coordinate 24 -52 

-49, p < 0.00001). A second cluster of 366 voxels comprised of both cerebellar 

hemispheres, the vermis, the crus cerebelli as well as the left fusiform and 

parahippocampal gyrus (MNI coordinates 6 -73 -37, p < 0.00001). A third 

cluster of 85 voxels was located in the right inferior temporal and occipital lobe 

(MNI coordinate 51 -70 -10, p = 0.00001). The comparison of healthy controls 

and PD patients yielded no significant differences in both directions. All findings 

are illustrated in table 12 and 13, p. 53/54 as well as fig. 11, p. 55. Further 

illustrations for each cluster can be found in the appendix (p. 101-105). 
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Table 12: Increased functional connectivity of the right putamen in the 

prodromal group when compared to healthy controls (subgroup) 

Cluster p-value MNI coordinates (mm) Anatomical area 

176 < 0.00001 
 

24 -52 -49 r. cerebellum 
r. fusiform gyrus 

366 < 0.00001 
 

6 -73 -37 l. and r. cerebellum and 
vermis 

l. and r. crus cerebelli 
l. fusiform gyrus 

l. parahippocampal gyrus 

85 < 0.00001 
 

51 -70 -10 r. inferior temporal lobe 
r. inferior occipital lobe 

r. fusiform gyrus 

MNI coordinates, Montreal neurological institute coordinates. 

 

 

 

Table 13: Increased functional connectivity of the right putamen in the 

prodromal group when compared to patients (subgroup) 

Cluster p-value MNI coordinates (mm) Anatomical area 

4184  < 0.00001 -42 -82 -13 l. and r. cerebellum 
l. inferior occipital lobe 
l. and r. fusiform gyrus 

l. and r. cuneus 
l. and r. calcarine gyrus 

l. and r. middle occipital lobe 
r. inferior occipital lobe 

l. and r. superior occipital lobe 
l. and r. middle temporal lobe 
l. and r. inferior temporal lobe 

vermis 
l. and r. crus cerebelli 
l. and r. lingual gyrus 
l. and r. precuneus 

r. superior parietal lobe 

418 < 0.00001 
 

-63 -43 17 l. middle and superior temporal 
lobe 

l. supramarginal gyrus 
l. superior temporal pole 

l. inferior frontal lobe pars 
opercularis 

l. rolandic operculum 

119  < 0.00001 
 

60 14 -4 r. inferior frontal operculum 
r. superior temporal pole 
r. inferior frontal gyrus 

(pars triangularis) 
r. rolandic operculum 

r. frontal inferior pars orbitalis 
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233 
 

< 0.00001 
 

3 26 17 l. and r. middle cingulum 
l. and r.  anterior cingulum 

l. and r. SMA 
l. and r. superior medial frontal 

lobe 

160 < 0.00001 
 

66 -37 11 r. superior and middle temporal 
lobe 

r. heschl’s gyrus 
r. rolandic operculum 

78 0.00002 60 -34 35 r. supramarginal gyrus 

106 0.00001 
 

3 -55 56 l. and r. precuneus 
l. and r. paracentral lobule 

MNI coordinates, Montreal neurological institute coordinates; SMA, supplementary 

motor area. 
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Figure 11: Clusters with the right putamen as ROI in the subgroup 

 

The clusters are overlaid on a mean anatomical image of all participants. All clusters 

shown here indicate increased functional connectivity in the prodromal group. Clusters 

with increased functional connectivity compared to PD patients are displayed with 

warm colors. Clusters with increased functional connectivity compared to healthy 

controls are shown in cold colors. Color mapping for each cluster: 4184 voxels, dark 

red; 160 voxels, red; 418 voxels, red-yellow; 119 voxels, yellow; 233 voxels, orange; 78 

voxels, red; 106 voxels, orange-red; 366 voxels, dark blue; 176 voxels, blue; 85 voxels, 

green. L, left side; R, right side.  

 

 

L R 



 

55 
 

3.4.4 Comparison of mean functional connectivity in all clusters across 

the subgroup 

 

The mean z-scores were extracted from all significant clusters and graphically 

plotted against each other. This revealed a consistent trend throughout all 

clusters: mean z-scores were highest in the prodromal group and similar in 

healthy control group compared to PD patients. The distribution of the mean z-

scores is illustrated in a grouped boxplot chart in fig. 10 below. 

 

Figure 12: Grouped boxplots with the mean z-scores of all subgroups in all 

significant clusters 

 

Grouped boxplots with the mean z-scores of all groups in all significant clusters. Mean 

z-scores were highest in the prodromal group and similar in the healthy control group 

compared to patients, resembling an inversed U-shaped curve. HC, healthy controls; 

PROD, prodromal group; PD, Parkinson’s disease patients. 
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4. Discussion 

 

This study aimed to compare the functional connectivity in rs-fMRI of 21 PD 

patients, 24 healthy controls and a group of 22 participants with an increased 

risk of developing PD (prodromal group), who had at least two out of three risk 

factors for PD. We hypothesized that rs-fMRI would reveal a pathophysiological 

correlate of a premotor phase of PD. We hoped to find differences in functional 

connectivity between healthy controls and the prodromal group that might 

enable us to detect PD in its early state by the use of fMRI. 

 

In a seed-based approach we measured the functional connectivity of the left 

and the right putamen to the rest of the brain. Using a voxel-wise analysis of 

variance and T-contrasts we then searched for significant differences in 

correlation of the putamen to the rest of the brain between our three groups (p < 

0.001 uncorrected, minimum cluster size 60 voxels). 

 

The prodromal group showed increased functional connectivity of the left 

putamen to the right precuneus, the left and right posterior cingulate gyrus, the 

superior parietal lobule, the left middle frontal gyrus as well as the right visual 

cortex and the whole cerebellum (vermis and hemispheres) when compared to 

patients. When compared to healthy controls, again the prodromal group 

showed increased functional connectivity of the left putamen to the left and right 

pre- and postcentral gyrus, the right SMA as well as the medial left and right 

middle frontal gyrus. In comparison, functional connectivity of the right putamen 

was increased in the prodromal group when compared to patients in the left and 

right posterior cingulate gyrus, the left and right visual cortex and the 

cerebellum (both hemispheres and vermis). Interestingly, no significant 

differences in functional connectivity of the left or the right putamen where found 

between patients and healthy controls. But there was a stable trend throughout 

all significant clusters: the extracted mean z-score was lowest in PD patients 

and highest in the prodromal group while the healthy controls sat right in the 

middle. A result which at first glance seems surprising. Expected would be 
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highest functional connectivity in the healthy, lowest in the PD patients with the 

prodromal group sitting in the middle, portraying an attenuated version of PD 

patients.  

 

We think these results could depict a compensatory mechanism which 

contributes to the long prodromal phase of PD. A state of disease, in which the 

brain increases connectivity of brain regions responsible for the execution and 

planning of motion to enable normal movement as long as possible. Fitting this 

paradigm, the prodromal group showed increased functional connectivity of the 

putamen to the visual cortex, the pre- and postcentral gyrus, the supplementary 

motor area and the cerebellum – areas of the brain involved in the execution of 

motion (Bagesteiro et al., 2006; Lemon, 2008; Manto et al., 2015; Nachev et al., 

2008; Proske & Gandevia, 2012; Sarlegna & Sainburg, 2009). Furthermore, 

functional connectivity was increased in the bilateral posterior cingulate gyrus, 

the medial middle frontal gyrus and the right precuneus – brain regions 

belonging to the DMN. Among the RSNs, the DMN is unique as it reduces its 

activity during cognitive challenges and is thought to aid in planning future 

actions and behavior while resting, like the planning of movement (Rosazza & 

Minati, 2011). Failing of those compensatory mechanisms could equal lower 

functional connectivity in those brain regions and PD becoming clinically visible. 

Respectively, functional connectivity is lowest in our patient group.  

 

While functional connectivity of the healthy controls was always higher than in 

the patient group, this difference never surpassed the threshold to significance. 

This is most likely due to the conscious decision to measure the patients on 

medication expecting to minimize movement in the scanner and stress for the 

patients. Nonetheless, it is well established that the administration of Levodopa 

restores normal functional connectivity in the basal ganglia network, thus 

explaining the failure of this study to find significant differences between the 

healthy controls and the patients (Bezard et al., 2003; Buhmann et al., 2003; 

Delaveau et al., 2010).   
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4.1 Comparison with findings of other studies investigating 

prodromal Parkinson’s disease 

 

Although there are several study groups investigating prodromal PD, so far 

(time of writing the doctoral thesis) only three studies have been published 

using fMRI as a mean to detect differences in brain activity in a group of 

individuals with risk factors for developing PD.  

 

Ellmore ea investigated functional connectivity in the resting-state in a group of 

ten patients with RBD, age and gender matched with eleven patients and ten 

healthy controls (Ellmore et al., 2013). They used a seed-based approach, but 

chose the substantia nigra as ROI. They reported a decrease in functional 

connectivity of the left substantia nigra to the left putamen, and of the right 

sustantia nigra to the right superior occipital gyrus in the prodromal group when 

compared to healthy controls, while the lowest connectivity was found in 

patients. Respectively, the RBD patients showed an attenuated version of the 

decrease in functional connectivity found in PD patients in these clusters. 

However, there was one exception. The right precuneus showed increased 

functional connectivity to the right putamen in the RBD group, while connectivity 

in the PD group was lowest with the healthy controls sitting in the middle. 

 

Rolinski ea performed rs-fMRI and functional connectivity analysis on a group of 

26 patients with RBD, comparing them to 23 healthy controls and 48 PD 

patients (Rolinski et al., 2016). Different to our study, they chose with the ICA a 

data driven approach and found reduced functional connectivity within the basal 

ganglia network (putamen, caudate, pallidum) as well as in the cingulate, the 

paracingulate and the orbital and middle frontal gyrus when comparing PD and 

RBD patients to healthy controls. The changes in functional connectivity in PD 

patients mirrored those of the RBD patients, thus consolidating the findings of 

Ellmore ea. 
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Dayan and Browner used a ROI-to-ROI analysis with the caudate nucleus, the 

putamen and the thalamus as well as a seed-based approach with both 

putamina in a group of 15 participants suffering from RBD and/or hyposmia, 

comparing them to 17 matched healthy controls (Dayan & Browner, 2017). 

Considering the ROI-to-ROI analysis, they found a decrease in functional 

connectivity in their prodromal group, concerning interhemispheric connectivity 

as well as connectivity within the basal ganglia and the striato-thalamo-pallidal 

loop. These findings repeated themselves regarding the seed-based voxel-wise 

approach with both putamina as ROI, which from a methodology standpoint 

resembles our study. Again, they found decreased functional connectivity of the 

left putamen to the right basal ganglia and vice versa. 

 

In reporting exclusively increased functional connectivity in our prodromal 

group, our study stands in contrast with these three studies, whose lowest 

common factor is a decrease in basal ganglia connectivity in their prodromal 

groups. The exact reason for this is uncertain and presumably multifaceted. 

 

One part of the explanation could be that all studies tried to investigate a 

dynamic progress, the neurodegeneration preceding PD, cross-sectionally. 

Consequently, it could have happened, that the same condition was 

documented at different time points and thus results differ. Supporting this 

assumption, Ellmore ea also found a cluster in the right precuneus with 

increased functional connectivity to the right putamen in the prodromal group. 

For this cluster, the distribution of groups resembled all of our findings. Also, the 

two other studies failed to find any increase in functional connectivity of the 

basal ganglia to cortical brain regions, which is well-documented for PD patients 

(Baudrexel et al., 2011; Helmich et al., 2015; Kwak et al., 2010). 

 

This effect could be further amplified by using different methodology and 

different attributes to define the prodromal group, as it is the case with the 

above-mentioned studies. Also, it is possible that different prodromal markers 

are accompanied by specific changes in functional connectivity and that a 
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certain combination of markers can augment or negate each other. To 

circumvent this issue and make results comparable a more detailed definition of 

the prodromal phase of PD would be necessary. 

 

4.2 Comparison with findings of other studies investigating 

resting-state functional MRI in Parkinson’s disease  

 

In contrary to prior studies that also used a seed-based approach to investigate 

functional connectivity in PD we did not find any significant differences between 

patients and healthy controls. This is most likely due to the short disease 

duration of our patients (2.3 years, see table 5, p. 40) when compared to other 

studies (see table 1, p. 14), and our choice of measuring patients on medication 

(which is discussed in further detail below). Only one other study by Kwak ea 

used a seed-based approach and measured patients on medication. They 

found similar results, showing decreased functional connectivity of the striatum 

to the precentral gyrus, the supplementary motor cortex and the prefrontal 

cortex (Kwak et al., 2010). However, this decrease in functional connectivity 

existed in comparison to healthy controls, not to a prodromal group, as it is the 

case for our study. Taking a different approach, Wu ea used graph theory to 

compare functional connectivity within the motor network in patients on and off 

medication and healthy controls, also finding a decrease in functional 

connectivity of the SMA to the putamen in patients in the ON-state (Wu et al., 

2009).  

 

4.3 Limitations 

 

Several limitations of this study must be taken into account. 

 

4.3.1 Limitations of the groups 

 

While we were able to achieve a sufficient match of age and gender in our 

groups, we failed at matching the groups regarding handedness. Usually, 
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studies investigating brain function only assess individuals with the same 

handedness, as difference in handedness implicates differences in brain 

morphology - e.g. in left-handers, the right central sulcus is deeper than in right-

handers and vice versa (Amunts et al., 1996) -  as well as in activation patterns 

(Hammond, 2002). In the case of fMRI studies investigating rather complex 

neuronal networks, Pool ea showed that the influence one brain area exerts 

over another is differentially modulated in right- and left-handers. Using dynamic 

causal modeling they showed that the interhemispheric coupling of the SMA, 

the primary motor cortex and the putamen was significantly stronger in right- 

than in left-handers (Pool et al., 2014). Of special interest for our study are the 

results of another study of Pool ea, which, using a seed based approach, 

showed that the resting-state movement network has increased functional 

connectivity of the left primary motor cortex to the right dorsolateral premotor 

cortex in right-handers, while functional connectivity was decreased in left-

handers (Pool et al., 2015). These results implicate, that our failure to only 

measure individuals with the same handedness may have confounded the 

analysis and might have influenced the results. 

 

We also failed at achieving sufficient homogeneity in our PD group regarding 

subtype of disease and affected side. A recent study by Zhang ea reports 

substantial differences in functional connectivity among different PD subtypes. 

Zhang ea performed a ReHo analysis in 27 patients with akinetic-rigid subtype 

and 20 patients with tremor-dominant subtype. Comparing these groups to 

healthy controls they found that the two PD subtypes are distinguishable from 

each other in terms of functional connectivity changes. Patients with the 

akinetic-rigid subtype exhibited a more substantial change in neural activity in 

the mesolimbic cortex, while in patients with tremor-dominant subtype the 

activation of the cerebellar regions increased (Zhang et al., 2015). 

 

Also, in difference to the common practice of measuring PD patients for fMRI 

studies after 12 hours of withdrawal from medication in a clinically defined OFF-

state, we decided to measure our patients on medication. We anticipated that 
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the suppression of involuntary movement in the ON-state would yield better 

results by minimizing the noise in the data. Furthermore, we were reluctant to 

submit our patients to the stress of the OFF-state during a full day of multiple 

assessments. Nonetheless, it has been shown that levodopa administration in 

PD patients restores functional connectivity in the basal ganglia, even to normal 

levels (Buhmann et al., 2003; Delaveau et al., 2010; Esposito et al., 2013; 

Haslinger et al., 2001; Palmer et al., 2009). Thus, our failure to find significant 

differences in functional connectivity between healthy controls and patients is 

most likely due to our decision to measure patients in the ON-state. 

Nevertheless, when comparing mean correlation of all three groups in all 

significant clusters, the extracted mean z-scores of the patient group, while 

failing to reach significance level in comparison to the healthy group, always 

were the lowest. 

 

4.3.2 Limitations of measurements 

 

The main confounder in fMRI studies is the exact measurement of the BOLD 

signal. A variety of different factors can cause unwanted changes in signal 

intensity, ranging from inhomogeneity of the magnetic field produced by the 

scanner to bodily functions that influence blood flow, like breathing and pulse 

rate. Especially detrimental to the BOLD signal is the movement of the subject. 

We took important steps on different levels of the measurement to compensate 

for that. During the measurement, the room between coil and subject’s head 

was stuffed with soft foam to minimize involuntary movement. Also, a conscious 

decision was made to measure PD patients on medication. We excluded eight 

datasets due to excessive movement during scanning, in the remaining 

datasets all the motion influenced images were discarded and replaced by a 

mean image of the two neighboring scans. In the course of the data analysis we 

added a Volterra transformation of the realignment parameters as covariates of 

no interest. Furthermore, we recorded the subjects pulse rate during the 

measurement and added the pulse’s time course as another covariate of no 
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interest. We did not, however, take respiration as possible confounder into 

account. 

 

Next to its susceptibility to noise, significance of the bold signal is also limited by 

a poor spatial resolution. This is on one hand due to technical limitations. When 

recording the BOLD signal, spatial resolution is sacrificed in favor of temporal 

resolution. And on the other hand, due to the signal’s character. Engel ea 

(Engel et al., 1997) estimated that focal brain activation leads to changes in 

bold signal intensity that spread up to 3.5mm around the actual center of 

activation, with peak values not in the active brain region but in the blood vessel 

supplying the region. As a consequence, when identifying the anatomic regions 

comprising our significant clusters, we did concentrate on the regions in the 

center of the clusters, while ignoring those regions barely touched by it and 

avoided making assumptions concerning spatially small anatomical areas 

(Boubela et al., 2015). 

 

4.3.3 Consequences of the limitations 

 

On the level of the fMRI measurement we took all necessary precautions, 

except monitoring breathing, to achieve the best signal quality possible, and 

therefore fall in line with the current standard of practice, as does our 

preprocessing pipeline and the data analysis. 

 

Despite of our best efforts to create well matched groups, our study suffers from 

inhomogeneity of the groups, regarding handedness, affected side in patients 

and from disregarding subtype of disease and measuring patients on 

medication. These factors confound our study. 

 

4.4. Subgroup analysis  

 

Taking the shortcomings of the original study protocol into account a sub study 

was conducted excluding all left-handed participants, all patients with tremor 
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dominant subtype as well as two patients who had been diagnosed with atypical 

PD in the meantime. The remaining groups comprised of 20 healthy controls, 16 

patients and 20 participants of the prodromal group. The data analysis for this 

subgroup was exactly the same as for the main group. It yielded more results 

(18 clusters above the threshold), with a substantially higher significance level 

(see chapter 3.4, p. 48). Interestingly, the significant clusters mostly contained 

similar brain regions as the results of the original study. Also, the hierarchy of 

functional connectivity in the clusters did not change: highest connectivity was 

always found in the prodromal group, lowest in the patient group with the 

healthy controls sitting in the middle. Again, no significant differences in 

functional connectivity between the medicated patient group and the healthy 

controls could be found due to the reasons discussed in detail above.  

The brain regions with significantly higher functional connectivity to the 

putamina in the prodromal group again concerned the conscious and 

subconscious execution of motion (cerebellum, vermis, pre- and postcentral 

gyrus, the SMA, the cuneus) as well as the planning of motion and behavior 

(the middle frontal gyrus, the precuneus, the temporal lobe). Interestingly, while 

not being directly congruent, the clusters of the left and the right putamen 

shared some brain regions. 

 

To summarize, the gain of this subgroup analysis mostly consists of reaching 

more results at a higher significance level. The grand scheme of the results 

does not diverge from the original study. This implicates that the original 

findings must portray a real difference in functional connectivity between our 

groups, which persisted although important confounders of functional imaging 

studies were ignored. A paper with the results of the subgroup analysis is 

submitted, the release is pending. 

 

4.5 Outlook 

 

This study was able to show that a group of highly preselected individuals, who 

might be in the prodromal phase of PD, has increased functional connectivity in 



 

65 
 

multiple brain areas, when compared to healthy controls and PD patients. This 

increase in functional connectivity might be the equivalent of a compensatory 

mechanism, which counteracts the neurodegeneration through an increase in 

activity, and connectivity. Thus, these changes in BOLD signal intensity might 

help to detect individuals in the prodromal stage of PD in the future, which 

finally may contribute to earlier treatment strategies.  

Unfortunately, our understanding of the physiological meaning of the BOLD 

signal is up to this date very basic, achieving a reliable image quality is difficult, 

and the possibilities of statistical analysis are diverse. For now, all these factors 

diminish the usability and the validity of rs-fMRI, and sometimes reduce our 

interpretation of its results to speculations. However, in the future it might be 

possible to profit from technological advancements in neuroimaging, such as 

better temporal and spatial resolution through scanners which deploy stronger 

magnetic fields, and studies further defining the characteristics of the BOLD 

signal. A possibility of confirming our results would be a comparison with well-

established forms of brain functional imaging like a PET scan (Positron 

emission tomography) – a study with this purpose is conducted right now (2020) 

at the University Hospital of Tuebingen.  

 

5. Summary 

 

This study aimed to compare the functional connectivity in rs-fMRI of PD 

patients, healthy controls and a highly preselected group of participants with an 

increased risk of developing PD (prodromal group). All participants included in 

the prodromal group had at least two out of the three following prodromal 

markers for PD: hyposmia, depression and RBD. We hypothesized that the rs-

fMRI would reveal a pathophysiological correlate of the premotor phase of PD. 

We especially hoped to find differences in functional connectivity between 

healthy controls and the prodromal group that might enable us to detect PD in 

its early state by the use of functional MRI. 
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The study population was selected from participants of the TREND study, as 

well as PD patients from the ward and the outpatient clinic of the 

Neurodegenerative Department of the Center of Neurology, University Hospital 

Tuebingen. 53 healthy controls, 133 individuals for the prodromal group and 53 

patients were contacted. 25 healthy controls, 55 participants for the prodromal 

group and 25 patients were invited for testing and scanning. The assessments 

made were identical for all participants: an MDS-UPDRS III test was performed 

by experienced practitioners, open eye rs-fMRI was recorded for ten minutes 

using EPI, while taking maximum precautions to minimize head movement and 

recording the pulse rate with an MRI save pulsometer. Three healthy controls 

and two patients did not complete the measurement due to technical difficulties, 

falling asleep or claustrophobia. The datasets of five healthy controls, two 

patients and eight participants of the prodromal group had to be excluded due 

to excessive movement, flawed physiological data and flawed datasets. The 

remaining datasets went through the established preprocessing steps using 

SPM12. Particular care was taken to compensate for motion by analyzing the 

datasets with the motion finger print toolbox by Marco Wilke, and excluding data 

with STS displacement > 0.5 mm in more than 20% of the images. Two seed-

based analyses were performed using the REST toolbox V.1.8., one analysis 

with the left putamen, the other one with the right putamen as seed region. 

Noise originating from the pulse curve and motion were regressed out of the 

resulting correlation maps. The correlation maps were fed into two one-way 

between subject ANOVAs over the whole brain and T-contrasts were used to 

detect any significant differences in correlation between the three groups. Age 

and gender were added as covariates of no interest. As the first analysis did not 

yield any significant results, we reviewed our recruitment process. We found 

out, that the assignment of the participants to the groups was based on the 

baseline assessment of the TREND study, which dated back as much as six 

years for most participants and the number of prodromal markers had changed 

in the course of the follow-up examinations. We reorganized the groups based 

on the number of prodromal markers present at the follow-up closest to our rs-

fMRI assessment. Consequently, we had to exclude 25 participants of the 
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prodromal group. Thus, the datasets of 24 healthy controls, 20 PD patients and 

22 participants in the prodromal group were included in a second analysis. 

From the resulting significant clusters, we extracted the mean correlation to 

determine the exact order of functional connectivity of our three groups in each 

cluster. 

 

Throughout all identified clusters, functional connectivity was highest in the 

prodromal group when compared to patients and healthy controls. As we 

measured the patients in the ON-state, no significant differences to healthy 

controls were found. However, the mean correlation extracted from all clusters 

was always lowest in PD patients. The identified clusters were primarily located 

in brain regions which are involved in the planning and execution of motion. It is 

intriguing to suggest, that the brain increases synchronous activation of different 

brain regions to enable smooth planning and execution of motion, despite 

degenerative processes within the basal ganglia, in the sense of a 

compensatory mechanism present in our prodromal group. 

 

Based on the reorganized groups, we did a third analysis where we further 

eliminated possible confounding factors. We excluded all left-handed 

participants and all PD patients with tremor-dominant subtype, including 20 

healthy controls, 20 participants of the prodromal group and 16 patients. 

Interestingly, the grand scheme of identified brain regions as well as the 

hierarchy of functional connectivity did not change, as the identified brain 

regions were tasked with motion and functional connectivity was highest in the 

prodromal group. The results did reach a higher significance level. A paper with 

these results is submitted, the release is pending.  

 

In conclusion, there is hope that one day non-invasive imaging techniques 

might contribute to clinical observations and other biomarkers to detect PD 

before its motor symptoms allow clinical diagnosis, albeit there is a long road 

ahead. 
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6. Own contribution 

 

I was involved in the recruitment, the clinical assessment and the conduction of 

the MRI measurements. I contacted potential participants, informed them on the 

study, checked for in- and exclusion criteria and organized the date of 

assessment. I accompanied the participants during the day of assessment, 

conducted the KVIQ (Kinesthetic and Visual Imagery Questionnaire) and two 

different motor tasks (balancing on thin lines and aiming at a target with a laser 

fixed on a balance board), which were used for another study investigating 

motor imagery in PD patients. I was present at the scanner during 

measurements to lead the participants through the different tasks and collect 

the data. I had input on the chosen form of analysis and proposed the new 

classification of cohorts. I conducted the statistical analysis and configured the 

presentation of the results. 

 

D. Berg provided professional advice on hypothesis and study design and 

helped with the interpretation of the results. M. Wilke and T. Ethofer gave 

advice and practical help for the analysis of the data. M. Hobert and T. Klos 

helped recruit and assess the participants invited to this study. The UPDRS III 

scores were evaluated by D. Berg, W. Maetzler, M. Hobert and E. Schaefer, all 

neurologists of the Neurodegenerative Department of the Center of Neurology, 

University Hospital Tuebingen. Rs-fMRI measurements were also monitored by 

M. Hobert, T. Klos and E. Charyasz. In the analysis, the doctoral candidate 

used scripts provided by M. Wilke (mw_reducemask, mw_mfp, mw_getcorr, 

mw_combmov) and M. Erb (me_retriocor). M. Wilke also aided with the 

development of a fitting brain mask. The results of the extracted mean z-scores 

were graphically illustrated in a grouped boxplot put together by P. Weber. 
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8.1 Fact sheet sent to participants
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8.2 Written informed consent for functional MRI measurement 
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8.3. Scanner settings 
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8.4. Additional figures of the results of the subgroup analysis 

 

 

  

1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. The cluster contains 251 voxels is mainly located in the cerebellum 

and the vermis. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the extracted mean 

correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light grey box, 

prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; LP, left 

putamen; PD, patients; PROD, prodromal group.

1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 271 voxels and is mainly located in the bilateral cingulate 

gyrus, the SMA and the l. superior medial frontal gyrus. P-value (cluster level, FWE corr.) < 0.00001. 2: 

Boxplot showing the extracted mean correlation of each cohort in the cluster displayed in (1). White box, 

healthy controls; light grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal 

view; C, axial view; LP, left putamen; PD, patients; PROD, prodromal group; SMA, supplementary motor 
area.
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1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 119 voxels and is mainly located in the right temporal and 

occipital gyrus. P-value (cluster level, FWE corr.) 0.00002. 2: Boxplot showing the extracted mean 

correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light grey box, 

prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; LP, left 
putamen; PD, patients; PROD, prodromal group. 

1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. The cluster contains 73 voxels is mainly located in the paracentral 

lobule, the r. precentral gyrus and the r. SMA. P-value (cluster level, FWE corr.) 0.0005. 2: Boxplot 

showing the extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy 

controls; light grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, 
axial view; LP, left putamen; PD, patients; PROD, prodromal group; SMA, supplementary motor area.
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1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. The cluster contains 2886 voxels and is mainly in the cerebellum, 

the temporal and the occipital lobe. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the 

extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light 
grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view;

LP, left putamen; PD, patients; PROD, prodromal group. 

1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 187 voxels and is mainly located in the l. temporal lobe 

and the l. supramarginal gyrus. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the 

extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light 

grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; LP, left 
putamen; PD, patients; PROD, prodromal group.
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1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 243 voxels and is mainly located in the cingulum, the 

SMA and superior frontal lobe. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the 

extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light 

grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; LP, 

left putamen; PD, patients; PROD, prodromal group; SMA, supplementary motor area.

1: Cluster (red) resulting from an ANOVA of the left putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 78 voxels (red) and is mainly located in the cuneus, the 

precuneus and the superior occipital lobe. P-value (cluster level, FWE corr.) 0.00002. 2: Boxplot showing 

the extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy controls; 

light grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; 
LP, left putamen; PD, patients; PROD, prodromal group.
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1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains176 voxels and is mainly located in the right cerebellum and 

the right fusiform gyrus. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the extracted mean 

correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light grey box, prodromal 

group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; PD, patients; PROD, prodromal 

group; RP, right putamen.

1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 366 voxels and is mainly located in the cerebellum, the 

vermis, the left fusiform and the parahippocampal gyrus. P-value (cluster level, FWE corr.) < 0.00001. 2: 

Boxplot showing the extracted mean correlation of each cohort in the cluster displayed in (1). White box, 

healthy controls; light grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal 
view; C, axial view; PD, patients; PROD, prodromal group; RP, right putamen. 
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1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 85 voxels and is mainly located in the right temporal and 

the occpital gyrus. P-value (cluster level, FWE corr.) is 0.00001. 2: Boxplot showing the extracted mean 

correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light grey box, 

prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; PD, patients; 

PROD, prodromal group; RP, right putamen.
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1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 106 voxels and is mainly located in precuneus and the 

paracentral lobule. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the extracted mean 

correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light grey box, 

prodromal group; dark grey box, patients; A, coronal view; B, sagittal view; C, axial view; PD, patients; 

PROD, prodromal group; RP, right putamen. 
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1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 4184 voxels and is mainly located in the cerebellum,  the 

occipital and the parietal lobe. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the 

extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light 

grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; PD, 

patients; PROD, prodromal group; RP, right putamen. 

1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 418 voxels and is mainly located in the l. temporal lobe, 

the l. supramarginal gyrus and the l. rolandic operculum. P-value (cluster level, FWE corr.) < 0.00001. 2: 

Boxplot showing the extracted mean correlation of each cohort in the cluster displayed in (1). White box, 

healthy controls; light grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal 
view; C, axial view; PD, patients; PROD, prodromal group; RP, right putamen. 
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1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 119 voxels (red) and is mainly located in the right inferior 

frontal lobe and the r. rolandic operculum. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot 

showing the extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy 

controls; light grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, 

axial view, PD, patients; PROD, prodromal group; RP, right putamen. 

1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 233 voxels and is mainly located in the cingulum, the SMA 

and the superior frontal gyrus. P-value (cluster level, FWE corr.) < 0.00001. 2: Boxplot showing the 

extracted mean correlation of each cohort in the cluster displayed in (1). White box, healthy controls; light 

grey box, prodromal group; dark grey box, patients. A, coronal view; B, sagittal view; C, axial view; PD, 

patients; PROD, prodromal group; RP, right putamen; SMA, supplementary motor area. 
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1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 160 voxels and is mainly located in the r. superior and 

middle temporal lobe, the r. heschl’s gyrus and the r. rolandic operculum. P-value (cluster level, FWE 

corr.) < 0.00001. 2: Boxplot showing the extracted mean correlation of each cohort in the cluster 

displayed in (1). White box, healthy controls; light grey box, prodromal group; dark grey box, patients; A, 

coronal view; B, sagittal view; C, axial view; PD, patients; PROD, prodromal group; RP, right putamen.

1: Cluster (red) resulting from an ANOVA of the right putamen correlation maps overlaid on a mean 

anatomical image of all participants. It contains 78 voxels and is mainly located in the right supramarginal 

gyrus. P-value (cluster level, FWE corr.) 0.00002. 2: Boxplot showing the extracted mean correlation of 

each cohort in the cluster displayed in (1). White box, healthy controls; light grey box, prodromal group; 

dark grey box, patients; A, coronal view; B, sagittal view; C, axial view; PD, patients; PROD, prodromal 
group; RP, right putamen. 
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