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PARKINSON’S DISEASE

In 1817, James Parkinson described six people that displayed similar motor impairments in “An essay on the shaking palsy” [1]. Now, almost 200 years later, the
neurodegenerative disease that is presently known as Parkinson’s disease (PD), is
diagnosed based on the motor symptoms bradykinesia / hypokinesia, resting
tremor, rigidity and postural instability [2, 3]. It is the second most common neurodegenerative disorder, after Alzheimer’s disease, and affects approximately one
out of 100 people who are aged older than 60 years [4]. One of the pathological
hallmarks of the disease is the progressive degeneration of the dopamine producing neurons in the substantia nigra pars compacta, leading to decreased striatal dopamine levels [5, 6]. Upon administering dopamine replacement therapy, and
thereby normalizing striatal dopamine levels, brady- / hypokinesia and rigidity are
greatly reduced. These observations have led to the general consent that the dopaminergic depletion underlies the motor symptoms in PD. It is important to note
that, although dopamine replacement therapy alleviates (some of) the motor and
non-motor symptoms of the disease, it does not cure the it. To date, there is no
disease-modifying therapy available for PD.

Already in 1918 the German neurologist Frederik Lewy [7] observed in postmortem tissue that substantia nigra cells of PD patients include pathological microscopic protein aggregates, which have come to be known as Lewy-bodies.
These inclusions are not restricted to the midbrain areas, but progress in a predictable topological pattern [8]. In the prodromal phase of the disease (Braak stage I
and II), sporadic Lewy-body inclusions are found only in the brainstem, thereby
affecting the serotonergic (raphe nucleus), noradrenergic (locus coeruleus) and
cholinergic (pedunculopontine nucleus) systems, and are additionally found within
the olfactory bulb. In the intermediate phases (Braak stage III and IV), the pathology progresses towards the midbrain areas, affecting the substantia nigra, nucleus
basalis of Meynert, and the mesotemporal areas. At this point, patients convert to
the symptomatic phase of the illness. In the final phase (Braak stages V and VI),
inclusions are found throughout the neo-cortex [9, 10]. From a more clinical perspective, it is increasingly recognized that PD is far more than only a motor disease. Non-motor symptoms include autonomic dysfunction (e.g. constipation,
sexual dysfunction, sweating), neuropsychiatric (e.g. depression, anxiety, impulse
control disorders, hallucinations, delusions) and sensory symptoms (pain, loss of
smell), sleep disturbances (excessive daytime sleepiness, REM sleep behaviour
disorder) and cognitive impairments/dementia [11]. PD is therefore no longer
regarded as a motor disease, but as a multi-system disorder.

11
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COGNITIVE IMPAIRMENTS IN PARKINSON’S DISEASE

Cummulative percentage of participants

Although James Parkinson initially noted that “the senses and intellects [are] uninjured” [1] the prevalence of cognitive deficits in PD is currently well recognized
and are typically found in the mnemonic, visuo-spatial and executive domains [12,
13]. Already at the moment of diagnosis, 19-36% of patients suffers from mild
cognitive impairments (MCI) (see Figure 1.1), an intermediate stage between intact
cognition and dementia in which impairments are found in some cognitive domains, but not others [14-17] Importantly, cognitive abilities typically deteriorate
with increasing disease duration [18]. Ten percent develops Parkinson’s disease
dementia (PDD) three years after diagnosis, [18-20], seventeen percent after five
years [21], 46-78 percent after eight to ten years [22], and up to 80 percent of all
patients become demented at the end of the disease [23]. A higher age of onset is
typically associated with a faster rate of cognitive decline [17, 18, 20], whereas
higher educational level is associated with a slower development of cognitive impairments [24, 25].
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Figure 1.1 Bar graph showing the number of neuropsychological tests on which healthy controls
(N=70) and newly diagnosed patients with Parkinson’s disease (N=115) displayed impaired performance. A test score was categorized as impaired when it was at least two standard deviations below
the mean score of the normative sample. This graph illustrates the large heterogeneity in cognitive
performance between PD patients in the early disease stage. Whereas the majority of the patients
scores within the normal range, about 25% already suffers from cognitive dysfunction (defined as
impaired performance on at least three neuropsychological tests). Darker colours indicate more
affected cognitive domains.
Figure adapted from Table 2 in Muslimovic et al. (2005), Neurology.
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Executive functions are described as the abilities that are involved in goal-directed
behaviour and allow us to shift attentional resources and adapt to diverse situations
while at the same time inhibiting inappropriate responses in a constantly changing
environment [26]. Although optimal performance on tasks that measure executive
functions is still often associated with an optimal functioning of the (dorsal) prefrontal cortex, the role of parietal and striatal areas, and the interaction between
them, is increasingly recognized [27, 28]. Three frequently postulated aspects of
executive functions are i) shifting, ii) updating, and iii) inhibition [29] and numerous studies that employed tasks that measured these cognitive constructs have
reported deficits in PD patients [12, 13]. Executive dysfunction in PD is frequently
explained by the classical model of the basal ganglia [5, 6] (see Figure 1.2), that
states that multiple loops project from the (pre)frontal cortex to sub-regions of the
basal ganglia, and back to the cortex through the thalamus. Fine-tuning between
excitation and inhibition within these cortico-basal ganglia-thalamo-cortical loops
is primarily mediated through the excitatory direct, and inhibitory indirect, pathways. Striatal neurons belonging to the direct pathway express D1 dopamine receptors, whereas neurons belonging to the indirect pathway express D2 dopamine
receptors [30]. It is widely held that in PD, due to the degeneration of the nigrostriatal projections, D1 receptors are hypo-excited, leading to i) increased activity
of striatal indirect-pathway neurons, and ii) decreased activity of direct-pathway
neurons [31]. As a net result, the thalamus and (pre)frontal cortex are hypo-excited
[32, 33], leading to the impaired executive functions, such as working memory
deficits (see e.g. [34]. Anatomically, the dorsal striatum, which is associated with
motor functions and cognition, is primarily affected by the degeneration of the
nigro-striatal pathway, whereas functions of the ventral striatum, which is associated with limbic processes and receives dopaminergic projections from the ventral
tegmental area, are relatively spared. This distinction has been further corroborated
by behavioural studies showing that dopamine replacement therapy improves behavioural performance on executive tasks that rely on the dorsal prefrontal cortex
[35, 36], but impairs performance that relies on the relatively spared ventral prefrontal areas [37], thus leading to the dopamine “overdose hypothesis” [38]. Also
disturbances in other neurotransmitters, such as serotonin [39, 40], norepinephrine
[41, 42] and acetylcholine [43], and the interaction between them [44], are increasingly recognized to contribute to cognitive and executive dysfunctions in PD.

13
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Figure 1.2 Schematic representation of the direct and indirect pathway in the classical model of the
basal ganglia that was first described by Alexander et al. (1986). Under normal conditions, dopamine
arising from the substantia nigra pars compacta activates D1-expressing striatal neurons of the direct
pathway (red lines) and inhibits D2-expressing striatal neurons of the indirect pathway (blue lines).
The output nuclei of the globus pallidus interna and substantia nigra pars reticulata project to the thalamus, which in turn sends efferents that complete the cortico-basal ganglia-thalamo-cortical loop. In
Parkinson’s disease, the degeneration of the dopamine producing cells of the substantia nigra pars
compacta leads to a hypo-excitation of the striatal D1 dopamine receptors, and a hyper-excitation of
the D2 dopamine receptors. This, in turn, leads to an imbalance between the two pathways, and,
consequently, to a hyper-inhibition of thalamic neurons projecting to the cortex. This model is often
used to explain how the degeneration of the nigro-striatal pathway can lead to the typical parkinsonian symptoms.
Alexander et al. (1986) described five loops, which all follow a different trajectory; the motor, oculomotor, dorsolateral prefrontal cortex, lateral orbitofrontal, and anterior cingulate loop. Only the
(oculo)motor loops are shown in this illustration. The dorsolateral prefrontal cortex loop is thought
to be involved in cognition.
Abbreviations: DA dopamine, SNpr substantia nigra pars reticulata, SNpc substantia nigra pars compacta, GPi globus pallidus interna, GPe globus pallidus externa, STN sub-thalamic nucleus Image
adapted from Calabresi et al., 2014, Nature Neuroscience Reviews.
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Whereas at the onset of PD the cognitive impairments are thought to arise primarily from functional changes (i.e. changes induced by the degeneration of neurotransmitter producing nuclei), in the later stages also structural changes are presumed to start playing a part. Numerous structural MRI [sMRI; see Box 1, Figure
1.3 left panel] studies have shown little or no atrophy in cognitively intact patients
[45-48], moderate atrophy in patients with PD-MCI [49-52] and pronounced and
widespread atrophy in patients with PDD [53-56]. In addition, a higher level of
atrophy at the moment of diagnosis seems to be a predictor for developing PDMCI or PDD later on in the disease [57, 58]. Post mortem studies, furthermore,
have consistently reported negative correlations between the level of global cortical
and limbic alpha-synuclein pathology and performance on several cognitive
measures [59-61], thereby corroborating the relation between neuropathology,
structural changes, and cognition. Also the involvement of concomitant pathology,
such as neurofibrillary tau tangles and cortical amyloid beta plaques has been implicated [59]. Although higher cortical amyloid beta at baseline has been associated
with a faster rate of cognitive decline [62, 63], the combination of alpha-synuclein,
tau pathology, and amyloid beta seems the most robust neuropathological substrate of PDD [57].
Although much progress has been made in the understanding of PD in general, and cognitive
impairments in particular, the between-patient heterogeneity in cognitive performance awaits further elucidation. A better understanding of the cognitive variability could potentially help for the
future development of disease modifying treatments to sustain preserved brain circuits, restore
already failing systems, or to enhance compensatory mechanisms, with, for example, cognitive
rehabilitation or modulating neuroplasticity.
TASK-RELATED BRAIN ACTIVITY AND CONNECTIVITY

The brain continuously processes input from internal and external stimuli. This is
done by neurons; cells that are specialized in receiving, processing and transmitting
signals from and to each other. When the electrical input from other cells exceeds
a certain threshold, a cell assembly becomes active and starts firing action potentials, to stimulate, or inhibit, other local or distant neurons. This process can be
indirectly measured using functional magnetic resonance imaging [fMRI; see Box
1, Figure 1.3 right panel], which detects the hemodynamic response and thus indirectly measures neuronal activation. Neuro-imaging research has consistently
shown that certain brain areas, organized in brain networks, become more active
during specific tasks. This indicates that the brain is organized in a modular fashion, with specific brain areas being specialized in the processing of specific stimuli
or computing specific calculations. The degree of task-related brain activation is
15
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often related to behavioural performance. The causal relationship between brain
activation and task performance can be studied using techniques to modulate regional cortical activity, such as transcranial magnetic stimulation (TMS) [64]. Studies combining TMS with fMRI showed that after low-frequency (i.e. inhibitory)
repetitive TMS [rTMS; see Box 1, Figure 1.4] on the prefrontal cortex, the area
under the coil, and interconnected task-related brain regions, became hypo-active,
resulting in decreased behavioural performance [65], and, conversely, memory
performance and frontal activation increased after high-frequency (i.e. excitatory)
stimulation on the prefrontal cortex in elderly participants with subjective memory
complaints [66].

Figure 1.3 Illustration of structural MRI scans (left panel) and activity maps obtained from functional MRI scans (right panel) of three participants in a mid-saggital (left), axial (middle), and coronal
(right) view.
Left panel: It is not difficult to see that individual brains are similar with respect to global anatomy,
but differ at a more detailed level. We compared differences in local brain anatomy between healthy
participants and patients with Parkinson’s disease using both a voxel-based and a surface-based approach to gain more insight into the relation between disease and cognition in PD.
Right panel: We also assessed brain activity during several cognitive tasks in an MRI scanner. We first
assessed which brain areas were most strongly activated during the task (the more red in the picture,
the more active it was), and subsequently investigated whether patients and controls differed in the
degree of activation of these specific regions.
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However, over the years there has been a growing awareness that the processed
information of individual brain areas also needs to be integrated, and that task
performance never depends on the activity of a single brain region. Therefore,
much focus has been placed on the functional connectivity between different brain
areas, i.e. how do brain areas communicate during a task or in rest, in both healthy
subjects and in disease. Some authors have stated that “behavioural manifestations of
neurological […] disease are not solely the result of abnormality in one isolated brain region but
represent alterations in brain networks and connectivity” [67], thereby emphasizing the
importance of intra- and inter-regional connectivity.

Figure 1.4 Schematic representation of the experimental set-up to apply repetitive transcrianal magnetic stimulation (rTMS). We placed the figure-of-eight coil on an a priori defined site within the left
dorso-lateral prefrontal cortex (experimental condition) or at the vertex (control condition) and
stimulated this area for 20 minutes for low-frequency rTMS. By doing so, we tried to decrease the
activity of the area that was under the coil.

A proposed mechanism underlying functional connectivity between brain areas is
by neural oscillations [68]. Upon firing at a similar frequency, individual neurons
can become phase-locked and subsequently turn into a synchronized assembly or
network [69-71]. This synchronized activity can be observed as rhythmic neural
activity using non-invasive techniques, such as magneto-encephalography (MEG).
These oscillations can occur at different frequencies, depending on the postsynaptic potentials (often interpreted as firing rate) of the neuronal assembly. The

17
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signal is sub-divided into different bands, based on the frequency of the oscillations. Resting-state studies employing MEG in PD patients have demonstrated a
general slowing of local synchrony (i.e. in power) in early-stage PD patients [72]. A
recent longitudinal study showed that the neural rhythm progressively slows with
increasing disease duration, which was related to the development of cognitive
impairments and, to a lesser extent, with increasing motor complications [73]. This
is in accordance with cross-sectional studies showing a pronounced reduction in
power in PDD [74, 75]. In addition, global integration, measured as the synchronization of activity between distributed brain regions (i.e. functional connectivity), is
also changed already at the early stages of the disease [76] and deteriorates further
over time [77]. It thus seems that with disease progression, local and global synchrony in rest declines and that this desynchronization can be used as a biomarker
to predict the development of cognitive deficits and PDD [78, 79]. ON-OFF studies in PD patients receiving deep brain stimulation (DBS) have further substantiated the role of oscillations in relation to PD by showing that certain frequency
bands normalized after taking dopaminergic medication, which was related to the
degree of motor improvement [80]. Dopaminergic medication also normalized
performance on a motor task, which was associated with normalized connectivity
between task-related brain areas [81]. These studies suggest that PD-related pathology in general, and striatal dopamine depletion in particular, leads to a desynchronization in oscillations within and between cell assemblies, which seems to be
related to the observed cognitive deficits, and can be partly restored by dopamine
replacement therapy.
To summarize, a part of the patients with PD suffers already at the early stages of disease from
cognitive impairments, most pronounced in the domain of executive functions. These deficits are
related to a hypo-activation of mainly fronto-striatal areas, and with a decrease in local power and
global integration during rest, which are, in turn, associated with pathological oscillations due to
striatal dopamine depletion. As the disease progresses, the integrative abilities of cortical assemblies further declines, and disease-related structural changes, probably induced by the progression of
the neuropathology, further deteriorate cognitive abilities.
Although previous studies have greatly enhanced our understanding of cognitive
dysfunction in PD, many issues still require further elucidation. First, an important
limitation of previous studies on cognition in PD is the use of dopamine replacement therapy. While measuring patients in an OFF medication phase (i.e. patients
have not taken their medication 12 – 18 h prior to the investigation) greatly reduces medication effects, residual effects on both behavioural performance and neuronal activation, may persist due to the long half-life of the medication [82, 83].
Also, withdrawal from medication can cause physical (e.g. rigidity, hypokinesia, and
18

pain) and / or emotional distress (e.g. panic attacks, apathy, and cognitive rigidity)
in the patients [84, 85], influencing cognitive task performance. Both consequences
can potentially occlude specific PD-related changes in brain function.
Second, whereas several studies have studied task-related brain activity patterns in
relation to executive functioning in PD, the role of task-related functional connectivity is still poorly understood. Since previous studies showed changes in functional connectivity during rest, it would be interesting to see how functional connectivity changes during task performance. Also the relation between activity and
functional connectivity during task performance has never been investigated in
unmedicated PD patients. A better understanding of how connectivity and activity
relate to each other might provide insight into the aetiology of cognitive disturbances in PD (e.g. whether a decrease in functional connectivity is related to an
increase in activity).
Third, previous MRI studies on executive task performance in PD patients often
only employed a single task, thus hindering a comparison between tests on performance, activity and functional connectivity. It is still unclear as to why some
patients show normal performance on certain tasks, while displaying impairments
on others. A between-task comparison within the same cohort of patients might
provide valuable insights into the underlying neural mechanisms that relate to the
cognitive heterogeneity between PD patients.
Fourth, the role of structural differences between patients and controls in relation
to cognition has been investigated, but often using small sample sizes while insufficiently controlling for potential confounding factors, such as age, gender, or education. Most studies in PD focused on between-group changes in grey matter (GM)
volume using voxel-based morphometry (VBM), and only a handful investigated
the relation between GM and task performance on neuropsychological tasks. VBM
is a well-validated voxel-wise approach to study regional GM volume differences
between groups or correlations between specific characteristics and regional GM
volume. GM volume, however, is the product of cortical surface area and cortical
thickness and therefore an a-specific measure. A surface-based approach, which
investigates surface area and cortical thickness separately, would thus provide more
insight into whether these measures are separately affected in PD.
AIMS, RESEARCH QUESTIONS AND OUTLINE OF THIS THESIS:

The primary aim of this thesis was to gain more insight into the neural underpinnings of the cognitive heterogeneity among early PD patients. We did this by stud19
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ying the relation between behavioural performance, task-related neural activity, and
task-related functional connectivity during different executive tasks in an MRI
scanner. In addition, we used low-frequency (i.e. inhibiting) rTMS at the left dorsal
PFC in a sample of healthy controls prior to performance on a set-shifting task and
thus tried to gain more insight into the causal relationship between activation of
the DLPFC and behavioural performance on a set-shifting task. By doing so, we
mimicked the typical neural deficit that is described in PD patients and thus induced a “temporary lesion model” for the set-shifting deficits in PD. Last, we assessed the role of local variation in brain structure in relation to cognition in PD.
To avoid the potential confounding factor of medication on behavioural and imaging outcomes, all task-related studies were performed in a sample of early PD patients (N=25) who were not on dopamine replacement therapy, and subsequently
compared them with a group of well-matched healthy controls (N=43). We thus
measured the effect of PD on task performance, task-related brain activity, and
task-related network function (or functional connectivity) as unbiased as possible.
For the association between brain structure and cognitive status, we studied i) between-group differences in brain structure, and ii) correlations between task performance and brain structure within the PD group. We employed both a voxelbased as a surface-based approach, two complementary analysis techniques, to gain
an optimal insight into the role of structural brain correlates of variance in cognitive functioning in PD. The T1-weighted scans and neuropsychological test scores
we used for the structural studies were obtained from clinical data of PD patients
(N=93) which were collected for diagnostic purposes while visiting the outpatient
clinic for movement disorders at the VU University Medical Center (VUMC). The
structural scans of the healthy controls (N=46) were ad hoc selected to match the
PD cohort with respect to age and gender, and using the same 3 Tesla scanner,
from other studies at the VUMC.
This thesis addressed the following research questions:

1. Do unmedicated patients with PD show impaired set-shifting performance, associated with
decreased neural activation and decreased task-related functional connectivity?
To answer this research question, we compared task performance and neural activation between PD patients and matched healthy controls in an MRI scanner while
performing an in-house developed, simplified feedback-based set-shifting paradigm. Background and results are described in chapter 2 [86]. In chapter 3 [87],
we describe the task-related functional connectivity analyses between patients and
controls while performing this task.
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2. Is it possible to mimic these set-shifting-related behavioural and neural impairments in healthy
participants, using low-frequency (i.e. inhibiting) rTMS on the left dorsal PFC?
In chapter 4 [88] we provide an answer to the second research question, by assessing the role of the left dorsal PFC in set-shifting, after applying a single-session
low-frequency rTMS on the left DLPFC (verum), compared with the vertex
(sham), in healthy controls.
3. Do unmedicated patients with PD show impaired working memory performance, associated
with decreased neural activation and task-related functional connectivity?
In chapter 5 [89], we measure the behavioural performance, neural activity and
neural connectivity of PD patients and healthy controls while performing a working memory task in an MRI scanner.
4. Do unmedicated patients with PD show impaired response inhibition, associated with decreased
task-related brain activation?
Chapter 6 [90] comprises a study that compared behavioural performance and
neural activity between patients and controls during a response inhibition task in
an MRI scanner and provides an answer to the fourth research question.
5. What is the contribution of variation in regional brain structure across PD patients to differences in performance on neuropsychological tasks; and what is the best analysis technique to study
this?
Chapter 7 [91] entails the results from a VBM study in which we correlated task
performance on several neuropsychological tasks with regional GM volume within
a large cohort of patients with PD.
In chapter 8 [92] we tried to replicate the results from the volume-based analysis
from chapter 7, employing a surface-based approach, and to investigate whether
cortical surface area and cortical thickness are differentially affected in PD.
Chapter 9 discusses the main findings of this thesis, proposes a working model on
cognitive heterogeneity in PD, and makes recommendations for future research.
BOX A: THE APPLIED TECHNIQUES

When a participant is placed into a magnetic resonance imaging (MRI) scanner, the protons within the human tissue automatically align in a horizontal orientation with the externally induced magnetic field. Then, radiofrequency coils within
the MRI scanner bombard the protons with electromagnetic waves at a certain
frequency, making them resonate, and changing the horizontal alignment of the
21
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protons. When the radio pulse is switched off, the protons flip back to their original alignment and emit a radiofrequency wave which can be detected. Since different tissue-types emit different radiofrequency waves upon flipping back to their
original alignment, this information can be used to reconstruct an image of the
location and tissue-types that were present within the magnetic field. This principle
underlies structural MRI (sMRI). Although the overall brain anatomy is similar
across people, there is considerable inter-individual variability between the exact
shape and location of the different brain structures (see Figure 3, left panel). Different computer algorithms and methods can be applied to investigate differences
in brain structure. A voxel-based method assesses the tissue-type (i.e. grey matter /
white matter / CSF) of every voxel, thereby obtaining a relative estimation of the
average tissue-type for each particular voxel for a group of participants. A volumebased technique measures the distance between the cortical grey/white matter
boundary and the pial surface, and of the sub-cortical structure and surrounding
white matter, thus obtaining an absolute measure of cortical thickness and subcortical volume for each participant. These measures can be averaged and later
compared between groups. Both techniques thus measure structural brain-related
features, but do so in a different matter.
When task performance depends on certain specialized brain regions (e.g. primary
motor cortex during a finger-tapping task), the neuronal metabolic activity of that
area increases while performing a task that depends on this specialization, and,
consequently, the surrounding vasculature supplies oxygenated blood to sustain its
activity. Since deoxygenated haemoglobin possesses paramagnetic properties, the
increase in metabolic activation can indirectly be detected in an MRI scanner as a
change in the blood-oxygenated level dependent (BOLD) response. The BOLD
signal is used in functional MRI. It is important to emphasize that fMRI is thus
an indirect measurement of brain activity, and, although it possesses a high spatial
resolution (i.e. the disturbance of the magnetic field can be located within a resolution of several millimetres), the BOLD signal has a low temporal resolution in the
order of several seconds.
fMRI can be used to investigate neural activity and connectivity, during a task or in
rest. Although resting state studies have provided a wealth of information during
the last decade, this thesis focuses on task-related activation and connectivity. A
cognitive task exerts pressure upon the task-related network thereby forcing brain
areas to work together. Therefore, task-related brain imaging studies provide more
insight into the neural network alterations that underlie changes in the cognitive
performance than a resting state scan. When assessing task-related differences in
activity between conditions or groups, contrasts are defined and computed (e.g.
22

which areas were more active during the visual stimuli, when compared with the
tactile stimuli; see Figure 3, right panel). Subsequently, between-group differences
in the degree of activation for that contrast can be assessed. Task-related functional connectivity assesses the extent of synchronization in activity between
different brain areas while performing a task. When neural assemblies show synchronized fluctuations in activity over time in a statistically predictable manner,
they are expected to be functionally connected, and thereby working together while
performing the task. Both task-related functional activity and connectivity assess
different aspects of brain function, although the exact relation between the two
measures is still largely unresolved.
Repetitive transcranial magnetic stimulation (rTMS) is a method to selectively
increase or decrease neural activation in a specific brain area, and also influences its
interconnected brain network areas (see Figure 4). This technique employs a coil
(in this study a figure-of-eight shaped coil for optimal spatial accuracy) in which an
electrical current is rapidly alternated. This current induces a magnetic field perpendicular to the centre of the coil within the brain that penetrates scalp, skull,
meninges, and liquor. By rapidly alternating the electrical current in the coil, the
magnetic field inside the brain changes accordingly, and thereby induces an electrical current within the brain tissue through electromagnetic induction. When applying repetitive TMS (rTMS) pulses at a high frequency (> 5 Hz) for a longer period
of time (e.g. twenty minutes) on the primary motor cortex (M1), the motor evoked
potential (MEP) following a subsequent single pulse of TMS is increased, suggesting that the activity of the area under the coil is increased. Conversely, applying low
frequency (< 5 Hz) rTMS at M1 results in a decreased MEP, suggesting that the
activity of the area under the coil is decreased. rTMS presumably works similarly in
other brain regions, (e.g. the DLPFC) and can thus be used to modulate the excitability of any cortical area.
Single-photon emission computed tomography (SPECT) is an imaging technique that can detect intravenously injected radioactive isotopes and produce a
three-dimensional image of the distribution of the compound inside the body. In
PD, SPECT studies often employ dopamine transporter (DAT) ligands, such as
[123I]FP-CIT, which bind to the pre-synaptic DAT terminals in the striatum, thereby providing an indirect measure of the available quantities of striatal dopamine.
SPECT is often employed for clinical and diagnostic purposes, and a sub-sample
of our unmedicated PD patients cohort received a DaT-SPECT scan prior to participating in our study for clinical evaluation. We used this data in a number of
chapters to further investigate the relation between striatal dopamine, behavioural
task performance, and task-related activity / functional connectivity.
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ABSTRACT

Patients with Parkinson’s disease (PD) often suffer from impairments in executive
functions, such as mental rigidity, which can be measured as impaired set-shifting.
Previous studies have shown that set-shifting deficits in patients with PD result
from hypo-excitation of the caudate nucleus and lateral prefrontal cortices. The
results of these studies may have been influenced by the inclusion of patients on
dopaminergic medication, and by choosing set-shifting paradigms in which performance also depends on other cognitive mechanisms, such as matching-tosample. To circumvent these potential confounding factors, we tested patients with
PD that were not on dopamine replacement therapy, and we developed a new
feedback-based paradigm to measure the cognitive construct set-shifting more
accurately. In this case-control study, eighteen patients with PD and 35 wellmatched healthy controls performed the set-shifting task, while task-related neural
activation was recorded using functional magnetic resonance imaging. Behaviourally, PD patients, compared with healthy controls, made more errors during repeat
trials, but not set-shift trials. The patients, compared with controls, showed increased task-related activation of the bilateral inferior parietal cortex, and the right
superior frontal gyrus, and decreased activation of the right ventrolateral prefrontal
cortex during set-shift trials. Our findings suggest that, despite decreased taskrelated activation of the right ventrolateral prefrontal cortex, these early-stage unmedicated patients with PD do not yet suffer from set-shifting deficits due to
compensatory hyperactivation in the inferior parietal cortex and the superior
frontal gyrus.
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Patients suffering from Parkinson’s disease (PD) often show non-motor symptoms
apart from their characteristic motor symptoms (i.e. bradykinesia, hypokinesia,
rigidity, postural instability, and resting tremor) [3]. These non-motor symptoms
include autonomic disturbances, neuropsychiatric symptoms, sleep disturbances,
and cognitive impairments [11, 84]. Both motor and non-motor symptoms result
from neuronal degeneration inflicted by α-synuclein pathology, [9] which severely
affects, among others, the dopamine producing neurons in the substantia nigra
pars compacta. This results in a decreased excitation of the striatum and the interconnected frontal-striatal circuits [32]. The fronto-striatal hypo-excitation presumably underlies the impairments in executive functions, such as mental rigidity, that
are frequently present in patients with PD [14, 33, 93]. The cognitive construct
mental rigidity is often measured using feedback-based set-shifting paradigms, such
as the Wisconsin Card Sorting Task (WCST) [94].
Although set-shifting is usually associated with frontal lobe function, recent
neuro-imaging studies have emphasized the involvement of parietal areas and the
fronto-parietal network [95, 96]. There is, however, inconsistency across studies as
to the involvement of the striatum and the anterior cingulate in set-shifting. Recent
findings by Witt and Stevens [97] suggest that the involvement of these areas depends on paradigm design aspects, such as stimulus complexity, and not setshifting per se. However, the participants in this study were young and healthy and
it is unknown whether these results generalize to an older, or neurologically affected, population.
Monchi and colleagues applied a modified version of the WCST to investigate
the neural substrate of the set-shifting deficits in PD patients [93, 98]. They found
that patients, compared with healthy controls, made more errors during set-shift
trials, and that these errors were associated with reduced recruitment of frontostriatal areas, such as the caudate nucleus, the ventrolateral prefrontal cortex
(VLPFC) and the dorsolateral prefrontal cortex (DLPFC) [93].
The literature has noted two potential confounding factors when attempting to
investigate the neural substrate of set-shifting deficits in PD patients. First, paradigms designed to measure set-shifting may require other cognitive functions, such
as matching-to-sample, visuospatial learning, working memory, and set formation
[99]. Second, Cools and colleagues demonstrated that dopaminergic medication in
patients with PD may alleviate impairments in set-shifting, presumably by increasing dopamine levels in the dorsal striatum [36]. To avoid this potentially confounding medication effect, patients may be tested during an OFF phase, i.e. when the
most recent dose of dopaminergic medication was given a number of hours prior
27

Chapter 2

INTRODUCTION

Chapter 2

to the investigation. This solution, however, also provides difficulties, as dopamine
agonists and/or levodopa have long-lasting effects due to their long half-life [82,
83] and withdrawal can cause physical (e.g., rigidity, hypokinesia, and pain) and /
or emotional distress (e.g., panic attacks, apathy, and cognitive rigidity) in the patients [84, 85].
To exclude these potential confounding factors, we here investigate the neural activity during a novel feedback-based set-shifting task in early-stage PD patients who
were not yet on dopamine replacement therapy. We hypothesized that PD patients,
when compared with controls, would show performance deficits associated with
decreased task-related activation of the fronto-striatal and fronto-parietal areas.
MATERIAL AND METHODS
Participants

Twenty-two early-stage, non-demented, and unmedicated patients with PD and 40
well-matched healthy controls participated in this study. A number of participants
was excluded from the final analyses due to 1) presence of a co-morbid psychiatric
disorder (one patient), 2) scanner failure (one patient; one control), 3) more than 3
mm movement during the scanning session (two controls), and 4) extremely low
accuracy on the task (more than two standard deviations from the median) in
comparison with their own group (two patients; two controls), rendering our total
sample size 18 patients with PD (mean age of 59 ± 10 years) and 35 age, gender,
education, and handedness-matched healthy controls (mean age of 56 ± 10 years),
who were recruited through advertisements, and with no history of alcohol abuse
or neurological disorders (See Table 2.1).
Patients were diagnosed by neurologists specialized in movement disorders at the
VUmc according to the UK PD Brain Bank criteria [100] for idiopathic PD, and
we included as many patients as possible between February 2010 until November
2012. Patients were initially informed by the neurologist about this study and were,
only after giving consent, approached by the investigator. Exclusion criteria were:
i) usage of anti-parkinsonian medication, ii) additional neurological- or psychopathology, and iii) older than 75 years of age. No patients were using dopaminergic
or cholinergic medication during the time of the investigation. One patient had
previously used pramipexole, rasagiline, and levodopa-carbidopa during one year,
but had abstained from dopaminergic medication two months prior to our study.
The Unified Parkinson’s Disease Rating Scale Part III (UPDRS-III) [101] and
Hoehn and Yahr (H&Y) stage [102] were administered to assess disease severity
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and stage, respectively. All participants were screened for the presence of psychiatric disorders using the Structured Clinical Interview for DSM-IV Axis-I Disorders
(SCID-I) [103], general cognitive status using the Mini-Mental State Examination
(MMSE) [104], depressive symptoms using the Beck Depression Inventory (BDI)
[105], and anxiety using the Beck Anxiety Inventory (BAI) [106]. Handedness was
assessed using the Edinburgh handedness inventory [107]. All participants provided informed consent, obtained according to the Declaration of Helsinki, and the
study protocol was reviewed and approved by the Medical Ethical Committee of
the VU University Medical Center.
Table 2.1 Demographic, clinical, and behavioural characteristics
HC (N = 35)

PD (N = 18)

p-value

56 ± 10 (39 – 75)

59 ± 10 (38 – 74)

.24a

Gender (% men)

22 (63%)

12 (67%)

.78b

Education#

6 (3 – 7)

6 (2 – 7)

.81b

Handedness (right)

31 (87%)

16 (89%)

.56c

29 (27 – 30)

29 (24 – 30)

.23b

BDI

2 (0 – 10)

4.5 (0 – 11)

.01b

BAI

0 (0 – 11)

4 (0 – 16)

UPDRS-III

NA

22 (2 – 35)

H&Y stage

NA

2 (1 – 3)

RT correct repeat trials (ms)

822 ± 200 (503 – 1269)

1019 ± 283 (582 – 1638)

.005a

RT correct switch trials (ms)

902 ± 212 (519 – 1354)

1083 ± 336 (642 – 2057)

.02a

Failed switch trials (% of total)

.36 (0 – 4)

.5 (0 – 6)

.36d

Failed repeat trials (% of total)

.72 (0 – 4)

2.2 (0 – 19)

.004d

Switch costs (ms)

76 (-24 – 341)

48 (-121 – 420)

.32d

Normalized switch costs

.09 (-.03 - .47)

.05 (-.12 - .40)

.20d

Demographics
Age (years)

Clinical measures
MMSE

< .001b

Behavioural measures

Values are presented as mean ± standard deviation or median (range) unless indicated otherwise.
Abbreviations: HC, healthy controls; PD, patients with Parkinson’s disease; NA, not applicable;
MMSE, mini-mental state examination; BDI, Beck depression inventory; BAI, Beck anxiety inventory; UPDRS, unified Parkinson’s disease rating scale; H&Y, Hoehn and Yahr.
a = Independent samples t-test
b = Pearson’s χ2 test
c = Fisher’s exact test
d = Independent samples Mann-Whitney U-test
# = Education level was measured in 7 levels ranging from 1 (no finished education) to 7 (university
training)
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Set-Shifting Task

In our in-house developed set-shift task, programmed in E-Prime (version 2.0) and
available on request to the authors, a fixation cross was permanently displayed at
the centre of the screen (see Figure 2.1). An arrow appeared either on the right or
on the left side of the cross, pointing in an upward or in a downward direction,
leading to four possible stimulus-response combinations. The presented arrow
could be categorized according to the direction in which it pointed (up / down) or
according to its location in reference to the fixation cross (left / right). Participants
had to respond to the feature of the stimulus that was relevant at the moment of
presentation. A green feedback screen followed a correct response, a red feedback
screen a false response. The relevant stimulus feature did not change for four to
seven trials (the exact number was determined randomly to prevent anticipation).
Then a red screen followed a correct response, indicating that the next stimulus
had to be categorized according to the other classification rule. After a correct setshift, a green feedback screen followed and the relevant stimulus feature did again
not change for four to seven trials. This procedure continued until 40 correct setshift trials were obtained. The total number of trials varied around 300, but depended on the number of errors.
The task was self-paced with a maximum stimulus duration of 4000 ms, and
after each trial a feedback screen followed with a fixed duration of 2000 ms. When
no response was given within the 4000 ms time window, there was a time-out followed by a red feedback screen. The inter-stimulus interval (ISI) between the feedback and stimulus presentation was jittered between 250 and 1000 ms for antialiasing purposes. All behavioural responses were recorded using an MRI compatible response-box (Cambridge Research Systems Ltd., UK).
We developed this task to resemble the WCST in its feedback-based approach,
but to measure the cognitive construct of set-shifting more accurately. The stimuli
were therefore kept constant over all trials to limit novelty or recognition effects,
and we acquainted the participant with the paradigm by practising it extensively
prior to the actual recording to exclude learning effects. We, furthermore, limited
working memory load by only using two intrinsic stimulus features (i.e., direction
and location), precluding the need for a reference stimulus and thus avoiding
matching-to-sample effects. Last, to exclude potential confounding effects of motor activation on our fMRI data, we measured brain activation only while feedback
was being presented, since no motor response was expected during, or directly
following, the feedback.
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Figure 2.1 The set-shift paradigm Stimuli consisted of arrows that could appear in two different
locations (left/right) and point in two different directions (up/down). The stimulus was presented on
the screen for a maximum of 4000 ms and was terminated upon a button press. Each response was
immediately followed by a green (correct response) or red feedback (incorrect response) screen for
2000 ms. The correct response depended on the relevant feature of the stimulus (i.e. location / direction). A red feedback screen following a correct response signalled a rule shift.

Image acquisition

Imaging was performed on a GE Signa HDxt 3-T MRI scanner (General Electric,
Milwaukee) at the VU University Medical Center. Functional images were acquired
with a gradient echo-planar imaging (EPI) sequence (TR = 2100 ms; TE = 30 ms;
64 x 64 matrix; field of view = 24 cm; flip angle = 80°) with 40 ascending slices per
volume (3.75 x 3.75 mm in-plane resolution; slice thickness = 2.8 mm; inter-slice
gap = 0.2 mm), which provided whole-brain coverage. Anatomical scanning included a sagittal three-dimensional gradient-echo T1-weighted sequence (256 x 256
matrix; voxel size = 1 x 0.977 x 0.977 mm; 172 sections).
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Behavioural data analysis

Based on the response made by the participant, each trial was classified into the
categories i) “correct repeat” if no set-shift was necessary and the stimulus was
correctly categorized, ii) “successful shift” if the preceding feedback signalled a setshift, and the response was correct, iii) “failed shift” if the preceding feedback
signalled a set-shift, but was not executed, iv) “delayed shift” if a correct shift followed after a “failed shift”, v) “failed repeat” if the participant shifted to the other
classification rule without a set-shift signal, vi) “no shift / no repeat” when shifting
back to the correct classification rule after a “failed repeat”.
We computed the percentage failed shift and the percentage failed repeat trials
from the absolute number of total trials to measure accuracy. We also calculated
switch costs (= successful shift mean reaction time (RT) - correct repeat mean
RT), a measure to assess the cognitive effort to perform a set-shift [108], although
we did not a priori expect the groups to differ on this measure since switch costs
are most sensitive in rule-based and not feedback-based paradigms. Because we
anticipated a baseline difference in RT between the two groups, we also computed
normalized switch costs (= switch costs / correct repeat mean RT). Independent
samples t-tests were used to compare the test scores between the groups, and the
Mann-Whitney U test in case of non-parametric distribution.
Image processing and analysis

All image pre-processing and analyses were conducted in SPM8. The EPI scans
were slice-time corrected, realigned to the first image, unwarped using a least
squares approach and a six parameter (rigid body) spatial transformation to correct
for motion. They were subsequently warped to the Montreal Neurological Institute
(MNI) T1-template, employing the individual T1-weighted image for estimation.
Lastly, the images were smoothed with an eight mm Gaussian kernel.
As a second step, an event design matrix was created in order to examine the
within-subject effects in a first-level general linear model (GLM). All trials were
modelled at the onset of the feedback with a fixed duration of 2000 ms. The first
regressor of interest was labelled “repeat” and consisted of correct repeat trials.
The second regressor of interest was labelled “shift” and consisted of successful
shift trials. Since participants, on average, only made a marginal number of errors,
the failed repeat, delayed shift, failed shift, and no shift / no repeat trials were
modelled into one regressor of no-interest. Also the six movement parameters
generated during the realignment were modelled as regressors of no-interest. The
defined contrasts we used at first level were correct shift > successful repeat
(“shift>repeat”) and successful repeat > correct shift (“repeat>shift”).
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Contrast images derived from the first level analyses were entered into second
level (group) analyses, employing independent t-tests. Since both groups differed in
RT on the shift and repeat trials, we included the RT on the shift trials as a covariate in the “shift>repeat” contrast, and RT on the repeat trials as a covariate in the
“repeat>shift” contrast to correct for possible effects that were due to differences
in RT between the groups. We furthermore performed a voxel-wise regression
analysis on normalized switch costs - as a measure of task performance – for both
groups separately, without the addition of RT on set-shift trials as covariate.
Whole-brain statistical maps were thresholded at p < .05 corrected for family-wise
errors (FWE) in the main effects of task. Group interaction effects were masked
inclusively for the group specific main effects of task and thresholded at p < .001
(uncorrected).
Correlation with dopamine transporter binding

We obtained single photon emission computed tomography (SPECT) scans in 12
out of 18 PD patients with a [123I]FP-CIT tracer binding to the dopamine transporter (DaT). We used these scans to calculate the age-corrected DaT binding
ratios in the dorsal-medial striatum (procedure and calculation described elsewhere) [109]. To gain further insight into the relation between task performance,
task-related neural activation, and levels of striatal dopamine, we computed Spearman correlations between the binding ratios with the RTs of the correct repeat and
shift trials, switch costs, and normalized switch costs, and with the extracted parameter estimates of the peak voxels from the group-by-task interaction effects. All
correlations were computed in SPSS 20.
RESULTS

Demographics and characteristics

The groups were matched with respect to age, gender, education, and handedness
(see Table 2.1) and did not differ on MMSE scores (U = 254, p = .23). The PD
patients had higher, but clinically irrelevant, BDI (U = 447, p = .01) and BAI
scores (U = 511, p < .001) compared with healthy controls. Excluding the patient
that had already used dopamine replacement therapy from our analyses did not
significantly influence the behavioural or imaging outcomes (data not shown) and
this patient was therefore included in all analyses.
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Behavioural results
Main effect of task

We found that in our complete sample (N=53), while employing the nonparametric related samples Wilcoxon signed-rank test, that RTs on set-shift trials
(Mdn = 893 ms) were significantly longer when compared with repeat trials (Mdn
= 840 ms) (Z = 5.10; p < .001), but that participants made more errors on repeat
(Mdn = 1.06%), when compared with set-shift trials (Mdn = 0.36%) (Z = 4.14; p
< .001).
Group interaction effects
On average, PD patients (M = 1019 ms ± 283), compared with healthy controls
(M = 822 ms ± 200), had significantly increased RTs on the correct repeat trials
(t(51) = -2.94, p = .01). The patients (M = 1083 ms ± 336 ) were also significantly
slower than controls (M = 902 ms ± 212) on successful shift trials (t(51) = -2.40, p
= .02) (see Table 2.1 and Figure 2.2a).
Furthermore, patients (Mdn = 2.2 %) had a significantly higher percentage of
failed repeat trials (U = 467, p = .004) when compared with controls (Mdn =
0.72%). However, patients (Mdn = 0.5) did not significantly differ from controls
(Mdn = 0.36%) on the percentage of failed shift trials (U = 363, p = .36) (Table
2.1; Figure 2.2c).
Last, patients (median = 48 ms) and controls (Mdn = 76 ms) did not significantly differ on switch costs (U = 263, p = .32), nor was there a difference between
patients (Mdn = 0.05) and controls (Mdn = 0.09) in normalized switch costs (U =
247, p = .20) (see Table 2.1 and Figure 2.2b and 2.2d, respectively).
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Figure 2.2 Behavioural results
a: PD patients, compared with controls, made more errors on repeat trials during the setshift task.
b: the groups did not differ on switch costs.
c: the patients with PD were slower on correct repeat and shift trials.
d: the groups did not differ on normalized switch costs.
Panel a: mean with standard error of the mean
Panel b, c, and d: median with inter-quartile range
HC healthy controls; PD patients with Parkinson’s disease

Imaging results

Main effect of task
We found a robust effect of task (“shift > repeat” contrast) in the bilateral superior, middle, and inferior frontal gyri, bilateral super parietal cortices, bilateral inferior parietal cortices, posterior cingulate gyrus, and left superior and right inferior
temporal gyri (see Table 2.2 and Figure 2.3a for the healthy controls; see Table 2.3
and Figure 2.3b for the PD patients). The opposite contrast (“repeat > shift”)
showed activation in the left posterior and anterior cingulate gyri and the left anterior prefrontal cortex, (see Table 2.2 and Figure 2.3b).
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Figure 2.3 Main effect of task for the healthy controls (N=35) and PD patients
(N=18)
T-statistic image of the contrast shift > repeat for the healthy controls (panel a) and
PD patients (panel b), and for the contrast repeat > shift for the controls (panel c)
and PD patients (panel d), corrected for the RT on shift and repeat trials, respectively. Threshold at p = .05, whole-brain family-wise error-corrected for the shift >
repeat, and p = .001 (uncorrected) for the repeat > shift contrast, overlain on
ch2better MNI template with MRIcron
(http://www.mccauslandcenter.sc.edu/mricro/mricron). The coloured bar indicates
the Z-values.
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Table 2.2 Main effect of task for the healthy controls (N=35)
L/R

BA

Area

t-value

Cluster size

Peak coordinates (MNI)
X

Y

Z

L

6

-24

2

58

L

6

Superior frontal gyrus

11.15
11.58

-24

-7

55

R

6

11.02

30

-4

58

R

6

10.93

35

5

55

L

9

11.02

-48

8

37

R

47

11.52

30

20

-8

L

47

11.42

-33

20

-2

R

47

11.60

39

20

-8

L

7

10.93

-30

-73

46

L

7

11.23

-35

-61

49

L

7

10.68

-30

-73

40

L

7

11.70

-3

-79

46

R

40

11.59

48

-55

46

L

40

11.57

-33

-52

40

L

40

11.55

-48

-52

49

L

40

10.97

-45

-61

49

R

23

3

-28

31

-6

56

25

-6

50

40

-3

38

1

-6

50

-2

Inferior frontal gyrus

Superior parietal cortex

Inferior parietal cortex

Posterior cingulate gyrus

6.10

12404
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HC: Shift > Repeat

HC: Repeat > Shift
L

10

L

9

Medial frontal gyrus

4.64

54

L

24

L

32

L

31

Posterior cingulate gyrus

4.33

56

-6

-55

25

L

8

Medial frontal gyrus

3.47

2

-12

41

46

3.78
Anterior cingulate gyrus

4.44

40

3.97

HC Shift > Repeat; Brain areas significant at a threshold of p = .05 (FWE-corrected)
HC Repeat > Shift; Brain areas significant at a threshold of p = .001 (uncorrected)
Abbreviation: HC, healthy controls
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Table 2.3 Main effect of task for the patients with Parkinson’s disease (N=18)
L/R

BA

Area

L
L
R
R
R
L
R
L
L
R
L
L
L
R
L
L
L
R
R
R
L
R
R
R
L
R
R
R
R
R
L
L
R
R
L
R
L
R

6
6
6
6
6
9
7
7
40
40
40
40
40
2
2
4
9
10
10
10
10
47
47
47
47
6
37
37
21
21
19
18
17
18

Superior frontal gyrus

38

t-value

Cluster size

PD: Shift > Repeat
11.03
4681
9.64
9.32
8.35
8.30
Middle frontal gyrus
8.48
Superior parietal cortex
7.97
7.86
Inferior parietal cortex
8.43
8.08
8.03
7.29
7.24
Postcentral gyrus
7.44
7.26
Precentral gyrus
7.41
Middle frontal gyrus
5.36
10
Frontopolar PFC
6.33
53
5.92
34
5.54
5.82
21
Inferior frontal gyrus
7.14
133
6.99
6.82
6.83
68
Superior frontal gyrus
5.92
22
Fusiform gyrus
7.32
355
Posterior cerebellum
7.20
7.12
Thalamus
5.60
17
Posterior cerebellum
6.42
131
Fusiform gyrus
6.31
Middle temporal gyrus
5.92
13
5.07
1
4.94
1
Lingual gyrus
6.49
207
6.09
5.88

Peak coordinates (MNI)
X
Y
Z
-24
-30
27
24
6
-51
9
-9
-48
39
-45
-39
-33
63
-60
-33
42
39
33
30
-30
30
39
30
-36
60
48
9
27
12
-30
-48
60
48
-33
9
-12
12

-7
-7
-10
5
11
8
-82
-76
-52
-40
-34
-55
-52
-22
-22
-16
8
41
53
53
53
20
20
26
20
2
-58
-73
-70
-19
-58
-61
-25
-22
-82
-85
-94
-76

55
67
58
61
52
37
46
46
46
43
49
49
40
34
31
55
37
25
4
13
16
-8
-8
4
-2
31
-20
-29
-29
10
-29
-17
-11
-14
22
-8
-14
1
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BA

Area

t-value

Cluster size

R
R
L
L
R
L

22
19
44
-

R
L
L

31
8
8

Superior temporal gyrus
5.48
6
Parahippocampal gyrus
5.25
1
Precentral gyrus
5.20
5
Sub-thalamic nucleus
5.18
4
Putamen
5.16
6
Thalamus
4.97
2
PD: Repeat > Shift
Posterior cingulate gyrus
4.47
58
Medial frontal gyrus
4.13
5
3.31
1

Peak coordinates (MNI)
X
Y
Z
63
-46
16
15
-43
-8
-51
5
13
-9
-16
-8
15
8
4
-12
-19
10
6
-12
-6

-58
41
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L/R

22
49
55

PD Shift > Repeat; Brain areas significant at a threshold of p = .05 (FWE-corrected)
PD Repeat > Shift; Brain areas significant at a threshold of p = .001 (uncorrected)
Abbreviation: PD, patients with Parkinson’s disease

Group interaction effects
Patients with PD, compared with healthy controls, showed decreased activation of
the right inferior frontal gyrus on successful shift trials when compared with correct repeat trials (see Table 2.3 and Figure 2.4a) and increased activation of the
right superior frontal gyrus, bilateral inferior parietal gyrus, and right superior temporal gyrus (see Table 2.4 and Figure 2.4b).
Table 2.4 Group*task interaction effects: Shift > Repeat
L/R

BA

Area

t-value

Cluster size

Peak coordinates (MNI)
X

Y

Z

HC > PD, Shift > Repeat
R

47

Inferior frontal gyrus

3.44

3

51

29

-2

R

6

Superior frontal gyrus

3.61

10

24

8

61

R

43

Postcentral gyrus

3.95

L

1

3.71

14

63

-19

22

9

-54

-22

L

1

52

3.67

7

-63

-19

28

R

2

R

22

3.53

7

63

-22

34

3.27

1

63

-43

16

PD > HC, Shift > Repeat

Superior temporal gyrus

Significant at p = .001 (uncorrected) threshold
Abbreviations: HC, healthy controls; PD, patients with Parkinson’s disease; BA, Brodmann area.
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Correlation with normalized switch costs

In patients, normalized switch costs correlated negatively with task-related frontal
activation, including the right fronto-polar cortex, right superior frontal gyrus, left
inferior frontal gyrus, and bilateral anterior cingulate gyri (see Table 2.4 and Figure
2.4c). In controls, normalized switch costs correlated negatively with activation of
the right superior parietal cortex (see Table 2.4).
Table 2.5 Relationship of task performance with brain activation
L/R

BA

Area

t-value

r

Cluster size

Peak coordinates (MNI)
X

Y

Z

HC
R

7

SPC

3.44

-.53**

1

15

-73

61

PD
R

10

Frontopolar PFC

4.33

-.71**

5

30

50

4

R

6

Superior frontal gyrus

4.12

-.69**

2

39

2

64

R

47

Inferior frontal gyrus

4.01

-.67**

3

39

38

-5

L

47

3.80

-.61**

1

-51

29

-2

L

44

Frontal operculum

3.73

-.63**

1

54

14

16

L

13

Insula

3.95

-.53**

1

-33

17

10

R

32

Anterior cingulate gyrus

3.99

-.65**

5

9

32

31

L

32

3.74

-.65**

1

-9

38

4

Brain areas significant at a threshold of p = .001 (uncorrected)
r denotes the Pearson correlations between peak-voxel parameter estimate and normalized switch
costs
Abbreviations: HC, healthy controls; PD, patients with Parkinson’s disease; BA, Brodmann area;
SPC, superior parietal cortex; PFC prefrontal cortex.
** Correlation is significant at a p = .01 level (2-tailed)
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Figure 2.4 Group interaction effects and relationship with normalized switch costs
a: decreased right VLPFC activation in patients with PD compared with controls
during correct set-shift trials
b: increased activation in the bilateral IPC and right superior frontal gyrus in patients
with PD compared with controls
c: Results from the regression analysis between neural activation during the correct
set-shift trials and normalized switch costs within the PD patients (N=18)
Image thresholds are set at p = .005 (uncorrected) for illustrative purposes, overlain
on ch2better MNI template with MRIcron (http://www.mccauslandcenter.sc.edu/
mricro/mricron). Coordinates are in MNI space. Warm colours indicate increased
activation, cool colours decreased activation. The coloured bar indicates the Zvalues.

Correlations with DaT SPECT binding ratios in dorsal-medial striatum

In our post hoc analyses (sub-sample of 12 PD patients), we found that the DaT
binding ratio correlated negatively at trend-level with the mean RT on the successful switch trials (rho = -.50; p = .10) and with task-related activation of the right
superior frontal gyrus (rho = -.53; p = .08).
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As a post-hoc analysis, we investigated the functional connectivity between the
areas in which we found the hyper- and hypo-activity, by extracting the parameter
estimates of the four implicated areas (i.e. bilateral IPC, right SFG and right
VLPFC) and computing Spearman correlations between these estimates for each
group separately. We found a positive correlation between the right IPC and right
VLPFC (rho = .51; p = .002) for the healthy controls, but not for the PD patients
(rho = -.16; p = .53), and Fisher’s Z-test for correlations showed that this was a
significant between-group difference (Z = 2.31; p = .02). We also found a positive
correlation between the right IPC and the right SFG for the PD patients (rho =
.57; p = .01) but not for controls (rho = .25; p = .15), but this between-group difference did not reach significance (Z = 1.25; p = .21). Last, we found a correlation
between the two parietal cortices in both the PD patients (rho = .75; p < .001) and
controls (rho = .39; p = .02).
DISCUSSION

We investigated the neural correlates of set-shifting in a group of unmedicated
early-stage patients with PD, compared with a matched healthy control group,
using a feedback-based set-shifting paradigm with high construct validity. We
found that PD patients, compared with controls, made more errors during repeat
trials. During set-shifting PD patients showed decreased recruitment of the right
inferior frontal gyrus, and hyper-activated the bilateral parietal cortices, right superior frontal gyrus, and right superior temporal gyrus.
Because performance on the set-shift trials of the patients and controls was equal,
we conclude that our early-stage patients with PD did not show a clear set-shifting
impairment. This might be explained by the fact that task performance on previous
employed set-shifting tasks in PD also depended on other cognitive mechanisms,
such as matching-to-sample, working memory, and visuospatial learning, and
therefore not resulted from set-shifting deficits per se [99]. Alternative explanations
for the absence of a set-shifting deficit in our patients relate to their early disease
stage, relatively high education level that might have served as a protective mechanism to postpone cognitive decline [25], or the simplicity of our paradigm.
The patients with PD had a higher percentage of failed repeat trials, which was
unexpected and might indicate a compensatory behavioural strategy by anticipating
an upcoming set-shift trial. In a post-hoc analysis, however, we found that the
median location of the failed repeat trials in the sequence did not differ between
patients and controls (data not shown), thus diminishing the possibility of a compensatory strategy. Also, since patients with PD suffer from attentional problems
[12] it is conceivable that they were not able to continuously maintain their atten42

tion during the parts of the task that were little challenging, resulting in errors during repeat trials.
The patients performed more slowly on both the correct repeat and correct
shift trials, probably due to a combination of a slowed motor response as a consequence of bradykinesia [3], and a general cognitive slowing [110]. We found no
group differences in switch costs or normalized switch costs. This was not surprising, since switch costs are most sensitive as an indication of cognitive effort to setshift in rule-based paradigms [108], while our paradigm was feedback-based.
It has been shown that PD patients without medication have an equal, or better, performance on tasks on which performance is based on learning through
negative feedback [37, 111, 112]. A different study employed a modified card sorting task (MCST), an adapted version of the WCST, and provided explicit feedback
after each response. They found that the ability to set-shift through negative feedback was not affected in PD subjects even when in an OFF phase [113]. Our lack
of a set-shifting deficit could, according to these results, thus be explained by the
fact that PD patients in an OFF phase learn better through errors / negative feedback. However, we have tried to minimize the effects of learning by training our
participants extensively prior to the actual recording in the MRI scanner. They
were consequently expecting the negative feedback and knew how to interpret it
(i.e. the wrong categorization rule is being applied). We therefore argue that learning effects only had a minimal effect on task-performance or neuronal activation,
and that the equal behavioural performance results from equal set-shifting abilities.
We furthermore compared performance on our in-house developed test with
the behavioral results of the validated intra-dimensional–extra-dimensional (IDED) set shifting test, a subtask of the Cambridge Neuropsychological Test Automated Battery (CANTAB) [114, 115] (see supplementary figure 2.1 and supplementary table 2.1). We found on the ID/ED task no set-shifting deficits and increased RTs for the PD patients compared with controls, which is in line with the
results from our own task.
We found robust task-related activation of fronto-parietal areas during the set-shift
trials, across both groups, especially in the bilateral superior frontal gyrus, bilateral
inferior parietal cortices, and bilateral prefrontal areas. These activation patterns
are in accordance with meta-analyses on set-shifting [95, 96] and can thus be interpreted as a validation of our paradigm. We did not find activation of the caudate
nucleus or anterior cingulate cortex in our main effect of task. This is in accordance with the results from Witt and Stevens [97], who concluded that striatal and
cingulate activation are related to the complexity of the paradigm, and not to setshifting per se, which is in line with the straightforwardness of our paradigm.
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The relative simplicity of our paradigm may also explain the fact that during
repeat trials, compared with shift trials, activation was limited to the brain regions
that overlap with the default-mode network (DMN) [116], a brain network that
becomes active during rest [117] or during low-demanding baseline conditions
[118]. This contrasts with previous studies [93, 98, 119] reporting prefrontal and
parietal activation during non-set-shift trials in more complex set-shifting paradigms.
PD patients, compared with healthy controls, showed a small but significant cluster
of reduced activation in the right inferior frontal gyrus (VLPFC) when preparing a
set-shift. This finding concurs with the results by Monchi and colleagues [93]. It is
also known that the PFC in PD patients is a vulnerable area due to the striatal
dopamine depletion [6, 32], and that particularly context-switching paradigms exert
cognitive strain on inferior frontal areas [96]. Our finding fits these previous results. Monchi and colleagues [93] also observed decreased task-related activation of
the DLPFC and caudate nucleus in patients compared with controls, which is
probably related to the complexity of their set-shifting paradigm, involving additional executive processes.
We found that patients, compared with controls, had increased activation in the
inferior parietal cortex and superior frontal gyrus while preparing a set-shift. We
hypothesize that patients with PD recruited these areas more extensively in order
to compensate for the decreased activation in the VLPFC. These results fit with
previous task-related fMRI studies in PD patients that reported increased, and
presumably compensatory, neural activation [113, 120, 121]. The interpretation is
also in accordance with a recently postulated hypothesis [80] stating that brain
areas become less synchronized due to the dopamine depletion and therefore exchange less information. We speculate that, as a consequence of the decreased
synchronization, the individual task-related areas have to work harder to maintain
normal task performance levels. This hypothesis was further strengthened by the
post-hoc analysis which showed a positive correlation between the right IPC and
right VLPFC in activity in controls, but not patients. Importantly, since our cohort
of PD patients was not using medication, we can exclude potential confounding
effects of anti-parkinsonian drugs [36]. This thus provides us with a unique and
unbiased image of the effect of PD on both set-shifting performance and taskrelated neuronal activation.
In PD patients, but not controls, we found that activation throughout mainly prefrontal areas correlated with reduced normalized switch costs. This strengthens our
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We found trend-significant, moderately strong negative correlations between DaT
binding ratios and task-related activation of the superior frontal gyrus. This suggest
that striatal dopaminergic depletion may result in increased activation of the superior frontal gyrus, which is in line with our hypothesis on the compensatory role of
the superior frontal gyrus. However, since our sub-sample consisted of only 12
patients this finding should be interpreted with caution. The trend-significant negative relation between DaT binding and the RT on switch trials is not necessarily
meaningful since it potentially reflects general bradykinesia or cognitive slowing,
which happened to be supra-threshold for the switch trials and sub-threshold for
repeat trials and should therefore also be evaluated with care.
The current study has some methodological strengths, such as the relatively large
sample sizes, the unmedicated status of the PD patients, and the high construct
validity of the set-shifting paradigm. These factors, however, also limit comparability to earlier studies. We suggest that the relatively low difficulty level of our task,
owing to its selective sensitivity to the switching process, may not have been challenging enough to differentiate patients from controls. We also argue that this issue
underlies the subtle, although relevant, group-by-task interaction effects that were
found. Other important methodological issues to consider are the absence of an a
priori validation of our task against an existing set-shifting paradigm and the use of
a red feedback screen to indicate two different events (i.e. set shift and negative
feedback).
We measured task-related brain activity in a large group of unmedicated early-stage
patients with PD and matched healthy controls while performing a simplified setshifting paradigm. We found that the patients made more non-set-shift errors, but
not failed shifts. The PD patients showed decreased task-related recruitment of the
right VLPFC and we hypothesize that the hypo-activation of the VLPFC represents a neural failure that was compensated for by an increased recruitment of the
fronto-parietal network, mainly involving the inferior parietal cortex and superior
frontal gyrus, and that this compensation underlies the preserved set-shift accuracy.
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interpretation that set-shifting capacity in the PD patients critically depends on
cortical activation of the prefrontal cortex [93, 95, 97, 98], a vulnerable area in PD.
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Supplementary figure 2.1 Behavioural task performance on the ID/ED
task for both groups.
The median absolute number of trials per stage (error bar represents the
interquartile range) for the healthy controls and PD patients while performing the intra-dimensional extra-dimensional (ID/ED) task. By employing a mixed model ANOVA, we found a significant effect for stage
(F(4,208) = 9.71; p < .001), but not for group (F(1,51) = .46; p = .50) or a
group*level interaction (F(4,208) = .46; p = .77).
Abbreviations: SD simple discrimination; SR simple reversal; CD compound discrimination; CD2 compound discrimination 2; CDR compound
discrimination reversal; IDS intra-dimensional shift; IDR intra-dimensional
reversal; EDS extra-dimensional shift; EDR extra-dimensional reversal.

Supplementary table 2.1 Behavioral measures of task performance of the healthy controls and PD
patients while performing the intra-dimensional extra-dimensional (ID/ED) task.
ID/ED task measures
Attrition rate
Total number of trials
Number of errors non-switch trials
RT on all correct trials (ms)
a
b

= Fisher’s exact test
= Mann-Whitney U test
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HC (N=35)

PD (N=18)

9 (1 – 9)

9 (1 – 9)

.32a

84 (50 – 207)

82 (50 – 129)

.83b

15 (2 – 84)

21 (5 – 57)

.66b

2002 (885 – 7971)

3038 (1106 – 5574)

.008b
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ABSTRACT

Patients with Parkinson’s disease (PD) often suffer from cognitive impairments,
including set-shifting deficits, in addition to the characteristic motor symptoms. It
is hypothesized that the striatal dopamine depletion leads to a sub-optimal functional connectivity between task-related brain areas and consequently results in
impaired task-performance. In this study, we aimed to examine this hypothesis by
investigating the task-related functional connectivity of brain areas that are believed
to be involved in set-shifting, such as the dorsolateral prefrontal cortex (DLPFC),
posterior parietal cortex (PPC) and the superior frontal gyrus (SFG), during a setshifting task. The neural activity of 18 unmedicated patients with PD, and 35 age-,
gender-, and education-matched healthy controls was recorded while performing a
set-shifting task in an MRI scanner. We found that PD patients, compared with
controls, showed i) a decrease in positive coupling between the left DLPFC and
the right insular cortex, and the right SFG and anterior cingulate cortex, ii) an increase in positive coupling between the left SFG and the perirhinal cortex, and iii)
an increase in negative coupling between the right SFG and the anterior cingulate
cortex, primary motor cortex, precuneus, and PPC, and an increase in negative
coupling between the left DLPFC and the left and right SFG. These results indicate that important task-related areas of PD patients have decreased functional
connectivity with task-related regions and increased connectivity with taskunrelated areas. We hypothesize that the hyperactivation we found in PD patients
in our previous study compensates for this sub-optimal functional connectivity,
thereby forestalling behavioural deficits.
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Parkinson’s disease (PD) is a neurodegenerative disorder characterized by, among
others, loss of dopamine neurons of the substantia nigra pars compacta [122]. This
degeneration results in a dopamine depletion within the frontal-striatal circuits,
leading to hypo-excitation of cortical areas, including the frontal lobes [32, 33]. As
a consequence, characteristic clinical motor symptoms arise, such as bradykinesia,
resting tremor, and rigidity. Besides these motor symptoms, patients with PD often
suffer from non-motor symptoms, such as sleep disturbances, autonomic problems, neuropsychiatric symptoms (e.g., depression, hallucinations, impulse control
disorders, and anxiety), and cognitive dysfunction [12, 123]. The latter includes
attention problems, visuospatial deficits, and executive dysfunctions, such as setshifting difficulties [13, 124, 125] resulting in cognitive rigidity.
Set-shifting is defined as a mental process that is necessary to switch attention
from one action or rule to another action or rule [108]. Although numerous studies
employed the Wisconsin Card Sorting Task (WCST) [126] to investigate setshifting, more recent investigations have shown that task performance on the
WCST not only depends on set-shifting capacities, but also on other cognitive
constructs, such as working memory [127], concept formation, and rule learning
[99]. Also, the use of dopaminergic medication influences task-performance on setshifting tasks in patients with PD [36]. These potential confounding factors might
have resulted in spurious findings in behavioural performance and neuronal activation, thereby providing an inaccurate view on set-shifting in PD. We recently developed a new set-shifting task with a higher construct validity and used this task
to study set-shifting in PD patients, who were not using dopaminergic medication
[86]. We showed equal behavioural performance across groups, but during task
performance PD patients, compared with controls, showed hyper-activation of the
bilateral PPC and right SFG and hypo-activation of the right ventrolateral prefrontal cortex (VLPFC). We concluded that the hypo-activation of the VLPFC was
compensated for by the hyper-activation of the PPC and other task-related brain
areas, thereby forestalling behavioural deficits.
Neuroimaging studies have suggested that striatal dopamine depletion results in
a decreased synchronization (i.e. functional connectivity) between brain areas [128,
129], both during rest [72, 73, 77, 130] and task performance [81, 131]. We recently
found supporting evidence for this hypothesis, based on fMRI data from the same
patients and controls as the present study during a working memory paradigm [89].
We found that PD patients hyper-activated task-related areas during working
memory processing, but showed a reduced inter-regional connectivity. We interpreted the hyper-activation as compensation for the reduction in task-related network connectivity.
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In order to gain more insight into the changes in task-related functional connectivity in early-stage PD in relation to set-shifting, and relate them to our preceding
findings concerning changes in task-related activity, we investigated the task-related
functional connectivity of the bilateral DLPFC, bilateral SFG, and bilateral PPC,
using psycho-physiological interaction analysis (PPI) [132]. We hypothesized that
the functional connectivity between task-related brain areas would be decreased in
PD patients compared with matched healthy controls.
METHODS

Participants

Eighteen early-stage, non-demented PD patients who were not using dopamine
replacement therapy and 35 healthy controls participated in this study. All patients
were recruited from the movement disorders outpatient clinic of the VU University medical centre (VUmc) in Amsterdam and were diagnosed using the UK Parkinson’s Disease Society Brain Bank criteria for idiopathic Parkinson’s disease [100].
The healthy controls were matched with the PD patients on age, gender, education
and handedness. Exclusion criteria for both groups were current psychiatric or neurological disorders other than PD, a Beck Depression Inventory (BDI) score >15
and a Mini Mental State Examination (MMSE) score <24. All patients gave written
informed consent after reading the protocol, which was reviewed and approved by
the medical ethical committee of VUmc. For further details, see Chapter 2.
Set-shifting task

For a detailed description of the task, see chapter 2. In short, an arrow was presented on a screen outside the MRI scanner that was visible to the participants via
a mirror attached to the head coil. The arrow appeared either on the right or the
left side of a fixation cross, and was pointing up or down. Depending on the feature of the stimulus that was relevant at the moment of presentation, participants
had to either indicate its location (right or left of the fixation cross) or direction
(pointing up or down) using an MRI compatible response box. The maximum
stimulus duration was 4000 ms, but was terminated upon a button press. When no
response was given within the maximal time window, a red screen appeared, indicating a time-out. A feedback screen with a fixed duration of 2000 ms followed
each button press, indicating whether the response had been correct (green
screen), or incorrect (red screen). After 4-7 trials a red screen followed a correct
response, indicating a set-shift to the other classification rule. The session ended
when 20 percent of all trials were correct set-shift trials. The complete session took
approximately 20 minutes.
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Functional MRI data was acquired using a 3.0 T General Electric Signa MR750
MRI scanner at the VUMC in Amsterdam. The scanning included a sagittal threedimensional T1-weighted scan for anatomical localization (256 x 256 matrix; voxel
size = 1 x 0.977 x 0.977 mm; 172 sections). Functional images were obtained using
a gradient echo-planar imaging (EPI) sequence (TR = 2100 ms; TE = 30 ms; field
of view = 24 cm; 64 x 64 matrix; flip angle = 80o) with 40 ascending slices per
volume (3.75 x 3.75 mm in-plane resolution; slice thickness = 2.8 mm; inter-slice
gap = 0.2 mm).
Data analyses

As preprocessing, the EPI scans were slice-time corrected, realigned and unwarped, normalized, and smoothed with an 8 mm Gaussian kernel using SPM8
software (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). The individual first
level general linear models (GLM) contained correct shift trials, correct repeat
trials, error trials, and six movement parameters as regressors. All trials were modeled at the presentation of the feedback and had a fixed duration of 2000 ms.
Group differences were assessed at second level, with the contrast of interest "successful shift > successful repeat".
PPI analysis

We assessed the task-related functional connectivity of the bilateral DLPFC, bilateral PPC, and bilateral SFG using a generalized form of context-dependent psychophysiological interaction (gPPI) [133] (https://www.nitrc.org/projects/gppi/).
A PPI analysis statistically tests in a whole-brain voxel-wise manner whether areas
outside the seed region are functionally connected to the seed region during the
task [132, 134]. We chose gPPI, instead of the traditional PPI, as it allowed us to
model all psychological task conditions into one first-level design, thus improving
the model fit [133]. Two types of coupling can be distinguished: positive coupling,
regions that show similar activity patterns as the seed region during the task, and
negative coupling, areas in which activity is negatively correlated with the seed
region during the task. We employed the main effect of positive coupling as an
inclusive mask to search for between-group differences in positive coupling, and
the main effect of negative coupling to search for between group differences in
negative coupling.
The coordinates of the designated seed areas were determined using the peakvoxels of the activations at second level (DLPFC; right: x= 39, y= 35, z= 31; left:
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x= -42, y= 26, z= 31; SFG; right: x= 27, y= -7, z= 58; left: x= -36, y= -7, z= 64.
PPC; right: x= 45, y= -52, z= 49; left: x= -33, y= -52, z= 40). These coordinates
were subsequently used as an initial starting point to find the individual peak-voxel
at the first level-contrast “successful shift > successful repeat” within a radius of 5
mm around these previously mentioned coordinates to account for individual variability. The coordinates where manually verified to assure location in the designated area. Next, we constructed six spheres with a six (SFG and DLPFC) or ten
millimeter (PPC) radius around the individually determined peak-voxels, and again
used the “successful shift > successful repeat” contrast in the MarsBar toolbox
[135] (see figure 3.1).
Our first-level model consisted of the three task conditions (successful shift trials,
successful repeat trials, error trials), three PPI terms, the time course of the seed
region, and six movement parameters. We created the contrast "successful shift >
successful repeat" using the PPI terms.
For each seed-region, a second-level analysis was performed using the "successful shift > successful repeat" PPI contrast, while employing an independent samples t-test to compare the controls and PD patients. Because in our previous study
[86] the PD patients had an increased RT on the successful shift trials, we included
these in the second level analyses as a covariate. Since this is the first study to explore task-related functional connectivity in a group of unmedicated PD patients,
we report all results at an uncorrected threshold of p = .001, with an extent threshold of 10 voxels.
RESULTS

Demographic and clinical characteristics and behavioral performance

As already described in our previous study, the groups did not significantly differ
in age, gender, education, or handedness and there was no difference in MMSE
scores. The BAI and the BDI scores were significantly higher, but clinically irrelevant, in the PD group compared with the control group. For the PD patients the
mean UPDRS was 22 and the median Hoehn and Yahr stage 2. PD patients made
more errors during repeat trials but not set-shift trials, and had longer reaction
times on both the shift and repeat trials (see Chapter 2).
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Figure 3.1 Overview regions of interest
Anterior: DLPFC; right x= 39, y= 35, z= 31; left x= -42,
y= 26, z= 31
Middle: Superior frontal gyrus; right x= 27, y= -7, z= 58;
left x= -36, y= -7, z= 64.
Posterior: PPC; right x= 45, y= -52, z= 49; left x= -33,
y= -52, z= 40

Functional connectivity DLPFC

During set-shifting in the control group, the left DLPFC showed positive coupling
with the precuneus, posterior cingulate cortex (PCC) and left angular gyrus (see
Figure 3.2a). No significant negative coupling was found. In the PD group the left
DLPFC showed task-related positive coupling with the precuneus and the right
dorsomedial prefrontal cortex (DMPFC) (see Figure 3.2b) and negative coupling
with the bilateral premotor cortex and pre-supplementary motor area (pre-SMA)
(see Figure 3.3a). Group comparisons showed that the control group, compared
with the PD group, had stronger positive coupling between the left DLPFC and
the contra-lateral insular cortex (see Figure 3.4a). PD patients, compared with controls, had more negative coupling between the left DLPFC and the SFG and primary motor cortex (see Figure 3.4b).
Regarding the right DLPFC, the control group showed positive coupling between
the seed region and the left angular gyrus and the PCC (see Figure 3.2c). In the PD
group the right DLPFC showed positive coupling with the right DMPFC (see
Figure 3.2d) and negative coupling with the left premotor area (see Figure 3.3b).
No group differences were found. For an overview, see Table 3.1
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Figure 3.2 Positive coupling of the bilateral DLPFC, bilateral superior frontal gyrus and bilateral
PPC in HC and PD
T-statistic images of positive connectivity in the [successful shift > successful repeat] contrast, corrected for mean RT on shift trials. A threshold of p < .001 uncorrected is used with an extent threshold of 10 voxels. The images are overlaid on ch2better MNI template with MRIcron, coordinates are
in MNI space. The coloured bar indicates the Z-value.
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Table 3.1 Results of the gPPI analyses with the left and right DLPFC as seed region

Positive coupling PD
Precuneus
Right DMPFC
Positive coupling HC
PCC
Precuneus
PCC
Left angular gyrus
Negative coupling PD
Left SFG
Right SFG
Right primary
somatosensory cortex
Right SFG

BA

t-value

Cluster size

Peak voxel coordinates (MNI)
X
Y
Z

Left DLPFC
7
9

4.19
4.17

66
22

3
9

-61
50

31
19

23
31
23
39

4.82
4.58
4.43
4.36

361

126

-3
-9
9
-45

-55
-58
-55
-73

22
31
19
22

6
6
2

4.99
4.58
4.17

76
37
14

-9
18
30

-19
-19
-37

73
70
70

3.72
26
12
Interaction effect positive coupling:
HC > PD (masked with main effect of positive coupling HC)
Right insular cortex
13
3.91
15
42
Interaction effect negative coupling:
PD < HC (masked with main effect of negative coupling PD)
Left SFG
6
4.50
57
-6
4.19
-15
3.89
-9
Right SFG
6
3.70
13
51
Right SFG
6
4.14
24
18
Right primary
1
4.14
15
30
Somatosensory cortex
Right insular cortex
13
3.91
57
42
Right DLPFC
Positive coupling PD
Right DMPFC
9
3.89
10
9
Positive coupling HC
PCC
31
4.47
197
-3
23
4.06
6
31
3.97
-3
Left Angular gyrus
39
4.01
137
-45
4.00
-36
3.76
-45
Negative coupling PD
Left SFG
6
3.65
11
-18

-10

55

5

-11

-22
-19
-7
-7
-19
-37

70
73
73
52
70
70

5

-11
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19

-61
-58
-52
-76
-70
-61

22
19
28
25
19
16

-22

73
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Legend:
Successful shift > Successful repeat contrast. All areas were significant at p < .001 (uncorrected) with
an extent threshold of 10 voxels.
HC = healthy controls PD = Parkinson’s disease BA = Brodmann area

Functional connectivity SFG

During set-shifting in healthy controls the left SFG showed positive coupling with
the precuneus, bilateral angular gyrus, bilateral DMPFC, posterior cingulate cortex
and visual cortex (see Figure 3.2e). In the PD group the seed region showed positive coupling with the PCC and right perirhinal cortex (see Figure 3.2f) and negative coupling with the primary motor cortex (see Figure 3.3c). Group comparisons
showed greater coupling between the left SFG and the right perirhinal cortex in
PD patients compared with controls (see Figure 3.4c).
In the control group the right SFG showed positive coupling with the precuneus,
bilateral frontal polar cortex, bilateral angular cortex and right lingual gyrus (see
Figure 3.2g). In the PD group, no positive coupling was found, but the seed region
showed negative coupling with the dACC and the primary motor cortex (see Figure 3.3d). Group comparisons showed greater positive coupling with the dACC in
controls compared with PD patients (see Figure 3.4d). PD patients, compared with
controls, showed more negative coupling between the seed region and the dACC,
primary motor cortex, the precuneus and the PPC (see Figure 3.4e). Table 3.2 displays an overview of the results.
Table 3.2 Results of the gPPI analyses with the left and right superior frontal gyrus as seed region
Regions

BA

t-value

Cluster size

Peak voxel coordinates (MNI)
X

Y

Z

Left superior frontal gyrus
Positive coupling PD
Ventral PCC

23

Right perirhinal cortex

36
31

4.70

107

-9

-76

6

-76

10

3.85

20

24

-43

-11

4.55

380

9

-55

25

4.30

-6

-49

28

4.22

-6

-61

22

3.74

7

Positive coupling HC
Precuneus

Right angular gyrus

39

4.45

62

51

-73

19

Right frontal cortex

8

4.22

47

24

35

43

Left frontal cortex

8

4.20

111

-21

29

43

56
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BA

t-value

Cluster size

Peak voxel coordinates (MNI)
X

Right associative visual
cortex

19

Left DMPFC

Z

4.08

-36

23

46

3.38

-9

47

43

30

-88

16

24

-94

13

4.02

29

3.80
Ventral PCC
Left angular gyrus

Y

23

3.95

29

3

-19

34

39

3.85

59

-45

-79

25

3.73

-51

-70

31

3.66

-51

-70

19

9

3.78

17

-3

53

25

30

3.69

16

-9

-58

7

Left primary motor cortex 4

3.81

11

-15

-31

73

24

-43

-11

6

-52

25

4.90

-3

-52

25

4.21

9

-55

13
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Regions

Negative coupling PD
Interaction effect positive coupling:
PD > HC ( masked with main effect of positive coupling PD)
Right perirhinal cortex

36

3.72

28

Right superior frontal gyrus
Positive coupling HC
Precuneus

Bilateral anterior
prefrontal cortex
Left angular gyrus

31

10

39

5.00

484

3.63

16

3

-34

43

4.66

194

6

59

19

4.03

-6

56

28

3.85

9

47

4

-42

-79

28

-36

-64

25

-54

-61

16

33

-88

1

24

-91

4

4.34

149

4.03
3.96
Right lingual gyrus

18

3.78

10

3.44
Right angular gyrus

39

3.58

12

51

-73

19

32

4.75

22

18

44

7

Left primary motor cortex 4

4.04

28

-30

-25

52

-21

-25

52

Negative coupling PD
Right dACC

3.86

57
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Regions

BA

t-value

Cluster size

Peak voxel coordinates (MNI)
X

Y

Z

Interaction effect positive coupling:
HC > PD (masked with main effect of positive coupling HC)
Right dACC

32

4.34

43

15

44

7

Interaction effect negative coupling:
PD < HC (masked with main effect of negative coupling PD)
Right dACC

32

4.41

56

18

44

7

Left primary motor cortex 4

3.78

26

-27

-28

52

Left parietal cortex

40

3.68

-33

-40

52

Right parietal cortex

7

3.66

21

-58

46

11

Legend:
Successful shift > Successful repeat contrast. All areas were significant at p < .001 (uncorrected), with
an extent threshold of 10 voxels.
HC = healthy controls PD = Parkinson’s disease BA = Brodmann area

Functional connectivity PPC
In both the controls and PD patients (see Figure 3.2i), the left PPC showed positive coupling with the precuneus. In the healthy controls the seed region also displayed positive coupling with the left angular gyrus, DLPFC, and DMPFC (see
Figure 2h). No negative coupling was found in either group. In addition, no significant group differences were found.
The right PPC showed positive coupling with the precuneus in both the PD (see
Figure 2k) group and the control group. In the healthy controls the seed region
also showed positive coupling with the left angular gyrus and the DMPFC (see
Figure 2j). We found no negative coupling and no group differences for the right
PPC seed. Table 3.3 depicts a summary of the results for the PPC.
Table 3.3 Results of the gPPI analyses with the left and right posterior parietal cortex as seed region
Regions

BA

t-value

Cluster size

Peak voxel coordinates (MNI)
X

Y

Z

Left PPC
Positive coupling PD
Precuneus

31

3.61

77

3

-61

22

4.73

157

Positive coupling HC
Left angular gyrus

58

39

-45

-73

25

4.56

-39

-67

22

3.80

-57

-61

16
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Regions
Precuneus

BA
31

t-value
4.62

Cluster size
332

4.04
3.92
Left DMPFC

9

3.75

Left DLPFC

9

3.64

Peak voxel coordinates (MNI)
X

Y

Z

-3

-58

22

-12

-55

28

-12

-64

22

30

-6

50

37

157

-15

44

37
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Right PPC
Positive coupling PD
Precuneus

31

3.96

36

6

-58

22

4.42

79

-51

-70

28

4.10

-45

-79

25

3.48

-39

-67

25

-3

-64

22

-6

-52

40

-3

53

34

Positive coupling HC
Left angular gyrus

Precuneus

39

31

4.20

138

4.16
Left DMPFC

9

3.67

10

Successful shift > Successful repeat contrast. All areas were significant at p < .001 (uncorrected), with
an extent threshold of 10 voxels.
HC = healthy controls PD = Parkinson’s disease BA = Brodmann area

Figure 3.3 Negative coupling when employing the DLPFC and superior frontal gyrus as seed regions
T-statistic images of negative connectivity in the [successful shift > successful repeat] contrast, corrected for mean RT on shift trials. A threshold of p < .001 uncorrected is used with an extent threshold of 10 voxels.
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Figure 3.4 Group interaction results
A. left DLPFC HC > PD (masked with main effect HC): increased coupling between the left DLPFC and
the right insular cortex in healthy controls compared with PD patients. On the right is depicted the
estimate of the right insular cortex peak voxel comparing healthy controls with PD patients.
B. left DLPFC PD < HC (masked with negative coupling PD): more negative coupling between the left
DLPFC and the SFG in PD patients compared with healthy controls. On the right is shown the
estimate of the SFG peak voxel comparing healthy controls with PD patients.
C. left superior frontal gyrus PD > HC (masked with main effect PD): increased coupling between the left
SFG and the bilateral perirhinal cortex in PD patients compared to healthy controls. On the right the
estimate of the perirhinal cortex peak voxel comparing healthy controls with PD patients is shown.
D. right superior frontal gyrus HC > PD (masked with main effect HC): increased coupling between the right
SFG and dorsal ACC in healthy controls compared with PD patients. On the right the estimate of the
dorsal ACC peak voxel comparing healthy controls with PD patients is shown.
E. right superior frontal gyrus PD < HC (masked with negative coupling PD): more negative coupling between
the right SFG and the dorsal ACC, primary motor cortex, parietal cortex and precuneus in PD patients compared with healthy controls. On the right the estimate of the primary motor cortex peak
voxel comparing healthy controls with PD patients is shown.
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This study investigated differences in task-related functional connectivity between
PD patients and matched healthy controls, using a simple feedback-based setshifting paradigm. Main effects showed coupling between nearly all seed regions
and various key areas involved in cognitive functions, such as the precuneus, the
angular gyrus, and the DMPFC in both the PD group and the healthy controls.
Overall, PD patients, compared with controls, showed less functional connectivity
between the seed regions and task-relevant network areas. These findings are in
accordance with a recent working memory study in the same study sample [89],
and suggest that in PD the communication between different task-related brain
regions is decreased during task-performance. We hypothesize that dopamine depletion results in decreased synchronization between task-related brain areas,
thereby diminishing functional connectivity. We propose that the hyper-activation
of the individual task-related brain areas that we found in our previous study (see
chapter 2) is a form of compensation for the decreased functional connectivity of
the task-related network.
We found decreased positive functional connectivity between the left DLPFC and
the right insular cortex in PD patients when compared with controls. Sridharan
and colleagues argue that the right insular cortex is important for switching between a network that becomes active during rest (i.e. default mode network) and a
network that becomes active while performing cognitive tasks (i.e. central executive network) [136]. Our data suggest that the left DLPFC in PD patients is less
well connected with this important regulatory brain area. In addition, the PD patients showed a decrease in positive coupling of the left SFG with the dACC and
an increase in negative coupling of the right SFG with the right dACC. The dACC
is connected with the SFG, especially the pre-SMA, and these areas together are
important for error detection. In addition, the dACC interacts with the DLPFC
and together with the pre-SMA, these three areas are likely involved in cognitive
control functions [137].
We found increased negative functional connectivity of the left DLPFC with the
SFG in PD patients. This latter area is essential for the planning of movement and
cognition, and is normally connected with the DLPFC [138, 139]. Rowe and colleagues found positive coupling between the prefrontal cortex and the pre-SMA in
healthy individuals during an attention-to-action task, while this coupling was absent in PD patients [140]. Together, these findings suggest that in PD these important functional connections of the DLPFC with the SFG are decreased. In
addition, in PD compared with controls, the right SFG showed increased negative
61

Chapter 3

DISCUSSION

Chapter 3

coupling with left motor cortex. We speculate that the increased negative coupling
between the right SFG and the primary motor cortex, might contribute to the
increased reaction times during both successful shift and successful repeat trials
that we described in our previous article [86].
We found no between-group differences in task-related functional connectivity
when using the left and right PPC as seed regions. In our previous study, we found
that the parietal cortices displayed hyper-activation, and combined with our present findings, this suggests that the function of the parietal cortex is still relatively
preserved in our patient sample, and might be less influenced by the dopaminergic
depletion, in contrast to the frontal lobes [32, 33].
Previous studies have shown that, due to the PD-related pathology, neuronal cell
assemblies desynchronize [80], which can be measured as a decrease in functional
connectivity at the level of neuronal oscillations and of brain activation, in rest [73,
76, 77, 130], during motor tasks [131, 141], and during cognitive task performance
[89]. Our results are line with these previous findings, and suggest that the initial
striatal dopaminergic depletion in PD results in a decrease in task-related functional connectivity between neuronal assemblies. We hypothesize that the decrease in
task-related functional connectivity can be compensated for by hyper-activation of
the individual brain areas, thereby forestalling cognitive decline. We speculate that
when this hyper-activation can no longer compensate for the decreasing connectivity
between neuronal assemblies, the hyper-activation will convert into hypo-activation
and the set-shifting deficits will become apparent at the behavioural level.
Strengths and limitations

This study is the first to explore changes in functional connectivity during a setshifting task in PD patients. The differences in connectivity that we report cannot
be attributed to behavioural differences, since we based our contrast on the correctly answered items only. Furthermore, we studied, to our knowledge, the largest
group of unmedicated PD patients during a set-shifting task, thereby excluding the
potential confounding effect of dopamine replacement therapy, and used a simple
feedback-based paradigm to reduce the influence of other cognitive constructs on
task performance and neural activation. However, these methodological strengths
also make it difficult to compare our results with previous studies. To be maximally sensitive to small, yet meaningful results in this cognitively intact group of early
PD patients, we report our results at an uncorrected threshold, thereby increasing
the risk of false-positive results. It is therefore important that our results are replicated before being able to make any definite statements.
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We investigated task-related functional connectivity changes in unmedicated earlystage PD patients during a feedback-based set-shifting task. In conclusion, we
found more altered coupling between seed regions and task-relevant interconnected network areas in PD patients, when compared with controls. These results,
together with our previous finding of intact behavioural performance and hyperactivation, support the hypothesis that in PD there is decreased functional connectivity between task-related brain areas. To further expand our understanding of this
process, longitudinal studies should be performed to see how task-related functional connectivity and activity change over time, how they are modified by dopamine replacement therapy, and how these modulations relate to cognitive performance.
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ABSTRACT

Sub-optimal functioning of the dorsal prefrontal cortex is associated with executive
dysfunction, such as set-shifting deficits, in neurological and psychiatric disorders.
We tested this hypothesis by investigating the effect of low-frequency ‘inhibiting’
off-line repetitive transcranial magnetic stimulation (rTMS) on the left dorsal prefrontal cortex on behavioural performance, neural activity, and network connectivity
during the performance of a set-shifting paradigm in healthy elderly (mean age 50+).
Behaviourally, we found a group-by-session interaction for errors on set-shift trials,
where the verum, compared with sham, group made trend-significantly more errors on the second session, but not on the first. In addition, the verum group,
when compared with the sham group, displayed reduced task-related activity in the
left temporal gyrus, and reduced task-related connectivity of the left PFC with the
left postcentral gyrus and posterior insula.
These results show that low-frequency off-line rTMS on the left dorsal PFC resulted in decreased task performance, task-related activity, and network connectivity,
thus providing causal evidence for the importance of an optimally functioning PFC
in set-shifting.
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The dorsal fronto-striatal circuit plays an important role in executive functions
[27]. One of these functions is set-shifting, which refers to the ability to reconfigure task sets in a flexible manner in order to meet changing demands [108]. Patients with psychiatric (e.g. obsessive-compulsive disorder [142], schizophrenia
[143]) or neurological (e.g. Parkinson’s disease [32, 93]) disorders, often suffer
from executive dysfunction, presumably because of impaired fronto-striatal function. Applying low-frequency (1-4 Hz) repetitive transcranial magnetic stimulation
(rTMS) [64] over the motor cortex leads to decreased cortical excitability [144,
145], which is, depending on the intensity and duration of the stimulation, detectable up to 30 to 60 minutes afterwards [64]. It is assumed that rTMS induces similar
effects in non-motor areas. This temporary inhibitory characteristic of lowfrequency rTMS can be used to simulate decreased functioning of prefrontal regions, as reported in patients with psychiatric and neurological disorders, in normally functioning circuits in healthy controls by inducing a “virtual lesion” [146].
Especially in combination with neuroimaging modalities such as functional magnetic resonance imaging (fMRI), TMS has the potential to extend our knowledge
of neural circuits that are involved in psychiatric or neurological disorders and
provide us with the opportunity to make causal statements about the function of
certain brain areas [147]. For example, a previous fMRI study by our group
showed that low-frequency off-line rTMS on the left dorsolateral prefrontal cortex
(DLPFC) in young healthy participants resulted in decreased task-related activations in the frontal and visuospatial regions, and a decrease in behavioural performance, while performing a planning task [65]. Although it is increasingly recognized that alterations in brain activity often represent alterations in brain networks
and functional connectivity [67], that can be induced by rTMS [148, 149], our previous analyses did not investigate whether rTMS also induced changes in functional connectivity.
To further investigate the involvement of the prefrontal cortex (PFC), and connected areas, in set-shifting, we applied off-line low-frequency (1 Hz) rTMS over
the left dorsal PFC in a group healthy (aged 50+) participants, after which they
performed a newly developed set-shifting paradigm in an MRI scanner. This new
paradigm mirrors the classic Wisconsin Card Sorting Task [94] with respect to
switching after negative feedback, but depends less on other cognitive constructs
(e.g. working memory, matching-to-sample, set-formation [99]) that are often present in set-shifting paradigms. We hypothesized that the verum rTMS group, when
compared with the sham group, display an increase in errors on set-shift trials,
decreased activation in task-related brain areas, i.e. the dorsal fronto-striatal and
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fronto-parietal areas, and decreased connectivity between the left dorsal PFC and
other task-related brain areas during the second session, when compared with the
first.
METHODS

Participants

Forty healthy participants with no history of a neurological disorder were randomly
appointed to the verum (N=20) or sham (N=20) rTMS condition. A number of
subjects was, however, excluded from the final analyses due to 1) problems during
data acquisition (1 verum), 2) excessive movements (more than 3 mm / 3 degrees)
during scanning (2 sham; 1 verum), 3) discrepancy between stimulation location
and stimulated location (1 verum), and 4) extreme scores on inaccuracy (more than
two standard deviations from the median) in comparison with their own group (1
sham; 1 verum), rendering our total sample size 16 participants (mean age of 55 ±
9 years) in the verum rTMS condition and 17 age and gender matched participants
(mean age of 57 ± 10 years) in the sham rTMS condition.
We screened all participants for the presence of psychiatric disorders using the
Structured Clinical Interview for DSM-IV Axis-I Disorders (SCID-I) [103], depressive symptoms using the Beck Depression Inventory (BDI) [105], anxiety
symptoms using the Beck Anxiety Index (BAI) [106], and general cognitive status
using the Mini-Mental State Examination (MMSE) [104]. Handedness was assessed
using the Edinburgh handedness inventory [107]. The study protocol was reviewed
and approved by Research Ethics Committee of the VU University Medical Center
(VUmc) and all participants provided informed consent.
Experimental procedure

Participants were enrolled into a two-arm, randomised and single-blind study design in which they visited the VUmc on three separate occasions. On the first, they
performed cognitive tests, were screened for mental disorders, and practiced the
set-shifting task. On the second occasion, they performed the set-shifting task in
an MRI scanner, after which the fMRI data were analyzed (see below for details).
To optimize coil localization [150], we used the fMRI data from the first scanning
session to individually determine the coordinates of either the vertex (sham) or the
task-related peak-voxel of the “switch>repeat” contrast within the left dorsal PFC
(verum). This coordinate was then projected onto the individually acquired T1weighted scan and used on the third occasion (with an interval of no more than
four weeks between the second and third occasion) by applying the ASA4.1 neuro68
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navigation software (ANT Neuro, The Netherlands) to stimulate the individually
determined location.

First, we localized the hand area of the left primary motor cortex using a hand-held
figure-of-eight TMS coil (Medtronic MagOption), gradually decreasing the intensity of the individual pulses until a muscle twitch in the right hand was only visually
detectable in 5 out of 10 trials. All participants received 20 minutes of rTMS at 1
Hz, 110% of the individual motor threshold (1200 pulses per participant) at either
the left dorsal PFC (verum condition) or the vertex (sham condition) in a room
adjacent to the MRI scanner. The median time interval between the end of the
stimulation and the beginning of the set-shifting task in the MRI scanner was 5:56
minutes for the sham and 5:19 minutes for the verum group (no significant difference).
Set-Shifting Task

In our in-house developed set-shift task, programmed in E-Prime (version 2.0) and
available on request to the authors, an arrow appeared for maximally 4000 ms either on the left or on the right side of a fixation cross in the centre of the screen,
pointing in a downward or an upward direction, leading to four possible response
types (see Chapter 2). The participant had to respond to the stimulus feature (location / direction) that was relevant at the moment of presentation. For instance, if
the arrow pointed downwards on the left side of the fixation cross, while location
was the correct classification rule, the accurate response was left. A coloured
(green = correct; red = incorrect) feedback screen with a fixed duration of 2000
ms immediately followed a button press. The relevant stimulus feature did not
change for four to seven trials (to prevent anticipation) until a red screen followed
a correct response, signalling a set-shift. This procedure continued until 40 correct
set-shift trials were acquired. The inter-stimulus interval (ISI) between the feedback
and stimulus presentation was jittered between 250 and 1000 ms for anti-aliasing
purposes. All behavioural responses were recorded using an MRI compatible response-box (Cambridge Research Systems Ltd., UK).
Depending on the version of the task, the arrow was either located above or
below the fixation cross (version 1), or on the left and right side (version 2), and it
pointed in a left/right or upward/downward direction, respectively. The order of
the versions a participant would receive during the first and second session was
counterbalanced between both groups. This was done to minimise learning / carry-over effects.
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Figure 4.1 The set-shift paradigm Stimuli consisted of arrows that could appear in two different
locations (left/right) and point in two different directions (up/down). The stimulus was presented on
the screen for a maximum of 4000 ms and was terminated upon a button press. Each response was
immediately followed by a green (correct response) or red feedback (incorrect response) screen for
2000 ms. The correct response depended on the relevant feature of the stimulus (i.e. location / direction). A red feedback screen following a correct response signalled a rule shift.

Image acquisition

Imaging was performed at the VUmc using a GE Signa HDxt 3-T MRI scanner
(General Electric, Milwaukee). Whole-brain functional images were acquired with a
gradient echo-planar imaging (EPI) sequence (TR = 2100 ms; TE = 30 ms; 64 x 64
matrix; field of view = 24 cm; flip angle = 80°) with 40 ascending slices per volume (3.75 x 3.75 mm in-plane resolution; slice thickness = 2.8 mm; inter-slice gap
= 0.2 mm). Structural scanning included a sagittal three-dimensional gradient-echo
T1-weighted sequence (256 x 256 matrix; voxel size = 1 x 0.977 x 0.977 mm; 172
sections).
Behavioral data

Each behavioural response was classified into the categories i) “correct repeat” if
no set-shift was necessary and the stimulus was correctly categorized, ii) “success70
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We computed the percentage of failed shift trials per session per participant by
dividing the absolute number of failed shift trials by the absolute total number of
trials, and multiplying it by 100. A similar procedure was applied for the failed
repeat trials. Both measures were used to assess accuracy. We calculated switch
costs (= mean reaction time (RT) successful shift – mean RT successful repeat) to
assess the cognitive effort to perform a set-shift [108], although we did not a priori
expect the groups to differ on this measure since switch costs are most sensitive to
rule-based and not feedback-based paradigms. The individually determined average
behavioural scores were used in a mixed-model repeated measures design with
session (session one / session two) as within-subject factor and group (sham /
verum) as between-subject factor in SPSS 20 (SPSS, Chicago, IL, USA). Post-hoc
independent samples t-tests were used to compare the test scores between the
groups, and the Mann-Whitney U test in case of non-parametric distribution.
Image processing and analysis

In SPM8, the EPI scans were first slice-time corrected, realigned to the first image,
and unwarped using a least squares approach and a six parameter (rigid body) spatial transformation to correct for motion. They were then warped to the Montreal
Neurological Institute (MNI) T1-template, employing the individual T1-weighted
image for estimation. Lastly, the images were smoothed with an eight mm Gaussian kernel.
Our subsequently constructed first level general linear model (GLM) event design
matrix consisted of two regressors of interest, i) “successful repeat” (consisting of
correct repeat trials) and, ii) “successful shift” (consisting of correct set-shift trials).
Both regressors were modelled at the moment of feedback with a fixed duration of
2000 ms. All other trials, and the six movement parameters that were generated
during the realignment were included as regressors of no-interest. Our contrast of
interest was “successful shift > successful repeat” (“shift > repeat”). In addition,
we computed first level models to assess between session differences per participant. These models were a combination of the first level models of session one
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ful shift” if the preceding feedback signaled a set-shift, and the response was correct, iii) “failed shift” if the preceding feedback signaled a set-shift, but it was not
performed, iv) “delayed shift” if a correct shift followed a “failed shift”, v) “failed
repeat” if the participant shifted to the other classification rule without a set-shift
signal, vi) “no shift/no repeat” when shifting back to the correct classification rule
after a “failed repeat”.
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and session two and contained the same regressors as previously described. The
contrast of interest was “session one > session two, shift > repeat”.
Contrast images derived from the first level analyses were used at second level to
investigate 1) within-group, between-session differences employing paired t-tests 2)
between group differences per session employing independent t-tests and 3) group
differences in between session differences employing independent t-tests. Brain
regions were identified using the WFU-Pick Atlas [151]. Whole-brain statistical
maps were thresholded at p < .05 corrected for family-wise errors (FWE) in the
main effects with an extent-threshold of k > 10, and at p < .001 uncorrected, with
a voxel extent-threshold of k > 5, after masking inclusively for the main effects for
the group interaction effects to be sensitive to small, yet meaningful differences.

Figure 4.2 Illustration of all stimulation locations / regions-of-interest
a) Summary illustration of the individual stimulation locations for the sham
(=green color) and the verum group (=red color).
b) Summary illustration of the locations of the individual peak-voxels within left
prefrontal cortex for the sham group (=blue). These areas represent the areas that
would have been stimulated if the participants would have been placed in the
experimental group.
The red and blue ROIs were used to extract the average parameter estimates using
MarsBar and served as seed region for the connectivity analyses.
5 mm spherical ROIs were constructed with MarsBar, and are overlain on
ch2better MNI template rendering with MRIcron (http://www.mccauslandcenter.
sc.edu/mricro/mricron) for illustrative purposes.

Regions of interest

We defined 5 mm spherical regions-of-interest (ROIs) at the rTMS stimulation
location for the verum group, and at the location of the peak-voxel in the left dorsal PFC in the sham group that would have been the locus of stimulation if they
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Functional connectivity: gPPI

We assessed task-related functional connectivity of the stimulated areas in the
verum group and of the selected ROIs in the left PFC in the sham group using a
generalized form of context-dependent psychophysiological interaction (gPPI)
[133, 134]. A gPPI analysis statistically tests in a whole-brain voxel-wise manner
whether areas outside the seed region are functionally connected to the seed region
during the task [134]. We used the individually determined ROIs described in the
previous paragraph as seed regions.
At first-level, our contrast of interest was “shift > repeat”, now using the PPI
terms that were convoluted with the seed region time-course, and leaving the psychological variable (task conditions) and movement parameters as covariates of no
interest. All further constructed contrasts-of-interest were identical to the activitybased analyses described previously.
Whole-brain statistical maps were thresholded at p < .001 uncorrected, with a
voxel extent-threshold of k > 10 for the main effects, and a voxel extent-threshold
of k > 5 for the interactions. We also masked inclusively for the main effect of
group or session for the interaction effects, to be sensitive to subtle, but relevant,
task-related effects.
RESULTS

Demographics and characteristics

The sham and verum group were well matched with respect to age, gender, handedness, and MMSE score, but the sham group had a higher education level and estimated IQ score. The groups also did not differ in BDI or BAI scores, and the interval between the first and second session, and the interval between the end of the
stimulation and the beginning of the task, was equal for both groups (See Table 4.1).
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had been placed in the verum group, using MarsBar (http://marsbar.sourceforge.net) (see Figure 4.2a and Figure 2b). Each subject-specific ROI was subsequently masked with the first-level activity mask to exclude task-unrelated voxels.
Then, we extracted the average parameter estimates of the whole ROI, using the
task effect contrast, per session, per participant. Lastly, we compared the average
parameter estimates in a mixed-model repeated measures design with session (session one / session two) as within-subject factor and group (sham / verum) as between-subject factor.
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Table 4.1 Demographic, clinical, and behavioural characteristics
Demographics
Age (years)
Gender (% men)
Education#
IQ estimation
Handedness (right)
Clinical measures
MMSE
BDI
BAI
Stimulation measures
Interval session 1 – session 2 (days)
Interval stimulation – task (sec)
Behavioural measures
Session 1: RT correct repeat trials (ms)
Session 2: RT correct repeat trials (ms)
Session 1: RT correct switch trials (ms)
Session 2: RT correct switch trials (ms)
Session 1: Switch costs (ms)
Session 2: Switch costs (ms)
Session 1: Failed repeat trials (% of total)
Session 2: Failed repeat trials (% of total)
Session 1: Failed switch trials (% of total)
Session 2: Failed switch trials (% of total)

Sham (N = 17)

Verum (N = 16)

p-value

57 ± 10 (41 – 70)
11 (65 %)
6 (3 – 7)
110 ± 14 (82 – 130)
16 (94 %)

55 ± 9 (39 – 75)
9 (56 %)
6 (4 – 7)
98 ± 12 (73 – 123)
14 (88 %)

.61a
.62b
.04b
.01a
.60c

29 (27 – 30)
1 (0 – 4)
1 (0 – 5)

29 (28 – 30)
2 (0 – 10)
1 (0 – 11)

.36d
.33d
.61d

14 (7 – 35)
356 (277 – 800)

15 (6 – 28)
319 (240 – 488)

.93d
.053d

820 ± 201 (503 – 1182)
738 ± 210 (483 – 1167)
901 ± 210 (519 – 1286)
842 ± 240 (541 – 1286)
68 (-24 – 341)
107 (-5 – 201)
.76 (0 – 4.08)
.71 (0 – 4.78)
.37 (0 – 3.79)
0 (0 – 1.76)

849 ± 212 (540 – 1269)
803 ± 191 (479 – 1150)
927 ± 230 (623 – 1354)
901 ± 244 (517 – 1324)
61 (-23 – 269)
79 (1 – 234)
.73 (0 – 4.21)
.55 (0 – 3.51)
.18 (0 – 2.19)
.74 (0 – 3.51)

Values are presented as mean ± standard deviation or median (range) unless indicated otherwise.
Abbreviations: MMSE, mini-mental state examination; BDI, Beck depression inventory; BAI, Beck
anxiety inventory;
a = Independent samples t-test b = Pearson’s χ2 test c = Fisher’s exact test d = Independent samples
Mann-Whitney U-test
# = Education level was measured in 7 levels ranging from 1 (no finished education) to 7 (university
training)

Behavioural results

The average RTs on correct repeat trials did not differ between the sham and
verum group (F(1,31) = 0.47; p = .50), but the RTs did decrease from session one
to session two (F(1,31) = 12.85; p = .001). This effect was equal for both groups
(F(1,31) = 0.92; p = .34) (see Figure 3a).
The average RTs on correct switch trials was similar for both groups (F(1,31) =
0.31; p = .58). There was a trend-significant decrease from session one to session
two (F(1,31) = 3.02; p = .09). This effect was similar for both groups (F(1,31) =
0.46; p = .50) (see Figure 3b).
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For the percentage of failed repeat trials, we found no main effect for group
(F(1,31) = < .01; p = .96), session (F(1,31) = 2.47; p = .13), or a group-by-session
interaction (F(1,31) = 0.90; p = .96) (see Figure 3c).
For the percentage of failed switch trials, we found no main effect for group
(F(1,31) = 0.26; p = .62) or session (F(1,31) = 0.33; p = .57). There was a significant group-by-session interaction effect (F(1,31) = 4.62; p = .04); post-hoc tests
indicated that the verum group, compared with the sham group, had a trendsignificantly increased percentage of failed switch trials on session two (U = 183; p
= .09), but not on session one (U = 112; p = .40) (see Figure 4.3d).
No main effect of group (F(1,31) = 0.04; p = .84), session (F(1,31) = 1.52; p =
.23), or a group-by-session interaction (F(1,31) = < .01; p = .98) was found for
switch costs (see Figure 4.3e).

Figure 4.3 Behavioral data and extracted parameter estimates of the ROIs per group, per session
None of the differences reached significance, except a group-by-session interaction for the failed shift
trials (p = .04). Post-hoc tests revealed that the verum group made marginally more errors on the
second session (p = .09).
All values represent the mean; error bars represent the standard error of the mean (SEM)
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Imaging results

Main effect of task
We found a robust effect of task (“shift > repeat” contrast) on the first session in
the bilateral inferior parietal cortex, left precuneus, bilateral middle frontal gyrus,
right middle temporal gyrus, and left inferior temporal gyrus (see Table 4.2 and
Figure 4.4a for the task effects during session one for the whole group; for the task
effects per group during session two see table 4.3).
Group x session interaction effects
During session one, no differences in task-related activation between the two
groups were found. Within-group comparisons showed that during the second,
compared with the first session, the sham group showed decreased activation of
the right medial PFC (see Figure 4.4b), and the verum group decreased activation
of the bilateral temporal cortex and left anterior cingulate cortex (see Figure 4.4c).
For both groups, no areas were more active on the second session when compared
with the first. The group-by-session interaction analysis showed that the verum
group, when compared with the sham group, activated the left middle temporal
cortex more on session one when compared with session two (see Figure 4.4d). In
contrast, the sham group, when compared with the verum group, did not activate
more brain areas on the first session when compared with the second session (see
Table 4.2).
Table 4.2 Main effect of task (= shift > repeat) across all subjects on the first session
Area

BA

L/R

t-value

Cluster size

Peak coordinates (MNI)
X

Y

Z

Session 1 (N=33):
Inferior parietal cortex

40

L

14.93

-51

-49

43

40

R

11.65

48

-46

46

Precuneus

7

L

13.15

-12

-70

49

Middle frontal gyrus

6

R

12.23

42

5

52

9

L

11.94

-48

8

37

46

R

11.29

36

47

25

21

R

10.32

66

-31

-5

21

R

9.72

57

-25

-11

37

L

9.93

-51

-61

-8

Middle temporal gyrus

3883

5675

2160

Shift > Repeat significant at a threshold of p = .05 (FWE-corrected) with an extent threshold of k > 10
Abbreviation BA, Brodmann area
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Our ROI-based results showed that the activation of the left dorsal PFC did not
differ in activity between groups (F(1,31) = .15; p = .71) or between sessions
(F(1,31) = .17; p = .68), and no group-by-session interaction effect (F(1,31) = .26;
p = .61) were found (see Figure 3f).

Figure 4.4 Main effect of task on activity and interaction effects
T-statistic images for the switch > repeat contrast.
Threshold at p = .05, whole-brain family-wise error-corrected, with an extent of k >
10 for the main effect (panel a), and p = .001 (uncorrected) with an extent-threshold
of k > 5 for the interaction effects (panel b, c, d), overlain on ch2better MNI template with MRIcron. Coordinates are in MNI space. The colored bar indicates the Zvalues.
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Table 4.3 Main effects of task (contrast: shift > repeat) on the second session, per group
Area

BA

L/R

t-value

Cluster size

Peak coordinates (MNI)
X

Y

Z

-33

-52

46

-12

-70

49

Session 2: Sham (N=17)
Inferior parietal lobe

Middle frontal gyrus

7

L

16.97

7

L

14.10

1401

40

R

13.69

36

-52

49

46

L

12.91

78

-39

50

19

46

R

8.87

69

42

44

25

46

R

8.60

36

50

10

9

L

9.74

-48

8

34

9

L

9.47

-42

-4

34

8

L

8.69

-27

5

52

6

L

8.60

-21

-10

52

6

L

7.30

-39

2

58

6

R

7.60

39

2

55

6

R

7.04

30

2

64

6

R

7.04

30

-4

58

51

11

43

54

20

28

77
91

23

9

R

8.14

46

R

7.36

Medial frontal gyrus

6

R

7.38

17

3

14

52

Frontal operculum

47

R

7.93

23

33

23

4

47

L

8.61

97

-27

20

4

47

L

7.73

-24

29

-5

L

7.43

-21

17

-5

L

7.56

14

-15

-4

-2

R

7.13

13

21

14

-5

R

6.94

R

8.42

20

Inferior frontal gyrus

Putamen

Dorsomedial thalamus
Inferior temporal gyrus

Middle occipital gyrus
Cerebellum

78

39

21

14

4

6

-16

13

L

9.28

40

-6

-22

10

37

R

7.69

34

48

-55

-14

37

R

7.25

48

-54

-14

37

L

9.69

-48

-49

-8

37

L

8.20

-51

-58

-11

37

L

7.69

-51

-37

-8

19

R

6.92

51

-70

-8

19

L

7.95

13

-36

-79

-17

R

10.31

146

39

-55

-26

R

9.21

30

-70

-23

60

Inhibiting rTMS and set-shifting

Area

BA

L/R

t-value

Inferior parietal cortex

40

L

11.34

40

L

40

L

40

R

10.40

40

R

40

R

7

R

10.17

7

L

8.10

7

R

11.05

Cluster size

Peak coordinates (MNI)
X

Y

Z

-51

-40

37

10.72

-36

-46

37

10.12

-39

-52

46

39

-49

40

10.26

48

-46

43

9.19

54

-37

43

34

9

-73

46

11

-9

-64

52

66

33

-64

49

33

-73

34

98

-30

2

43

Superior parietal cortex
Superior occipital gyrus

266

160

19

R

10.84

Precentral gyrus

6

L

9.83

Middle frontal gyrus

6

L

9.81

-18

-1

61

6

L

8.95

-24

-7

58

6

R

9.60

24

2

58

6

R

8.67

27

-7

58

46

L

9.79

24

-45

29

31

45

R

10.44

34

54

23

25

45

R

8.09

57

11

25

39

L

9.62

10

-30

-70

25

R

13.90

163

30

-64

-20

R

8.47

36

-52

-32

L

9.21

122

-27

-64

-26

L

9.01

-33

-67

-20

L

8.54

-42

-64

-29

Middle frontal gyrus

Inferior frontal gyrus
Middle temporal gyrus
Cerebellum

48
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Session 2: Verum (N=16)

Significant at a threshold of p = .05 (FWE-corrected) with an extent threshold of k > 10
Abbreviation BA, Brodmann area
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Table 4.4 Session and group-by-session interaction effects for the contrast shift > repeat
Area

Middle frontal gyrus

Middle temporal gyrus

Cingulate gyrus

Middle temporal gyrus

BA

L/R

t-value

Cluster size

Session1: Sham > Verum
No significant results to display
Session 1: Verum > Sham
No significant results to display
Sham: Session 1 > Session 2
9
R
3.98
6
Sham: Session 2 > Session 1
No significant results to display
Verum: Session 1 > Session 2
21
L
6.76
44
21
R
4.46
5
21
R
4.22
6
39
L
4.17
28
32
L
5.06
20
Verum: Session 2 > Session 1
No significant results to display
Sham > Verum Session 1 > Session 2
No significant results to display
Verum > Sham Session 1 > Session 2
22
L
3.83
20
22
L
3.81
21
L
3.57
6

Peak coordinates (MNI)
X

Y

Z

3

47

31

-57
57
54
-48
-3

-22
-4
-43
-64
44

-8
-17
1
10
7

-39
-48
-57

-61
-64
-22

7
10
-5

Effects are depicted at p = .001 (uncorrected) threshold with an extent threshold of k > 5

Connectivity analyses
In both groups, the seed region (the left dorsal PFC) displayed more functional
connectivity with the bilateral precuneus, bilateral medial PFC, bilateral inferior
parietal cortex, and left superior frontal gyrus during set-shift trials when compared
with repeat trials (see Figure 4.5a and Table 4.5). No between-session differences
in functional connectivity were found for either the verum or the sham group during the first session.
The connectivity analyses showed a group-by-session interaction effect: in the
verum group, when compared with the sham group, the functional connectivity of
the seed regions with the left postcentral gyrus, and left posterior insula was decreased during session two when compared with session one (see Figure 4.5b;
Table 4.6).
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Figure 4.5 Main effect of task on functional connectivity and interaction effects
T-statistic images for the switch > repeat contrast.
Threshold at p = .001 (uncorrected) with an extent of k > 10 for the main effect (panel a), and p =
.001 (uncorrected) with an extent-threshold of k > 5 for the interaction effects (panel b) overlain on
ch2better MNI template with MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron).
Coordinates are in MNI space. The colored bar indicates the Z-values.
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Table 4.5: Main effects of functional connectivity (contrast: shift > repeat) across all subjects per
session
Area

BA

L/R

t-value

Cluster size

Peak coordinates (MNI)
X

Y

Z

Session 1 (N=33)
Precuneus

7

423

-6

-52

Superior frontal gyrus

8

-9

-46

1

5.40

77

-18

26

52

Medial frontal gyrus
Anterior cingulate gyrus

R

5.05

201

9

62

7

L

4.84

-6

53

7

32

R

3.86

6

47

4

39

R

5.00

13

57

-61

25

39

L

4.72

179

-42

-64

28

Angular gyrus

39

L

4.70

-45

-70

34

Middle temporal gyrus

39

L

4.44

-51

-67

16

Posterior cingulate gyrus

31

L

4.68

-12

-55

28

31

R

4.13

12

-55

25

31

L

3.75

-3

-25

34

45

L

4.42

-45

26

19

46

L

3.69

-45

35

10

44

L

4.05

22

-51

14

31

R

4.20

10

6

-4

4

39

R

3.94

21

48

-55

22

39

R

3.92

57

-61

16

39

L

3.71

-51

-61

16

Superior temporal gyrus

L

6.99

L

3.87

L

10
32

31

Session 2 (N=33)

Inferior frontal gyrus

Thalamus
Superior temporal gyrus
Middle temporal gyrus

205
27
50

11

Shift > Repeat significant at a threshold of p = .001 (uncorrected) with an extent threshold of k > 10
Abbreviation BA, Brodmann area
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Table 4.6: Session and group-by-session interaction effects in task-related functional connectivity for
the contrast switch > repeat
Area

BA

L/R

t-value

Cluster size

Peak coordinates (MNI)
X

Y

Z

-57

-10

22

-48

-7

19

-39

-34

19

Session 1: Sham > Verum
No significant results to display
Session 1: Verum > Sham
No significant results to display
Sham: Session 1 > Session 2
No significant results to display
Sham: Session 2 > Session 1
Chapter 4

No significant results to display
Verum: Session 1 > Session 2
No significant results to display
Verum: Session 2 > Session 1
No significant results to display
Sham > Verum, Session 1 > Session 2
No significant results to display
Verum > Sham, Session 1 > Session 2
Precentral gyrus
Insula

43

L

5.02

30

L

4.75

13

L

4.01

59
9

Effects are depicted at p = .001 (uncorrected) threshold with an extent threshold of k > 5

DISCUSSION

We investigated the effect of low-frequency rTMS on the left dorsal PFC on behavioural performance, task-related neural activity, and network connectivity in a
group of elderly healthy controls, while performing a feedback-based set-shifting
paradigm. We found that the verum group, compared with the sham group, made
significantly more errors during set-shift trials after low-frequency stimulation. This
behavioral difference was accompanied with a decrease in task-related activation of
the left temporal cortex, and a decrease in functional connectivity of the left dorsal
PFC with the left postcentral gyrus and posterior insula.
The verum group made more set-shifting errors on the second session, while
both groups did not differ on session one, suggesting that our experimental manipulation was successful. The fact that no effects were found for the percentage
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of errors on repeat trials, indicates that the induced ‘virtual lesion’ was selective for
set-shift trials only, and did not influence performance on repeat trials.
Both groups had decreased RTs on correct repeat and correct set-shift trials
during session two compared with session one, which we attribute to a learning
effect.
Switch costs showed no session, group, or group-by-session interaction effects.
This fits with the literature showing that rule-based, and not feedback based, paradigms are more sensitive for switch costs as an indication of cognitive effort [108].
We found robust task-related activation of fronto-parietal areas during the set-shift
trials, across both groups, especially in the bilateral parietal cortex, bilateral prefrontal cortex, and bilateral middle temporal gyri. These areas are in accordance
with meta-analyses on set-shifting [95, 96, 152]. It is important to emphasize that
no differences in task-related brain activation between both groups were found
during the first session, thus indicating that there were no group differences at
baseline.
We found, only for the verum group, decreased activation in the left temporal
cortex at the second session, when compared with the first, indicating that inhibiting rTMS decreased the neural activity in task-related brain areas in the left hemisphere. The temporal lobe is associated with context dependent set-shifting [96], a
sub-type of set-shifting on which our task also critically depends. We hypothesize
that the decrease in activation in the left inferior temporal lobe underlies the increase in errors on the set-shift trials. In contrast to our hypothesis, no modulation
of task-related activation was found in the fronto-striatal or fronto-parietal network. We know from previous studies that the effects of rTMS are not limited to
the stimulated area, but also affect activity in the circuit that the area is part of,
through structural or functional connectivity [65, 153, 154].
Task-related functional connectivity analyses showed that in both groups the left
dorsal PFC was more connected with the bilateral precuneus, bilateral medial PFC,
bilateral inferior parietal cortex, and left superior frontal gyrus during switch trials
when compared with repeat trials. Although some of these areas are associated
with the default mode network (DMN) [116], a brain network that becomes active
during rest [117] or during a low-demanding baseline condition [118], other theories state that these areas are so-called “flexible hubs” that are essential for relaying
information during task performance [155].
We found, only for the verum group, a decrease in functional connectivity of
the left dorsal PFC with the postcentral gyrus and posterior insula after rTMS, but
not within the a-priori expected areas. Altered task-related functional connectivity
between the left dorsal PFC and other task-related brain regions might result in
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Combining rTMS and task-related fMRI provides insight into both behavioral and
neural effects of the experimental modulation on brain excitability. Although we
found a behavioral and neural deficit after inhibiting rTMS, the effects were subtle
and outside the expected fronto-striatal or fronto-parietal networks. We hypothesize that these networks might not have been optimally challenged due to the simplicity of our task and that therefore the modulation of cortical excitability within
these areas might have occurred sub-threshold. We, therefore, recommend future
studies to employ a cognitively more demanding behavioral task to investigate the
induced neural modulation effects more extensively.
Our findings confirm the importance of the dorsal PFC in executive functioning
and corroborate previous findings about how PFC dysfunction can lead to executive dysfunction in diseases such as obsessive-compulsive disorder [142], schizophrenia [143], and Parkinson’s disease [32, 93]. One might extrapolate that using
excitatory, instead of inhibitory rTMS, on the PFC could normalize prefrontal
functioning, thus leading to improvements in executive functions in these patients,
and might potentially provide an adjuvant therapy for cognitive rehabilitation. This
hypothesis is further strengthened by a recent meta-analysis that shows that offline high-frequency brain stimulation on the left DLPFC increases behavioral performance on a working memory task [156].
The current study has some methodological strengths, such as the simplicity of the
set-shifting paradigm, the individually fMRI-determined stimulation locations, and
investigating the effect of rTMS on both neural task-related neural activity and
connectivity. However, using a new developed paradigm also limits the comparability to earlier studies, and, as discussed previously, the paradigm might cognitively
not have been demanding enough. Also, by only stimulating at the second session,
and not also at the first, there might have been learning effects, that potentially
could have reduced the effect of our manipulation. Last is the use of off-line
rTMS: since the effect of rTMS wears of with time, the time window to measure
the effect of the stimulation is only limited. This might be overcome by using online stimulation using MRI-compatible TMS equipment.
CONCLUSIONS

To conclude, we applied off-line inhibitory rTMS on the left dorsal PFC in a group
of healthy controls while performing a simplified set-shifting paradigm with high
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less efficient information processing through the task-related network and consequently results in reduced behavioral performance.
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construct validity. We found that the participants in the verum group made more
errors, had decreased task-related activity in the left temporal lobe, and displayed
reduced functional connectivity of the left dorsal PFC with other task-related areas
in the left hemisphere. These results emphasize the importance of the dorsal PFC
for adequate executive functions and, furthermore, put forward the possibility of
using rTMS in the future as a tool to improve impaired executive functioning in
patients with frontal-striatal disorders using excitatory rTMS.
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ABSTRACT

Patients with Parkinson’s disease (PD) often suffer from impairments in executive
functions, such as working memory deficits. It is widely held that dopamine depletion in the striatum contributes to these impairments through decreased activity
and connectivity between task-related brain networks, such as the fronto-parietal
and fronto-striatal networks. We investigated this hypothesis by studying taskrelated network activity and connectivity within a sample of unmedicated patients
with PD, versus healthy controls, during a visuospatial working memory task.
Sixteen de novo PD patients and 35 matched healthy controls performed a
visuospatial n-back task while we measured their behavioural performance and
neural activity using functional magnetic resonance imaging. We subsequently constructed regions-of-interest in the bilateral inferior parietal cortex (IPC), bilateral
dorsolateral prefrontal cortex (DLPFC), and bilateral caudate nucleus to investigate
group differences in task-related activity. We studied network connectivity by assessing the functional connectivity of the bilateral DLPFC and by assessing effective connectivity within the fronto-parietal and the fronto-striatal networks.
PD patients, compared with controls, showed trend-significantly decreased task
accuracy, significantly increased task-related neural activity in the left DLPFC and a
trend-significant increase in activity of the right DLPFC, left caudate nucleus and
left IPC. Furthermore, we found reduced functional connectivity of the DLPFC
with other task-related regions, such as the inferior and superior frontal gyri, in the
PD group, and group differences in effective connectivity within the frontoparietal network.
These findings suggest that working memory-related brain areas in PD patients
show compensatory hyperactivation in order to maintain behavioural performance
in the presence of network deficits.
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Working memory in PD

Patients with Parkinson’s disease (PD) often suffer from non-motor symptoms,
including cognitive deficits, especially in the so-called executive functions [157160]. The loss of dopamine producing neurons of the substantia nigra pars compacta and ventral tegmental area [161, 162] results in a hypo-excitation of the fronto-striatal networks that presumably underlie the executive dysfunctions, such as
working memory impairment [32, 33].
Working memory refers to the process of temporarily storing and manipulating
information in the face of on-going processing for use in goal-directed behaviour
[163, 164]. An often-employed task to assess working memory capabilities is the nback paradigm: a well-established task due to its reliability and the ease of manipulating processing load [165]. Neuroimaging studies have consistently shown that
task performance on the n-back paradigm is associated with activity of the frontostriatal network (i.e. bilateral dorsolateral prefrontal cortex (DLPFC) and bilateral
caudate nucleus) and fronto-parietal network (i.e. bilateral inferior parietal cortex
(IPC) and bilateral DLPFC [26, 166-169].
Adequate dopaminergic neurotransmission in the striatum also plays an important
role in task performance on working memory tasks [170, 171]. A recent study by
Ekman and colleagues [172] reported decreased n-back performance in patients
with PD diagnosed with mild cognitive impairment (MCI), compared with PD
patients without MCI, associated with reduced levels of dopamine-transporter
binding in the right caudate nucleus, as measured by single photon emission tomography (SPECT).
Cools and D’Esposito [173, 174] argue that optimal dopamine levels lead to a
stable working memory representation by “quelling” the activity of all but the most
active cells and increasing the excitability of inhibitory neurons. This results in an
increased signal-to-noise ratio between neuronal populations and thus in better
communication. Also functional brain imaging shows that optimal dopamine levels
lead to more focused activity, whereas depletion leads to increased and more widespread [175] activation which correlates positively with task errors [176], supporting the notion of dopaminergic modulation of functional brain networks. Lower
dopamine receptor stimulation in patients with PD would thus lead to an impairment in working memory updating (i.e. replacing old / irrelevant information with
new / relevant information online in the working memory), and consequently a
decreased working memory performance. Brittain and Brown [177] argue in a similar fashion that dopamine depletion in PD results in decreased synchronization
between neural populations in frequencies associated with information exchange,
with an increase in inhibitory frequency bands. They state that dopaminergic medi89
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cation normalizes this pathological synchronization and that the degree of normalization positively correlates with improvements in clinical motor scores.
These findings suggest that dopamine plays an important role in the synchronization and connectivity between brain areas. By investigating both task-related
functional connectivity as well as neural activity in de novo PD patients, we can obtain an unbiased view on how PD-related neural changes relate to behavioural task
performance in early PD. Methodologically, studying de novo patients is important
because dopaminergic medication down-regulates dopamine receptor density in
the striatum [178], therefore the observed effects of PD in relation to dopamine
on, for example, task-related networks may influenced by medication use.
In order to gain more insight into the relation between working memory capacity
and task-related network connectivity in patients with PD, we measured behavioural performance and task-related neural activation in de novo PD patients during a visuospatial n-back task. Analyses focused on the bilateral IPC, DLPFC, and
caudate nucleus, representing the most crucial areas within the fronto-parietal and
fronto-striatal networks. In addition to the general linear model (GLM) analyses of
activation, we assessed the task-related functional connectivity of the bilateral
DLPFC using psycho-physiological interaction [PPI 179] analyses and the effective
connectivity between our regions-of-interest (ROIs) using dynamic causal modelling (DCM) [180]. We hypothesized that PD patients, compared with controls,
would show decreased task accuracy, accompanied by decreased task-related neural
activation, reduced task-related functional connectivity of the DLPFC with other
task-related areas, and altered effective connectivity within the fronto-parietal and
fronto-striatal networks.
MATERIALS AND METHODS

Participants

Twenty-five non-demented, de-novo patients with PD and 40 healthy controls
participated in this study. A number of participants was excluded before MR imaging due to an inability to perform the task (6 patients; 3 controls); these participants had difficulty understanding or carrying out the task correctly, even during
training sessions. Initial analysis led to the exclusion of several additional participants due to poor quality of the functional MRI images (2 patients), and extreme
scores on inaccuracy (more than two standard deviations from the median) in
comparison with their own group (1 patient; 2 controls), rendering our total sample size 16 patients with PD (mean age: 58.3 years ± 9.5) and 35 healthy controls
(mean age: 55.5 ± 9.5) (see table I for demographic data). Education scores repre-
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sent the highest level of completed education based on the division by Verhage
[181]. Patients were diagnosed by a movement disorder specialist according to the
UK PD Brain Bank criteria [100] for idiopathic PD in addition to abnormal dopamine transporter single-photon emission computed tomography (DaT-SPECT)
scans where available. Patients had not yet begun dopaminergic or cholinergic
medication at the time of the investigation. The Unified PD Rating Scale Part III
(UPDRS-III) [101] and Hoehn and Yahr stage [102] were administered to assess
disease severity and stage, respectively. We determined disease subtype (i.e. tremor
dominant / akinetic) and disease lateralisation based on the scores using the method described by Eggers and colleagues [182]. All participants were screened for
general cognitive status using the Mini-Mental State Examination (MMSE) [104],
depressive symptoms using the Beck Depression Inventory [BDI 183] and anxiety
using the Beck Anxiety Inventory (BAI) [106]. We screened for the presence of
psychiatric disorders using the Structured Clinical Interview for DSM-IV Axis-I
Disorders (SCID-I) [103]. None of the participants had a score of <24 on the
MMSE, or >15 on the BDI. Handedness was assessed using the Edinburgh handedness inventory [107]. All participants provided informed consent, obtained according to the Declaration of Helsinki, and the study protocol was reviewed and
approved by the Medical Ethical Committee of the VU University Medical Center.
Working memory paradigm:

We assessed working memory using a visuospatial version of the n-back task (for
details, see De Vries et al, 2013 [184]). In short, participants were visually presented
with a grey diamond figure in which four large blue dots were positioned, which
were randomly replaced by a yellow dot. Working memory load was increased consecutively by asking the participants to respond, using the index finger of their dominant hand, to the location of the present dot (N0), previous dot (N1), or with a delay
of two (N2) or three stimuli (N3) via an MRI compatible response box. Participants
were familiarized with the task in a practice session prior to the experiment.
Image acquisition

Functional MRI data were acquired on a GE Signa HDxt 3-T MRI scanner (General Electric, Milwaukee) at the VU University Medical Center using a gradient
echo-planar imaging (EPI) sequence (TR = 2100 ms; TE = 30 ms; 64 x 64 matrix;
field of view = 24 cm; flip angle = 80°) with 40 ascending slices per volume (3.75 x
3.75 mm in-plane resolution; slice thickness = 2.8 mm; inter-slice gap = 0.2 mm),
which provided whole-brain coverage. Structural scanning included a sagittal threedimensional gradient-echo T1-weighted sequence (256 x 256 matrix; voxel size = 1
x 0.977 x 0.977 mm; 172 sections).
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Data Analysis

Behavioural data
We assessed working memory performance by calculating the overall percentage of
correct responses within each condition per participant. We compared the two
groups using a mixed ANOVA with task-load (levels: N0 / N1 / N2 / N3) as
within-subject factor and group (levels: patients with PD / healthy controls) as
between-subject factor, while employing the Greenhouse-Geisser correction when
the assumption of sphericity was violated.
Image processing and analysis
Pre-processing and statistical analyses were performed in SPM8 (Wellcome Department of Imaging Neuroscience, London, UK) running in Matlab (version 7.5,
The MathWorks Inc., Natick, MA, 2000). The EPI images were first slice-time
corrected, then realigned to the first image and unwarped using a least squares
approach and a six parameter (rigid body) spatial transformation to correct for
motion. They were subsequently warped to the Montreal Neurological Institute
(MNI) T1-template, employing the individual T1-weighted image for estimation.
Lastly, the images were smoothed with an 8 mm Gaussian kernel.
A design matrix was created in order to examine within-subject effects in a first
level GLM. We employed a block design modelling all trials within each of the four
conditions with a fixed duration of 56 seconds. The first regressor was labelled
“N0”, the second “N1”, the third “N2”, and the fourth “N3”, and the six movement parameters that were calculated during the realignment were added to the
model as covariates of non-interest. The contrast of interest, the “task-effect” contrast, was defined as “N3N2N1>N0”, which was used for the whole brain GLM,
region of interest, gPPI and DCM analyses to examine the effect of working
memory, corrected for baseline features of the task such as visuospatial processing
and motor responses.
Contrast images derived from the first level analyses were used at the second
(group) level, employing whole-brain voxel-wise independent t-tests. Brain regions
were identified using the WFU-Pick Atlas [151]. Whole-brain statistical maps were
thresholded at p < .05 corrected for family-wise errors (FWE) in the main effects.
Whole-brain results represent a pooled analysis of both controls and patients together (n=51) and are subsequently used as described in the proceeding sections.
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Whole-brain assessment of the effect of load (N3>N2>N1>N0) showed that
these results were comparable to the ‘task-effect’ contrast, and for purposes of
comprehensibility we do not discuss these results here. All subsequent analyses are
based on the task-effect contrast.

We defined ROIs around the peak-voxel coordinates of the main effect of working
memory (i.e. N1N2N3>N0) over all subjects (N=51; see Supplementary Table
5.1), using MarsBaR (http://marsbar.sourceforge.net). Spherical ROIs with a 5
mm sphere were constructed for the left and right DLPFC (BAs 9/46; right: x=
39, y= 32, z= 31; left: x= -42, y= 26, z= 31) and with a 10mm sphere for the IPC
(BA 40; right: x= 51, y= -52, z= 40; left: x= -48, y= -49, z= 46). These coordinates
were used as initial starting points, after which the center of the sphere was automatically moved to the nearest local maximum using SPM8’s volume of interest
(VOI) utility in each participant to account for the individual variability between
participants and to increase sensitivity. Each peak was manually checked to ensure
it was still in the designated region.
The average parameter estimates of the whole ROI were then extracted from
the task-effect contrast per participant and were subsequently compared using 2sample t-tests in SPSS 20 (SPSS, Chicago, IL, USA). For these analyses we calculated a Bonferroni-adjusted alpha value using Simple Interactive Statistical Analysis
(http://www.quantitativeskills.com/sisa/calculations/bonfer.htm) that took into
account the mean correlation coefficient between all ROIs to correct for multiple
comparisons. The mean correlation coefficient between all six ROIs was r = .48,
leading to a Bonferroni adjusted alpha value of p = .02.
Time-courses were extracted from each of the individual ROIs, using the taskeffects contrast, creating VOIs for use in the connectivity analyses. These were
extracted at a 0.1 threshold in order to ensure robust time-series.
Functional connectivity: gPPI
We assessed the task-related functional connectivity of the left and right DLPFC
using a generalized form of context-dependent psychophysiological interaction
(gPPI [179, 185]). A PPI analysis statistically tests in a whole-brain voxel-wise
manner whether areas outside the seed region are functionally connected to the
seed region during the task [179]. We chose gPPI, instead of the traditional PPI
[186], as it allowed us to model all psychological task conditions into one first-level
design, thus improving the model-fit [185]. We used the individually determined
left and right DLPFC ROIs from the GLM analysis as seed regions.
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Our first-level model included the four task conditions, the four convoluted
PPI terms, the time-series of the seed-region, and the six movement parameters.
We again defined the contrast “N1N2N3>N0”, this time using the convoluted
PPI terms and leaving the psychological variable (task conditions) and movement
parameters as covariates of no interest. Subjects were excluded from this analysis if
no BOLD time-course could be extracted due to a lack of active voxels within the
region of interest, or if there were no voxels that were functionally connected to
the seed region. After exclusion, 15 patients and 32 controls were included in the
analysis of the left DLPFC, and 14 patients and 33 controls were included for the
right DLPFC.
At the second level, we compared the contrast N1N2N3>N0 between groups
using an independent samples t-test and an uncorrected statistical threshold of p <
.001 with a spatial extent threshold of k > 5, while masking inclusively for the main
effect of task. The same analysis procedures were employed for the left and right
DLPFC.
Effective connectivity: DCM
In order to gain more insight into the connectivity within the fronto-parietal (i.e.
left and right DLPFC and left and right IPC) and the fronto-striatal (i.e. left and
right DLPFC and caudate nucleus) network, we calculated the effective connectivity using deterministic DCM [180]. In short, DCM constructs several forwardmodels that predict how the BOLD signal would behave if certain connections
between the interacting regions are present. It tests if the signal is driven or modulated at a certain connection or specific region. After computing all models and
connections, an algorithm statistically tests which model best fits the observed
data.
For the fronto-striatal network, the intrinsic connections between the left and right
DLPFC were modelled in a bidirectional way, with efferent connections from each
DLPFC to the ipsilateral caudate nucleus based on literature [187, 188]. By varying
the driving and modulatory effects of working memory within the fronto-striatal
network, a total of 7 models was created (see Supplementary Fig. 5.1). For this
analysis, the individually determined DLPFC VOIs, described above, were used
together with time-courses extracted from masks defining the whole left and right
caudate nucleus, as found in the automated anatomical labelling (AAL) software
package. After exclusion, the analysis included 13 patients and 34 controls.
For the fronto-parietal network, intrinsic connections were again assumed to be
bidirectional between left and right DLPFC, with bidirectional connections be-
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We used Bayesian Model Selection (BMS) to statistically test the probability of the
observed data given the model. To account for the heterogeneity of network dynamics resulting from neurodegeneration we employed a random effects (RFX)
approach, rather than the standard fixed effects approach [189]. Once the modelevidences have been computed for the models in each subject, the exceedance
probability (Φ) can be calculated for the model-set. This is the probability that a
model is more likely than any other to have generated the observed BOLD signal.
Correlation with dopamine transporter binding
For 12 out of the 16 PD patients, SPECT scans with a [123I]FP-CIT tracer binding
to the DaT were available with an average interval between SPECT acquisition and
MRI acquisition of 55 (range: 26 – 123) days. We used these scans to calculate the
age-corrected binding ratios (ratio of specific to non-specific DaT binding, with
the occipital lobe as a reference for non-specific binding) in the dorsal-medial striatum (procedure and calculation described elsewhere [190]) in order to perform a
post-hoc analysis on the relation between striatal dopamine levels and task performance (using a correlation analysis on [123I]FP-CIT uptake ratios and overall task
accuracy) and task-related network connectivity. We entered the [123I]FP-CIT uptake ratios as covariates into a 2nd level whole-brain regression analysis of our gPPI
data for both the left and right DLPFC. Since this entailed an exploratory analysis,
the results were considered significant at a threshold of p < .001 (uncorrected),
with no spatial extent threshold.
RESULTS

The groups were matched with respect to age, gender, education, and handedness
(see Table I) and did not differ on MMSE scores (U = 336, p = .22). PD patients,
compared with healthy controls, had higher MADRS (U = 143, p = .004), BDI (U
= 175, p = .04) and BAI scores (U = 114, p = .001), but these scores were far below accepted thresholds for mild depression or anxiety and therefore not clinically
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tween the DLPFC and ipsilateral IPC as well as between left and right IPC. Because anatomical and functional connectivity were less clearly defined for this
model-set, we generated four families of models. The families modelled top-down,
bottom-up and mixed processing, with the final family consisting of one model
that utilized all possible inputs. This resulted in a total of 24 fronto-parietal models
(see Supplementary Fig. 5.2). This analysis used the individually created VOIs for
the bilateral DLPFC and IPC. After exclusion, 15 patients and 24 controls were
included in this analysis.
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relevant. The mean UPDRS and median Hoehn and Yahr stage of the PD patients
were 22 and two, respectively.
Behavioural results

We found that patients with PD, compared with controls, had trend-significantly
lower overall accuracy scores (F(1,49) = 3.54; p = .06, see Fig. 5.1). The accuracy
scores significantly decreased with increasing task-load (F(2.09,102.2) = 104.53; p
< .001), and this effect did not differ between patients and controls (F(2.09,102.2)
= 1.66; p = .19).
Table 5.1 Demographic, clinical, and behavioural characteristics Values are presented as mean ±
standard deviation or median (range) unless indicated otherwise.
PD patients (n=16)

Controls (n=35)

p-value

58 ± 10 (38 – 74)

56 ± 9 (38 - 70)

0.34

Demographics
Age
Sex (% male)

11 (69%)

20(57%)

0.44

Handedness (% right)

14 (88%)

31 (89%)

0.55

105 ± 19 (82 – 142)

104 ± 15 (73 – 132)

0.85

5.87± 0.9 (4 – 7)

5.69± 1.1 (3 – 7)

0.54

28.81± 0.8 (28 – 30)

29.11± 0.8 (3 – 27)

0.22

MADRS

1.88± 2 (0 – 4)

0.82 ± 2 (0 – 7)

0.004

BAI

4.63 ± 3 (0 – 9)

1.6 ± 3 (0 – 10)

0.001

BDI

4.00 ± 4 (0 - 11)

2.20 ± 3 (0 - 11)

0.04

IQ
Education
Clinical measures
MMSE

UPDRS-III

21.63 ± 9 (2 – 35)

Subtype (% tremor / % akinetic)

1 (7%) / 10 (67%)

Lateralization (% left / % right)

6 (40%) / 2 (13%)

Hoehn & Yahr
Disease duration

2 (1 – 3)
2.69 ± (0 – 7)

Behavioural measures
Total n-back accuracy

74 ± 14 (47 – 90)

82 ± 13 (58 – 100)

0.06

n-back (n = 0)

95.13 ± 12 (52 – 100)

98.97 ± 5 (70-100)

0.23

n-back (n = 1)

90.63 ± 13 (52 – 100)

93.62 ± 11 (53 – 100)

0.39

n-back (n = 2)

64.69 ± 24 (23 – 98)

76.52 ± 22 (28 – 100)

0.09

n-back (n = 3)

46.35 ± 20 (15 – 78)

59.48 ± 24 (22 – 100)

0.08

MMSE: Minimal Mental State Examination; MADRS: Montgomery-Åsberg Depression Rating Scale;
UPDRS: Unified Parkinson’s Disease Rating Scale; BAI: Beck Anxiety Inventory; BDI: Beck Depression Inventory.
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The whole-brain main effect of task (contrast: N1N2N3>N0) showed significant
activation of the bilateral IPC, bilateral DLPFC, bilateral ventrolateral prefrontal
cortex (VLPFC), left middle frontal gyrus, left precuneus, left medial frontal gyrus,
right middle temporal gyrus, bilateral posterior cingulate cortex, left superior temporal gyrus, the right cuneus, right caudate nucleus (see Supplementary Table I).
For the effect of task per group, see Supplementary Table II; for group x task
comparisons, see Supplementary Table III.

Figure 5.1. Average n-Back accuracy Mean accuracy scores (represented on the y-axis), in percentages, for each group across the four conditions (displayed on the x-axis); The blue line represents the PD group,
and green line represents the healthy controls, while the error bars
display the standard error of the mean. Overall a trend toward lower
accuracy (p = .06) was found in the Parkinson’s group.

ROI Analyses
PD patients, compared with healthy controls, showed a significant increase in taskrelated activation in the left DLPFC (t (21.36) = 2.65, p = .01, see Fig. 5.2) and a
trend-significant increase in the right DLPFC (t (49) = 2.25, p = .03). The PD patients also showed a trend-significant increase in the left caudate nucleus (t (49) =
1.8, p = .08) but not in the right caudate nucleus (t (49) = 1.48, p = .15), as well as a
trend-significant increase in the left IPC (t (49) = 2.28, p = .03), but not in the right
IPC (t (49) = .99, p = .33) when compared with controls.
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Figure 5.2. Average n-Back accuracy Mean parameter estimates
extracted from the task-effect contrast
(N3N2N1>N0) per ROI per group. Blue bars represent the PD
group, while the green bars represent the healthy controls. The y-axis
indicates the mean parameter estimates, and the x-axis depicts the six
ROIs. P-values are given for the ROIs that differed in activation
between the groups. * significant after correction for multiple comparisons. Error bars represent the standard error of the mean.
DLPFC, dorsolateral prefrontal cortex; IPC, inferior parietal cortex;
HC, healthy controls; PD, patients with PD; ROI, region of interest.

gPPI
Compared to the PD patients, the control group showed stronger positive coupling between the left DLPFC and the bilateral middle frontal gyrus, bilateral
precuneus, left insula, and the right superior frontal gyrus; no areas of stronger
negative coupling were found in the controls compared with the PD patients. Patients showed no regions of stronger positive coupling compared with controls,
but did show stronger negative coupling between the left DLPFC and the bilateral
superior frontal gyrus, bilateral precuneus, left insula and left inferior frontal gyrus.
Table 5.2 provides a full overview of these group comparisons and Fig. 5.3 provides a graphic representation of how groups typically differed in coupling direction for the same regions. For the main effects of the left DLPFC within each
group (see Supplementary Table 5.4).
The control group, compared with PD patients, showed stronger positive coupling
between the right DLPFC and the left VLPFC and left superior frontal gyrus, but
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no stronger negative coupling. When comparing the patients with the controls, we
found stronger negative coupling between the right DLPFC and the bilateral
VLPFC, left superior frontal gyrus and left cerebellum, but no stronger positive
coupling. Table 5.3 provides an overview of these interaction effects. For the main
effects of the right DLPFC within each group, see Supplementary Table 5.5.

Figure 5.3 Functional connectivity maps showing opposite coupling in the controls and Parkinson’s
patients. On the left, the cluster corresponding to a representative cluster is indicated on a standardized T1 MR image, with the name of the representative region and the peak coordinates in MNI
space. The colour gradient legend represents the Z-scores. On the right, the bar-graph represents
strength of coupling between the seed region and the representative region. Group is represented on
the x-axis and degree of coupling on the y-axis. Pink lines show the standard error of the mean. A.
Connectivity between the left DLPFC and the left precuneus. B. Connectivity between the right
DLPFC and the left VLPFC.
DLPFC, dorsolateral prefrontal cortex; HC, healthy controls; MNI, Montreal Neurological Institute;
MR, magnetic resonance; PD, patients with PD; VLPFC, ventrolateral prefrontal cortex.
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Table 5.2 Whole-brain analysis of group differences in gPPI effects for left DLPFC. Significant at a
threshold of p = .001 (uncorrected) with an extent-threshold k>5.
BA

Area

Controls > PD patients

PD patients > Controls

T-value Cluster Peak
size
coordinates
(MNI)

T-value Cluster
size

X

Y

Z

Peak
coordinates
(MNI)
X

Y

Z

Positive Coupling
10

Middle frontal gyrus

10
31

Precuneus

5.01

36

3.93

18

4.91

126

-24

56

15

13

47

7

-15 -49

43

7

4.76

-6 -49

46

7

4.58

3 -37

46

31

3.55

16

9 -52

28

4.06

67

-48 -43

16

32

Anterior cingulate cortex 3.89

18

6

44

10

9

Dorsolateral prefrontal
cortex

3.89

15

-36

5

34

8

Superior frontal gyrus

3.67

16

3

23

58

19

Cuneus

3.62

7

-15 -91

28

Putamen

3.54

6

13

Insula

33

-7 -11

Negative Coupling
10

Superior frontal gyrus

8
7

Precuneus

5.26

173

-21

56

10

3.67

13

3

23

58

4.91

191

-15

-49

43

7

4.58

3

-37

46

31

3.55

17

9

-52

28

4.06

141

-48

-43

16

3.64

7

36

-13

-8

9

-63

-28

10

-36

-73

13

13

Insula

42

Superior temporal gyrus

3.69

39

Lateral occipirtal gyrus

3.79

18

Cuneus

4.02

37

-18

-79

19

9

Inferior frontal gyrus

3.89

5

-36

5

34

4

Precentral gyrus

3.82

11

48

-16

37

32

Anterior cingulate cortex

3.82

16

18

35

13
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Table 5.3 Whole-brain analysis of group differences in gPPI effects for right DLPFC. Significant at a
threshold of p = .001 (uncorrected) with an extent-threshold k>5.
BA

Area

Controls > PD patients

PD patients > Controls

T-value Cluster
size

T-value Cluster
size

Peak
coordinates
(MNI)
X

Y

Z

Peak
coordinates
(MNI)
X

Y

Z

Positive Coupling
47

Ventrolateral prefrontal
3.73
cortex

5

-42

41

-2

6

Superior frontal gyrus

5

-6

8

67

3.34

Negative Coupling
3.89

14

Ventrolateral prefrontal
cortex

3.73

5

-42

41

-2

3.62

10

33

23

-8

3.34

5

-6

8

67

47
6

Superior frontal gyrus

0

-49 -11

DCM
In the fronto-striatal analysis, although the exceedance probability of model two
(PD: Φ = 0.0001; Controls: Φ = 0.002) was significantly smaller than the other six
models in both groups (PD: Φ-range = 0.15 to 0.18; Controls: Φ-range = 0.15 to
0.19), no best fit model could be determined amongst the remaining six models for
the healthy controls or the PD group.
Model selection of the fronto-parietal set revealed, for the healthy controls, that
model 4, i.e. direct driving of the left DLPFC with modulation of the ipsilateral
DLPFC/IPC connection, was the best fit (Φ = 0.99). In the PD group on the
other hand, model 19 (driving effect of left DLPFC and left IPC; Φ = .64) provided the best fit, although model 4 also had a high exceedance probability (Φ =
0.32). Fig. 5.4 shows the models with the best fit.
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Figure 5.4 Best-fit models from the frontoparietal BMS set. Circles represent the regions included in the model-space, blue arrows represent intrinsic connections, open arrows with “task effect” label pointing toward a
region represent driving effects, and open arrows with the “task effect”
label pointing toward intrinsic connection represent modulation of these
connections. On the left: model 4, representative of the control group; on
the right: model 19, representative of the patient group.

Dopamine Transporter Binding
Assessment of dopamine transporter binding in the dorsomedial striatum revealed
a positive correlation between binding ratios and task performance, r = .65, p = .02
(see Fig. 5.5).

Figure 5.5 Significant positive correlations between dopamine-transporter
binding ratios in the dorsomedial caudate nucleus and (A) task performance
and (B) functional connectivity with the left DLPFC. In A, the y-axis displays dopamine-transporter binding ratios, while the x-axis represents accuracy scores, in percentage, on the n-back task; B shows voxels functionally
connected to the left DLPFC, as described in the gPPI analysis, which
correlated positively with dopamine-transporter binding ratios. From left to
right the circled regions are the left postcentral gyrus (1), the bilateral middle
frontal gyrus (2–3), and the right superior parietal lobe (4).
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We also found that higher dopamine transporter binding levels in the dorsomedial
striatum were associated with increased functional connectivity between the left
DLPFC and the bilateral middle frontal gyrus (left: t = 6.5; right: t = 6.2), the right
superior parietal lobe (t = 5.2), and the left postcentral gyrus (t = 4.7).
No voxels reached the statistical threshold when investigating the relation between
dopamine transporter binding ratios and functional connectivity of the right
DLPFC.

This study examined the fronto-striatal and fronto-parietal network in unmedicated patients with PD during the performance of a visuospatial working memory
task. In sum, we found that patients compared with controls displayed a mild behavioural deficit, increased task-related recruitment of the left DLPFC (related to
level of dopaminergic degeneration), decreased functional connectivity of the bilateral DLPFC with other brain regions within the networks, and altered frontoparietal connectivity, with a more driving role for the IPC. These results suggest
that the functional network integrity, and communication between different brain
areas, is reduced in patients with PD. We hypothesize that the impaired connectivity between the task-related brain areas is caused by PD-related dopamine depletion
and is compensated for by the hyperactivation of the individual task-related brain
areas.
Behavioural performance in the PD patients was only marginally affected when
compared with the control group. Although numerous studies reported significant
impairments in working memory performance in PD patients, even in the early
stages of the disease [191, 192], at least one other study on working memory in
unmedicated patients with PD also found no significant decrease in taskperformance [193]. Our patients had a relatively high education level (although
matched with the control group) and we speculate that this might have served as a
protective factor against cognitive decline [194], either by reduced cognitive decline
or increased cognitive reserves, allowing our patient group to maintain reasonably
good performance.
As expected, the analyses on the combined study population, involving both patients and controls, showed a robust effect of task in the bilateral inferior parietal
and prefrontal areas: areas known to be involved in working memory [195]. The
PD patients, compared with controls, showed significantly increased activation in
the left DLPFC and a trend-wise increased activation in the right DLPFC, left
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caudate nucleus, and left IPC. Hyperactivation of task-related brain areas accompanied by (near) intact behavioural performance is a well-known phenomenon in
both healthy aging [196] and disease [184, 197] and is often interpreted as a compensatory mechanism. In contrast, hypoactivation is associated with decreased taskperformance [172, 198], and we hypothesize that when the compensatory hyperactivation no longer suffices, the task-related brain areas will convert from hyper- to
hypoactivation and the behavioural performance will decrease accordingly.
We found that the left and right DLPFC of healthy controls, compared with PD
patients, was functionally more strongly connected with prefrontal regions, the
precuneus, and insula during task performance. The disease-related changes, such
as the striatal dopamine depletion, likely mediate reduced functional connectivity,
underscoring the important role of dopamine in orchestrating connectivity between areas during task performance. Previous studies have shown that dopamine
plays an important role in enhancing the signal-to-noise ratio between assemblies
of neurons [199], and that it plays an important part in the connectivity between
different brain areas [200]. Negative coupling exists between task-related networks
and the default mode network and indicates a suppression of the default mode
network by the task-related network [201]. Our finding of increased negative coupling therefore, with little to no positive coupling, within and between task-related
functional networks in unmedicated PD patients provides further evidence that a
decline in striatal dopamine results in highly impaired information exchange, possibly leading to inhibition within the task-related network. This pattern of connectivity reversal in PD patients compared to controls was also reported by Wu and
colleagues [202]. This hypothesis is further strengthened by our positive correlation
between pre-synaptic striatal dopamine levels and connectivity between the left
DLPFC and other (prefrontal) areas.
Our group and others have found increased connectivity during rest [203-205],
which seems to support the hypothesis that the inability to adequately suppress
resting state networks results in the inability to switch to task-specific functional
networks. A second possible explanation for the opposing direction of altered
network connectivity at rest and during task performance relates to the difference
in methodology of the aforementioned studies compared to the current study. The
mentioned resting state results were based on electroencephalogram (EEG) and
magnetoencephalogram (MEG) data and concerned global connectivity in the
form of oscillatory synchronization in various frequency bands. Therefore, while
global connectivity is increased, connectivity within task-specific networks may be
decreased. This explanation is largely in line with the theory of decreased signal-tonoise ratio as overall connectivity increases while functional efficiency decreases.
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The effective connectivity analyses in the healthy controls showed a best-fit with a
top-down model of processing in the fronto-parietal network, with the DLPFC as
the main driving region and task-modulated connectivity between the DLPFC and
the IPC. This result agrees with findings from another DCM study in healthy controls that also showed a modulatory effect on fronto-parietal coupling in a working
memory task [208]. In contrast, in patients with PD the model of best fit implies a
different connectivity pattern, with both the DLPFC and IPC serving as driving
regions with no task-modulated coupling. This finding fits our hypothesis that
patients with PD employ a different and less-connected task-related network. A
recent longitudinal analysis of MEG resting state data that compared graph theoretical network properties of PD patients over time similarly showed that already in
the early stages the network topology is less efficiently organized, and becomes
more fragmented with increasing disease duration [205]. Rowe and colleagues [209]
also found that healthy participants increased effective connectivity between prefrontal and pre-supplementary motor areas during a motor sequence task, while
the patients with PD showed no such task-specific modulation of this premotor
network, suggesting a differently organized and less efficiently connected network.
This altered network dynamic was also accompanied by hyperactivation of the presupplementary motor area, similar to the hyperactivation seen in conjunction with
disrupted functional and effective connectivity in our own study. In that study
dopaminergic medication restored the effective connections within the sample of
Parkinson´s patients to those of healthy controls [210], further underscoring the
role of dopamine in neural communication.
Contrary to our findings in the fronto-parietal network, we found no best-fit models of effective connectivity within the fronto-striatal network. Considering our
hypothesized role of dopamine and the fronto-striatal system, this was unexpected.
This may be due to a less specific role of the caudate nucleus in performing the
task compared to baseline, as recent computational theories place the caudate nucleus in the role of action selection and updating working memory [211], disallowing a strong fit between our models and the data. The relatively small sample size
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Since executive functioning relies on the activation of the prefrontal cortex and its
ability to functionally connect with other frontal and posterior regions [206], our
results provide an explanatory model as to why PD patients have difficulties with
working memory tasks. Although largely in agreement with our findings and hypotheses, we suggest some caution in directly comparing our study with those
discussed above, as our study focused on task-related systems as measured by
fMRI, while those of Olde Dubbelink [73], Silberstein [207], and Stoffers [76]
measure the brain at rest using MEG/EEG.
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used for this network, however, may also be responsible for none of the models
having a better fit than the others.
We hypothesize that PD patients in our sample, still in an early disease stage, compensate for a loss in connectivity and efficiency via hyperactivation, in a way that
has been previously described to mask cognitive dysfunction in patients with PD
[175, 212] as well as in multiple sclerosis patients [213]. Eventually, cognitive impairments become behaviourally evident when hyper-activation is either no longer
able, or is insufficient to, compensate for the decreased connectivity.
Previous investigations have shown that dopaminergic medication alleviates at least
some cognitive dysfunctions in patients with PD [214] and Parkinson patients
display reduced activity in the ON state when compared with the OFF state during
a working memory task [176]. We thus hypothesize that dopamine suppletion restores network connectivity and in this way cognitive performance.
Strengths and Limitations

Most previous study results are based on data from patients already on dopamine
replacement therapy; as dopaminergic medication has a long-term negative effect
on receptor density [215], the de novo nature of the present PD sample was an important methodological advantage allowing a more pure investigation of the disease process. In addition to the ROI analyses, we also presented the whole brain
analyses (see supplemental material), in order to prevent overlooking significant
findings in non-a priori hypothesised brain regions. As our sample of PD patients
was relatively small, these results have to be replicated in future studies, and the
causal role of dopamine in network integrity and task performance must be confirmed with an ON vs. OFF medication study, or a longitudinal study on the effects of dopamine replacement therapy on task-related connectivity. As a number
of patients were excluded prior to scanning due to an inability to perform the task
at all, our sample may also represent a more cognitively intact subgroup, which
may also partly explain the only mild behavioural deficit that we observed. Finally,
although our study focused on the role of dopamine, we cannot exclude the influence of other neurotransmitters or pathological atrophy as contributing factors to
our findings
CONCLUSIONS

We hypothesize that the decrease in connectivity within the networks was compensated for by the hyper-activation of the individual task-related brain areas and
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that this compensation underlies the relatively preserved working memory taskperformance.

Figure S5.1. Fronto-striatal models used in DCM analysis. Blue arrows indicate intrinsic connections,
black open arrows pointing towards a region indicates a driving effect on that region, and black open
arrows pointing towards intrinsic connection-arrows indicates experimental modulation of connections falling within the black circle under the arrow.
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Figure S5.2. Frontoparietal models used in DCM analysis. A,
Top-down models , B, Bottom-up models, C mixed models, and
D the ‘all influenoces’ mdel.
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Figure S5.3 Functional connectivity maps showing opposite coupling in the controls and Parkinson’s
patients. On top, regions showing positive coupling with the left DLPFC are indicated on the horizontal
slice of a standardized T1 MR image. On the bottom, regions showing positive coupling with the left
DLPFC are indicated on a standardized T1 MR image. Slice position is indicated in white text above
each image. The colour gradient legend represents the Z-scores. Abbreviations: DLPFC dorsolateral
prefrontal cortex; HC healthy controls; MR magnetic resonance; PD patients with Parkinson’s disease
Supplementary Table 5.1: Whole brain main effect of task across all subjects (N = 51). Significant
at a threshold of p = .05 (FWE-corrected) with an extent-threshold k > 10
BA

Area

T-value

Cluster size

40
40
7
7
19
19
37
8
6
8
6
10
44
47
9
9

Inferior parietal cortex

12.34
10.81
11.93
10.85
10.89
9.96
8.98
11.77
9.61
10.58
10.05
10.31
10.12
6.08
9.58
9.16
7.06
6.56
5.97
5.59

4050

13
22

110

Precuneus
Cuneus
Middle temporal gyrus
Medial frontal gyrus
Middle frontal gyrus
Superior frontal gyrus

Ventrolateral prefrontal cortex
Dorsolateral prefrontal cortex
Cerebellum
Insula
Superior temporal gyrus
Caudate nucleus

4224

76
4224
14
76
13
13

Peak coordinates (MNI)
X
Y
Z
51
-55
40
-42
-52
43
36
-64
43
-9
-70
46
33
-76
28
-30
-76
22
54
-61
1
-3
17
49
-30
2
55
3
14
55
18
11
61
33
53
16
51
11
19
-33
23
-2
45
8
28
-42
26
31
-33
-67
-35
-30
20
10
-51
14
-2
18
-4
16
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Supplementary Table 5.2 Whole brain main effects of the task by group. Significant at a threshold
of p = .05 (FWE-corrected) with an extent-threshold k > 10.
PD patients (n = 16)

T-value Cluster Peak coordinates T-value Cluster Peak coordinates
Size
(MNI)
size
(MNI)
X

Z

X

Z

9.33

51 -55

40

9.05

48

-52

43

40

7.91

-48 -52

49

8.16

-45

-49

43

9.52

36

-64

46

7.84

15 -70

34

8.56

9

-64

52

19

7.48

30 -79

37

7

8.14

-9 -73

46

7.51

-9

-70

46

7.51

-33

-73

46

8.42

36 -64

40
6.19

-33

-64

55

21 Middle temporal gyrus

7.50

54 -61

1

39

7.37

45 -73

10

21

6.04

-51 -49

7
-42

29

31

-42

2

31

Inferior parietal lobule

7

Precuneus

40 Superior parietal lobule
39
7

46 Dorsolateral prefrontal
cortex

62

9

7.49

46

7.03

9

6.93

44 Ventrolateral prefrontal
cortex
6

Superior frontal gyrus

8.22

1681

Y

40 Inferior parietal cortex
7

2463

Y

275

-51

17

28

7.32

42

47

10

9.31

39

32

31

39

20

31

7.72

42

8

31

7.17

51

11

19

7.50

51

11

19

7.57

3

11

55

7.87

15

5

64

7.75

3

14

55

1919

8

1814

6

7.34

0

2

64

10

7.52

33

53

16

7.23

33

53

16

7.25

24

14

58

7.66

33

5

58

7.22

-30

2

55
-3

17

49

-33

50

16

-36

47

16

6
6

Middle frontal gyrus

8
10

8.29
6.22

22

5.26

275

111

Chapter 5

BA Area

Controls (n = 35)
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Supplementary Table 5.3. Whole brain significant group comparisons in the task-effect contrast.
Significant at a threshold of p = .001 (uncorrected) with an extent-threshold k > 5
PD patients > Controls
BA Area

Controls > PD patients

T-value Cluster Peak coordinates T-value Cluster Peak coordinates
size
(MNI)
size
(MNI)
x

y

z

x

19 Middle occipital gyrus

4.09

140

36 -85

16

22 Middle temporal gyrus

4.78

64

-51 -43

4

21

3.66

13

60 -22

-5

18 Cuneus

4.24

145

-12 -85

16

9

4.17

-48

17

25

Dorsolateral prefrontal
cortex

29 Cingulate gyrus

4.12

14

15 -46

4

31

3.60

16

15 -43

31

22 Superior Temporal Gyrus 3.99

50

63 -31

16

40 Inferior parietal cortex

3.94

14

-63 -40

22

21 Middle temporal gyrus

3.66

13

60 -22

-5

Caudate nucleus

3.60

38

-7

19

Precuneus

3.39

8

18 -73

43

3.54

14

-3 -67

46

7
7

-12

y

z

Supplementary Table 5.4. Whole-brain analysis of within-group gPPI effects for left DLPFC.
Significant at a threshold of p = .001 (uncorrected) with an extent-threshold k > 5.
Controls (n = 32)
BA Area

PD patients (n = 15)

T-value Cluster Peak coordinates T-value Cluster Peak coordinates
size
(MNI)
size
(MNI)
X

Y

Z

Positive Coupling
8

Superior frontal gyrus

6
6

Middle frontal gyrus

5.91

421

18

26

55

4.99

-12

26

55

4.49

-33

8

58

39 Middle temporal gyrus

4.76

130

-39 -58

22

39 Angular gyrus

4.74

30

48 -73

34

7

Precuneus

4.59

144

-3 -58

40

9

Dorsolateral prefrontal
gyrus

4.56

72

12

56

28

3.64

17

-33

17

34
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Controls (n = 32)
BA Area

PD patients (n = 15)

T-value Cluster Peak coordinates T-value Cluster Peak coordinates
size
(MNI)
size
(MNI)
X

Y

Z

X

Y

Z

Negative Coupling
5.53

46

3.62
3.62

10 Superior frontal gyrus

5.53

13 Insula

5.53

31 Cingulate gyrus

5.36

23

3.70

24

3.73

32

3.52

18 Cuneus

4.49

291

17

3.95

62

18

3.75

43 Postcentral gyrus

4.58

42 Superior temporal gyrus

4.47

22

3.67

18 Lingual gyrus

4.41

18

3.34

40 Inferior parietal lobe
4

Precentral gyrus

245

-36

35

13

6

45

41

7

245

-21

56

10

-27

20

16

141

-9

-40

43

6

-25

34

11

-6

29

19

-12

35

19

-18

-79

19

3

-85

10

15

-88

25

-51

-13

19

-63

-25

10

24

57

-10

7

43

0

-85

-14

15

-79

-14

4.05

11

-57

-37

37

4.04

17

48

-16

37

51

-4

10

42

-73

-8

45

-61

-5

341

6

3.39

19 Inferior occipital gyrus

3.81

37 Middle temporal gyrus

3.47

7

Precuneus

3.80

18

18

-79

40

Putamen

3.73

6

-21

-4

19

3.72

7

57

8

16

3.72

10

3

-49

-11

3.66

25

6

50

7

44 Ventrolateral prefrontal
cortex
Cerebellum
10 Medial frontal gyrus

32
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46 Inferior frontal gyrus
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Supplementary Table 5.5. Whole-brain analysis of within-group gPPI effects for right DLPFC.
Significant at a threshold of p = .001 (uncorrected) with an extent-threshold k > 5.
Controls (n = 14)
BA Area

PD patients (n = 33)

T-value Cluster Peak coordinates T-value Cluster Peak coordinates
size
(MNI)
size
(MNI)
X

Y

Z

X

Y

Z

Positive Coupling
8 Superior frontal gyrus

4.53

48

-12

20 55

6

4.37

49

21

23 55

Negative Coupling
Cerebellum

4.67

64

3.89

6

-52 -11

18

-46 -11

13 Insula

4.53

27

30

23

-8

13

4.06

9

-45

-10

16

47 Ventrolateral prefrontal
cortex

4.48

9

-30

4.49

40

15

-25

-8

4.27

47

-9

-31

-5

Thalamus
28 Parahippocampal gyrus
Amygdala

3.49

-15

23 -11

-10 -11

4.19

11

30

10 Middle frontal gyrus

3.89

16

-36

38

13

18 Cuneus

3.89

19

-12

-79

22

40 Inferior parietal lobe

3.78

14

-54

-37

40
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ABSTRACT

Behavioural impairments in response inhibition and initiation are common in Parkinson’s disease (PD) and are associated with reduced impulse control. No prior
study, however, has investigated the functional correlates of response inhibition
in de novo PD. Twenty-one de novo PD patients and 37 matched healthy controls
performed a stop-signal task during fMRI. The results showed that PD patients,
compared with healthy controls, were slower on response initiation but not inhibition. Task-related activation of the response inhibition network, including
the inferior frontal gyrus, was reduced in PD patients and the activity in the inferior frontal gyrus correlated negatively with motor symptom severity. These findings
show that de novo PD patients exhibit functional deficits in the response inhibition
network which are partly related to disease pathology and already evident prior to
commencing dopamine replacement therapy. This study provides insights into the
neural underpinnings of impulse control deficits, relevant for the study of the neural vulnerability factors involved in the development of impulse control disorders
in PD.
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Parkinson's disease is a progressive neurodegenerative disorder that affects, among
others, dopaminergic afferents towards the striatum [216, 217]. This striatal dopaminergic denervation lies at the root of the Parkinson-related motor disturbances
but there is growing evidence that it is also involved in the development of nonmotor symptoms, such as depression [218, 219], and impulse control disorders
(ICD) [220, 221]. ICD are characterized by an inability to suppress certain (potentially dangerous) impulses [222]. It is hypothesized that ICD in Parkinson’s disease
arise after commencing dopamine replacement therapy in patients with a certain
neurobiological susceptibility [223]. Nevertheless, non-clinically significant deficits
in impulse control have also been described in Parkinson patients without ICD
[224-226]. Response inhibition is a frequently used measure of the ability to control one’s impulses in an experimental setting [227]. Response inhibition tasks require subjects to inhibit inappropriate responses when certain cues are provided.
Previous behavioral studies have shown deficits in response inhibition in patients
with Parkinson’s disease compared with healthy controls [228-230]. Furthermore,
these deficits in response inhibition in Parkinson’s disease correlated with alterations in neurophysiological markers [231-233], and were associated with altered
brain activity patterns [234, 235] and reductions in frontal-striatal brain volume
[236]. However, all previous studies were carried out in Parkinson patients that
were on dopamine replacement therapy, making it impossible to disambiguate the
consequences of (chronic) medication from the pathophysiological alterations
associated with the disease itself. Nevertheless, two previous studies employing an
ON/OFF paradigm showed that levodopa is unable to fully restore deficits in
response inhibition [235, 237], suggesting that the deficits are primarily due to
pathophysiological changes.
The stop-signal task exerts higher demands on subjects compared with the
Go/No-Go task that was employed in almost all previous neuro-imaging studies in
Parkinson’s disease [238]. Therefore, the stop-signal task puts higher strain on the
compensational resources of the inhibition network and is thus more likely to reveal subtle between-group differences in brain activation. This was also observed
in a very recent paper that showed decreased activation of the right inferior frontal
gyrus in medicated Parkinson’s disease patients compared with healthy controls
during performance of a stop-signal task [226]. Based on this and other previous
studies, we hypothesized that, compared with healthy controls, de novo Parkinson
patients would show impairments in response initiation and inhibition concomitant
with hypo-activation of inhibition-related brain areas.
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METHODS

Participants

Parkinson patients were recently diagnosed by a movement disorder specialist
according to the UK Parkinson’s disease Brain Bank criteria [100] for idiopathic
Parkinson’s disease. All patients were naive for dopamine replacement therapy (de
novo). We used the Unified Parkinson’s Disease Rating Scale motor section (UPDRS-III) [239] and Hoehn and Yahr stage [102] to assess disease severity and disease stage, respectively. Healthy controls were recruited through advertisements.
Exclusion criteria in healthy controls were all current or previous severe traumatic
head injuries, other neurological or psychiatric disorders, including alcohol or drug
dependence. Exclusion criteria in Parkinson’s disease were a current or previous
psychiatric or neurological disorder other than Parkinson’s disease itself. Participants were screened for the presence of psychiatric disorders using the Structured
Clinical Interview for DSM-IV Axis-I Disorders (SCID-I) [240] and for signs of
dementia using the Mini Mental State Examination (MMSE) [241]. All participants
with excessive movement during functional MRI scanning (>3mm) or use of centrally active drugs were excluded. We administered the Dutch version of
the national adult reading test [242] to provide a measure of pre-morbid intelligence. All participants provided written informed consent according to the declaration of Helsinki and the study was approved by the local research ethics committee.
Stop-signal task

Participants performed a visual stop-signal task during fMRI scanning [243] in
which they responded to the direction of an arrow (left or right) by pressing a button with the index finger of the concordant hand (Go-trials). Go-trials were interspersed pseudo-randomly with Stop-trials, in which a cross was superimposed on
the arrow with some delay after the initial presentation of the arrow. On these
trials, participants had to refrain from responding. The delay of the stop-signal
(stop-signal delay or SSD) was continuously adapted by a staircase tracking mechanism to approximate a 50% inhibition on all stop-trials. Participants were instructed to respond quickly but accurately. They were also told that the design of the
task would prevent them from accurately inhibiting their responses on all Stoptrials. Further details on the task are provided in the supplementary methods. Behaviourally, we measured the mean reaction time on successful Go-trials (speed of
Go process), the stop-signal reaction time (speed of Stop process) and the error
percentage on Go-trials and Stop-trials. Participants with a Go-trial error percentage >40% were excluded; cf. [244]. Stop-signal reaction time (SSRT) was estimated
with to the integration method, which according to simulations gives to most relia118
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ble estimate of SSRT [245]. Because response latencies gradually increased during
the task, SSRTs were estimated separately in four smaller blocks (each block consisting of at least 50 trials) and subsequently averaged. Blocks from subjects with
stop-trial error percentages <25% or >75% were excluded [244].
Image acquisition

T2*-weighted echo-planar images (EPI’s) with blood oxygenation level-dependent
(BOLD) contrast were acquired in each session; slice order: sequential and ascending, TR=2100 ms, TE=30 ms, flip angle=80°, 40 slices (3.75 x 3.75 mm in-plane
resolution; 2.8 mm slice thickness; matrix size 64 x 64) per EPI volume. Structural
images were acquired using a 3D sagittal T1-weighted sequence (TI = 450 ms, TE
= 3 ms, voxel size 1 x 0.977 x 0.977 mm, 172 slices). In addition, we acquired
[123I]FP-CIT ([123I]N-ω-Fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane) SPECT scans from a sub-group of PD patients to measure presynaptic striatal dopamine transporter availability as a measure for striatal dopamine integrity.
Dopamine transporter availability was measured in the ventral striatum, anteriordorsal striatum and posterior putamen. See the supplementary material for a full
description of the [123I]FP-CIT SPECT acquisition and delineation of the region’s
of interest.
Data preprocessing and analyses

Behavioural analyses were conducted in IBM SPSS 20 (Armonk, NY, USA). Between-group differences were analyzed with two-sample T-tests or Mann-Whitney
U-tests, depending on the variable’s distribution. Correlations between behavior
and clinical measures were analyzed with Pearson’s r correlation coefficient.
Imaging preprocessing and analyses were performed with SPM8 (Wellcome Trust
Center for Neuroimaging, London, UK). Functional brain images were manually
reoriented, slice-time corrected and realigned to the first volume. The resulting
mean image was then co-registered to the structural T1 image, and images were
normalized to Montreal Neurological Institute (MNI) space and spatially smoothed
using an 8 mm Full-Width-at-Half-Maximum (FWHM) Gaussian kernel. All imag119

Chapter 6

Imaging data were collected using a GE Signa HDxT 3T MRI scanner (General
Electric, Milwaukee, U.S.) at the VU University Medical Center (Amsterdam, The
Netherlands). Task stimuli were projected on a screen behind the participant's
head at the end of the scanner table, visible through a mirror mounted on the head
coil. The participant’s head was immobilized using foam pads to reduce motion
artefacts.
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ing analyses were performed in the context of the general linear model. Onsets of
successful Go-trials, successful Stop-trials and unsuccessful Stop-trials were modeled per participant (first-level) using delta functions convolved with the hemodynamic response function. Participants’ movement parameters (3 translation and 3
rotation parameters) were added as additional regressors of no interest. A 128 s
high-pass filter was used to remove noise associated with low-frequency confounds. Inhibition-related blood-oxygen-level dependent (BOLD) activity was
modeled by contrasting successful Stop-trials with successful Go-trials (Successful
Stop>Successful Go). Error-related activity was probed by contrasting unsuccessful Stop-trials with successful Stop-trials. These contrasts were brought into second-level random effects analyses.
We examined between-group differences using two-sample T-tests in a priori selected brain regions by constructing spherical functional regions of interest
(ROI) (MarsBaR, http://marsbar.sourceforge.net) with a 10 mm radius around the
peak voxel coordinates of the main effects of 73 healthy controls, pooled from the
current study and one conducted previously [243]. Differences in inhibition-related
activity (Successful Stop>Successful Go) were probed in the left and right inferior
frontal gyrus (right: [x=51, y=20, z=7]; left: [x=-54, y=17, z=4]), inferior parietal
lobule (right: [x=35, y=-64, z=46]; left: [x=-33, y=-64, z=37]), caudate nucleus (right: [x=12, y=11, z=4]; left: [x=-12, y=14, z=1]) and pre-supplementary motor area (right: [x=5, y=29, z=43]). Neither the left pre-supplementary motor area
nor sub-thalamic nuclei showed peak voxel activity in the main effects of the
pooled healthy control samples. We also examined the inverse contrast (Successful
Go>Successful Stop) in the same regions to ascertain that any observed betweengroup differences in brain activation were specific for inhibition and not related to
Go-trial processing. Error-related activity (Failed Stop>Successful Stop) was examined in the anterior cingulate cortex, using a spherical ROI around the coordinates
[x=-3, y=20, z=34].
Analyses on group interaction effects were conducted with and without mean
SSRT as a nuisance covariate (interacting with group) to correct for inter-individual
differences in task-performance and masked by the group-specific main effects of
task (inclusive, p < .05). Results were considered significant if they fell below an
alpha of p < .017, FWE-corrected. This critical value was established with SISA
(http://www.quantitativeskills.com/sisa/calculations/bonhlp.htm), which uses the
mean correlation between variables (r = .43) that are mutually correlated (i.e. activity in seven ROIs) for the alpha correction and allows one to perform a less stringent correction than the Bonferroni method for multiple comparisons. Betweengroup differences with a significance between .017 < p < .05, FWE-corrected are
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also reported. Furthermore, we explored these effects with a whole-brain analyses
at a more lenient threshold of p < .001, uncorrected (see figure S6.1 and Table S6.1).
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In order to establish the behavioural and clinical relevance of the between-group
differences in task-related BOLD response, we correlated withingroup BOLD activity with behavioural measures, UPDRS-III and dopamine transporter (DaT) availability using a ROI approach. Spherical ROIs with a
radius of 20 mm were constructed around the peak voxel of clusters that showed
between-group differences at p <. 05, FWE corrected (see Table 6.2) and masked
each spherical ROI with the cluster specific Brodmann area (2x dilated, WFU
Pickatlas, Wake Forest University, Winston-Salem, NC, USA) to increase specificity. For example, for the right IFG a 20 mm spherical ROI was constructed around
MNI coordinates x=51, y=20, z=4 (see Table 6.2) and masked with voxels within Brodmann area 47. Mean BOLD activity was extracted per subject from these
ROIs using MarsBaR (http://marsbar.sourceforge.net/) and correlations with
clinical and behavioural measures were performed in SPSS. Mean activity in these
ROIs was also correlated with DaT availability in the posterior putamen, anteriordorsal striatum and ventral striatum, conform [221]. For behavioural and clinical
analyses in SPSS alpha was set to p <. 05; we considered p < . 1 a trend.
RESULTS

Demographic and behavioural analyses – group differences

Parkinson patients (N=21) and healthy controls (N=37) were matched for age,
gender and intelligence (Table 1). There were also no differences in MMSE score
and none of the participants showed signs of dementia (MMSE ≤ 24). Measures of
disease stage, disease duration and severity of motor symptoms are presented
in Table 6.1. Go-trial reaction times were longer in Parkinson patients compared
with healthy controls (t(56)= 2.50, p = .02). SSRT was also slightly longer in Parkinson patients (259.5 ± 62.5) compared with healthy controls (238.8 ± 41.8) although this difference failed to reach significance (t(56)= 1.50, p = .14). Parkinson
patients made fewer erroneous responses to Stop-trials than healthy controls (U =
244, p = .02), but there were no between-group differences in the Go-trial error
percentage (see Table 6.1).
Behavioural analyses – correlations

Age did not correlate with SSRT in either group, but did correlate positively with
Go-trial reaction time in healthy controls but not Parkinson’s disease (healthy controls: r = 0.42, p = .009; Parkinson’s disease: r = 0.29, p = .20). Severity of motor
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symptoms in Parkinson patients, as measured by the UPDRS-III, correlated positively with Go-trial reaction time (r = 0.50, p = .02) but not SSRT (r = 0.35, p =
.12), which exemplifies that SSRT slowing is unrelated to Parkinson-related motor
impairments.
Imaging analyses – task effects across and within groups

During inhibition (successful Stop>successful Go) task-related brain activation
was observed in the inferior frontal gyrus, pre-supplementary motor area extending
into the dorsolateral prefrontal cortex, caudate nucleus, inferior parietal cortex and precuneus (see figure S6.1). Task-related brain activation was largely right
lateralized in Parkinson’s disease, while in healthy controls more bilateral activity
was observed. The error-related contrast (failed Stop>successful Stop) showed
involvement of the dorsal anterior cingulate cortex, bilateral precentral gyri
and occipital cortex.
Imaging analyses – between-group differences

During successful inhibition, Parkinson patients compared with healthy controls,
showed significantly decreased activity in the right (x = 51, y = 20, z = 4; k =
16; p = .015 (FWE)) and left (x = -57, y = 11, z = 7; k = 6; p = .011 (FWE)) inferior frontal gyrus (see Figure 6. 1a,b and Table 6.2). Task-related activity in the
inferior parietal lobule (x = -33, y = -61, z = 34; k = 3; p = .042 (FWE)) was also
decreased in Parkinson patients but fell short of the alpha-level determined by
SISA (p < .017 (FWE)). Parkinson patients showed no task-related activity increases compared with healthy controls and there were no differences in error-related or
Go-trial processing. Including SSRT as a nuisance covariate had no effect on the
reported results. The exploratory whole-brain analyses showed additional decreases
in activity in the bilateral cerebellum, right precuneus, right caudate nucleus and
right occipital temporal area during successful inhibition and a cluster of decreased
activity in the right posterior cingulate cortex during error-processing (Table S6.1
and Figure S6.2).
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Table 6.1 Demographics, clinical measures and task performance
Parkinson

Healthy controls

Test statistic (P-value )

21 (71.4)

37 (56.8)

1.22 (.27)a

Age

59.0 ± 10.4

56.2 ± 9.9

1.01 (.32)b

IQ estimation

104.0 ± 18.9

104.5 ± 13.8

-0.11 (.91)b

3/18

4/33

.15 (.70)a

MMSE

28.8 ± 0.9

29.1 ± 0.8

312.5 (.19)c

UPDRS III

21.6 ± 8.3

-

-

H&Y stage

1.9 ± 0.4

-

-

10.5 ± 16.3

-

-

Go-trial reaction time (ms)

780.1 ± 126.3

688.4 ± 138.2

2.50 (.02)b

SSRT (ms)

259.5 ± 62.5

238.8 ± 41.8

1.5 (.14)b

Go-trial error (%)

3.2 ± 5.4

1.5 ± 1.8

337.5 (.40)c

Stop-trial error (%)

41.7 ± 4.2

44.8 ± 4.4

244 (.02) c

N patients (% male)

Handedness (L/R)

Disease duration (weeks)
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a = chi-square test, b = two-sample T-test, c = Mann-Whitney U-test.
Abbreviations: MMSE Mini-Mental State Examination, UPDRS-III Unified Parkinson’s disease
rating scale part III (motor section), H&Y Hoehn & Yahr, SSRT stop signal reaction time.

Figure 6.1 Group x task effects during inhibition in Parkinson’s disease (N=21) and matched healthy
controls (N=37). Hypoactivated voxels during inhibition (contrast: successful Stop>successful Go) in
the right inferior frontal gyrus (a), left inferior frontal gyrus (b) and left inferior parietal lobule (c) in
Parkinson’s disease patients compared with healthy controls. See Table 6.2 for coordinates and statistics.
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Table 6.2: Group x task effects during inhibition and error processing
Contrast

Anatomical region

Brodmann
area
L/R

MNI coordinates
ke

t

PFWE

x

y

z

Inhibition
PD>HC

no significant findings

PD<HC

inferior frontal gyrus
Inferior parietal lobule

44

L

6

3.53

.011

-57

11

7

47

R

16

3.57

.015

51

20

4

39

L

3

3.17

.042

-33

-61

34

Error
PD>HC

no significant findings

PD<HC

no significant findings

Anatomical regions are significant at p < .017, the critical value determined by SISA to correct for
multiple comparisons. Abbreviations: PD Parkinson’s disease, HC healthy controls, k cluster size.

Imaging analyses – Correlations with clinical and behavioral measures

In Parkinson’s disease, UPDRS-III correlated negatively with inhibition-related
activity in the left IFG (r = -.53, p = .01; see figure 6.2). There were no significant
correlations between task performance and inhibition or error-related activity in
Parkinson’s disease. In healthy controls, Go-trial reaction times correlated negatively with inhibition-related activity in the right IFG (r = -.33, p = .04).
For fifteen Parkinson patients [123I]FP-CIT SPECT imaging data were available.
The interval between SPECT and fMRI imaging was on average 56(± 28)
days. DaT availability did not correlate with task performance, UPDRS-III or error-related activity. DaT availability in the left and right ventral striatum, but not
anterior-dorsal striatum and posterior putamen, correlated positively with inhibition-related activity (successful Stop>Successful Go) in the right IFG (left: r =
.69, p = .004, right: r = .66, p = .007, figure S6.3). Nevertheless, when adding age as
a control variable to the correlation these associations were no longer significant
(left: r = .42, p = .14, right: r = .31, p = .28). Age correlated negatively with DaT
availability in the left (r = -.75, p = .001) and right ventral striatum (r = -.81, p <
.001) and right IFG activation (r = -.64, p = .01). These negative correlations with
age are consistent with previous studies [219, 238, 246]. The presented correlation
between DaT availability and IFG activation ‘corrected’ for age may, however,
have been biased, especially in this relatively small sample and should be considered with caution. When two independent variables are highly correlated, partial
correlations with a dependent variable become unstable and prone to sampling
errors (i.e. problem of multi-collinearity) [247, 248].
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DISCUSSION

A growing body of literature indicates impaired response inhibition in Parkinson
patients. The novelty of this study lies in the fact that all Parkinson patients were
naïve for dopamine replacement therapy, which excludes the possible confounding
effects of (chronic) medication use on behavioural performance and functional
activity during a response inhibition task. Compared with matched healthy controls, Parkinson patients showed hypoactivation of inhibition-related brain areas
such as the IFG and inferior parietal lobule during execution of a stop-signal task.
In contrast, previous neuroimaging studies employing the Go/No-Go task in Parkinson patients versus healthy controls showed mainly hyperactivated brain regions
and no differences in task performance [234, 235]. The disparity with our results is
most likely explained by the fact that the Go/No-Go task exerts lower inhibitory
demands than the stop-signal task [227, 238]. In the Go/No-Go task, Parkinson
patients have the opportunity to boost their performance by recruiting additional
inhibition-related brain areas; e.g. contralateral brain areas and the cerebellum. If
inhibitory demands are higher, such as in the stop-signal task, these compensation
mechanisms fail and performance declines. This is consistent with the so-called
‘compensation-related utilization of neural circuits hypothesis’ (CRUNCH) of
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Figure 6.2 Correlation between UPDRS-III and inhibition-related activity in the left inferior frontal
gyrus. Abbreviations: IFG inferior frontal gyrus, UPDRS-III Unified Parkinson’s Disease Related
Symptoms Rating Scale part III (motor section), BOLD Blood oxygen level dependent.
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normal aging [249]. Bearing this hypothesis in mind, the hypoactivation of inhibition-related brain areas in Parkinson’s disease versus healthy controls may be seen
as accelerated aging in Parkinson patients [250]. This between-group difference in
the capacity to compensate can be visualized by a shift in the inverse U-shaped
relation between task demands and inhibition-related neural circuit activity during
response inhibition that we recently proposed [251]. The cause of this shift remains speculative although we suggested that dysfunction of striatal dopamine
signalling might be a prime suspect due to its major neuromodulatory role in the
cortico-striatal-thalamocortical circuits that subserve goal-directed behaviour [252].
Nevertheless, there is ample evidence that other neurotransmitters such
as serotonin and noradrenalin also play a role in response inhibition [see 253 for
reviews, 254] and further research is therefore warranted. Our negative correlation
between left IFG activity and UPDRS-III score is consistent with a further shift in
the relation between task demands and inhibition-related neural circuit activity as
disease severity progresses.
Our results are also consistent with recent results [226] describing a decreased
activation of the right inferior frontal gyrus in medicated Parkinson’s disease patients compared with healthy controls. Unlike Ye et al. and contrary to our expectations, we did not observe a significantly increased SSRT in Parkinson patients.
This is also in contrast with other studies employing the stop-signal task in Parkinson's disease versus healthy controls [228, 230, 237]. Nevertheless, these studies
employed the mean method to estimate SSRT (mean Go-RT - mean SSD) that has
recently been shown to consistently overestimate the SSRT [245]. It is therefore
possible that some of the reported differences might actually have been overestimated. When using the mean method Parkinson patients had a significantly slower
SSRT than healthy controls (Parkinson 269.1 ± 49.4; healthy control: 243.8 ±
44.4; t(56)= 2.0, p = .049). Another explanation might be that are task was optimized for use during fMRI scanning and consisted of fewer trials than other studies employing the stop-signal task in Parkinson's disease [226, 228, 230, 237] and
might thus have been underpowered to capture subtle between-group behavioral
differences. A last possible explanation might be that our early stage medicationnaïve Parkinson patients – although they showed clear functional impairments –
were still relatively behaviourally preserved. Since this is the first study to investigate response inhibition in de novo Parkinson's disease we are unable to ascertain
which explanation is correct. Whether or not de novo Parkinson patients already
show behavioural deficits in response inhibition therefore warrants further investigation.
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Impairments in response inhibition reflect deficits in impulse control that can grow
into impulse control disorders (ICD). These disorders develop in at least 14% of
all Parkinson’s disease patients that receive dopamine replacement therapy [223,
255]. Examples of ICD include pathological gambling, hyper-sexuality, compulsive
shopping and compulsive eating [223, 255] and the development is thought to
depend on an interaction between a pre-morbid neurobiological susceptibility and
the use of dopamine replacement therapy. The exact nature of this neurobiological
susceptibility is still under investigation, although we previously showed that the
development of ICD symptoms is predated by a more pronounced striatal dopaminergic denervation, as measured by dopamine transporter availability, compared
with patients not developing ICD symptoms [221]. Based on this study and others
[220, 256, 257] we hypothesize that the development of ICD is partly governed by
dopaminergic denervation due to the Parkinson’s disease pathology and concomitant dysfunction of cortico-striatal-thalamocortical circuits [see 223 for review]. In
this regard, the correlation between ventral striatal DaT availability and inhibitionrelated activity in the right inferior frontal gyrus is of interest and indicates that
higher dopamine denervation of the ventral striatum was associated with less inhibition-related activity. This suggests a direct role of the Parkinson pathology in
impulse control deficits. The correlation between striatal dopamine transporter
availability and task-related activation of the right inferior frontal gyrus did, however, not survive adjustment for age, probably due to a lack of power, and further
investigation in a larger study sample is therefore warranted.
In this study we chose to examine impulse control deficits in de novo Parkinson’s
disease patients without neuropsychiatric symptoms, despite the fact that clinically
significant deficits in impulse control (i.e. ICD) almost exclusively develop in Parkinson’s disease after the start of dopamine replacement therapy [223, 255]. Nevertheless, previous studies have shown that deficits in impulse control and reward
processing are also evident in Parkinson’s disease patients without ICD [224-226]
and our design allowed us to specifically examine the effects of the Parkinson pathology on impulse control deficits which are not obscured by (chronic) medication effects or neuronal alterations associated with the development of ICD. It is
currently unknown whether pre-morbid decreased inhibition-related brain activity
constitutes an increased risk of later developing ICD, although clinical evidence
suggests that a (family) history of impulsivity increases the risk of developing ICD
[255].
A possible limitation of this study is that we employed a stop-signal task paradigm
that contained fewer trials than other previous response inhibition tasks used in
Parkinson's disease which may have hampered our ability to correctly estimate the
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SSRT and underpowered our behavioural analysis. Further studies are therefore
needed to investigate whether de novo Parkinson's disease patients already show
impairments at the behavioural level.
In conclusion, this study is the first to study the neural correlates of the stop-signal
task in de novo Parkinson patients. We showed that, compared with well-matched
healthy controls, Parkinson patients exhibit functional impairments in motor inhibition that are partly related to disease severity. This study provides insights into
the neural underpinnings of impulse control deficits in PD and provides possible
leads for the investigation of the neurobiological susceptibility that may lead to the
development of medication-induced ICD in Parkinson’s disease.
SUPPLEMENTARY METHODS
Stop-signal task

The stop-signal task utilized in this study was previously described by [243]. The
task consisted of 252 trials, of which 80 percent were Go-trials where participants
had to indicate the orientation of an arrow (left or right) with a button-press by the
accordant index finger. The number of stimuli pointing to the left and right were
equal to limit the (dis)advantage that left or right handers might experience during
the task. The remaining 20% of the trials were Stop trials. Stop trials began similar
to Go-trials. In both cases a fixation cross was presented for 500 ms after which an
arrow appeared for a maximum of 1000 ms. In stop-trials a cross was additionally
superimposed on the arrow after a variable delay after the appearance of the arrow
(stop-signal delay or SSD). The SSD was continuously adapted by a staircase tracking mechanism. At the beginning of the task the SSD was set to 250 ms and updated according to the performance of the participant. The SSD of the following
Stop trial was decreased by 50 ms after a failed stop-response (i.e. a response was
given) and increased by 50 ms after a successful stop-response (i.e. no response
was given) to approximate a 50 percent inhibition on all stop trials. Go and Stop
trials were pseudo-randomly intermixed with the first 12 trials being Go-trials and
that Stop-trials never succeeded each other. The inter-trial interval jittered randomly between 1500 and 2500 ms. Participants performed a practice run prior to MRI
scanning to familiarize them with the task and they were instructed to respond as
quickly and accurately as possible. They were also told that the design of the task
would prevent them from accurately inhibiting their responses on all Stop-trials.
Task presentation and behavioral recordings were performed with E-Prime 1.2
(Psychology Software Tools, Pittsburgh, PA, USA). Stimuli were presented on a
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screen behind the participant's head at the end of the scanner table, which was
visible through a mirror mounted on the head coil. Responses were given with an
MRI-compatible response box (Current Designs, Philadelphia, PA, USA).
Dopamine transporter (DaT) SPECT imaging – procedure

DaT SPECT imaging – image processing

Preprocessing steps and analyses of the DaT SPECT scans were performed in
SPM8 (Wellcome Trust Center for Neuroimaging, London, UK). Scans were coregistered to each individual’s structural T1 image. T1 images were normalized to
Montreal Neurological Institute (MNI) space and we applied the resulting normalization parameters to the co-registered DaT SPECT scan. DaT SPECT scans were
subsequently resliced to a voxel size of 2mm3 using trilinear interpolation and
spatially smoothed with a 6 mm FWHM Gaussian kernel to correct for interindividual anatomical differences.
Binding ratios and regions of interest

Individual binding ratios (BR) of specific to non-specific DaT binding were calculated for the left and right ventral striatum, anterior-dorsal striatum (aDS) and
posterior putamen (PP), cf. [221] . Tracer binding in the bilateral superior, medial
and inferior occipital gyri was used as a reference. The VS was defined according
to the method described by Tziortzi et al. (2011) [259] and traced on the coronal
slices of a standard single subject T1-weighted MRI scan available in SPM8. The
aDS was delineated on the same coronal slices as the VS. To avoid spillover ef-
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We used the established [123I]FP-CIT ([123I]N-ω-Fluoropropyl-2β-carbomethoxy3β-(4-iodophenyl)nortropane) SPECT tracer to measure presynaptic striatal dopamine transporter availability, an often utilized marker for the integrity of dopaminergic projections towards the striatum [258] . All patients received oral potassium
perchlorate to block thyroid uptake of free radioactive iodide. [123I]FP-CIT was
injected intravenously three hours before image acquisition at an approximate dose
of 185 MBq (specific activity >185 MBq/nmol; radiochemical purity >99%). Subjects were imaged using a dual-head gamma camera (E.Cam; Siemens, Munich,
Germany) with a fan-beam collimator. We acquired 60 x 30 second views per head
over a 180° orbit on a 128×128-pixel matrix resulting in a total imaging time of 30
minutes. Image reconstruction was performed using a filtered back projection with
a Butterworth filter (order 8, cutoff 0.6 cycles/cm; voxel size: 3.9 mm3 after reconstruction). Scans were reoriented manually to ensure that left and right striatum
were aligned.
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fects, a gap of approximately 5 mm was left between the borders of the VS and
aDS. These voxels were excluded from BR calculation. We based the PP ROI on
the putamen ROI from the AAL (Automated Anatomical Labeling) atlas such that
it comprised only voxels posterior to the anterior commissure [224, 260]. Mean
DaT availability was extracted from these ROIs using MarsBaR (http://marsbar.
sourceforge.net/) and Pearson's (semi-partial) correlations were performed in
SPSS. Results were considered significant if they fell below an alpha of p < .018.
This critical value was established with SISA (http://www.quantitativeskills.com/
sisa/calculations/bonhlp.htm), which uses the mean correlation between variables
(r = .44) that are mutually correlated (i.e. DaT binding in six ROIs) for the alpha
correction to allow for a less stringent correction than the Bonferroni method for
multiple comparisons.
SUPPLEMENTARY FIGURES AND TABLE

Figure S6.1 Main effect of inhibition-related activity in Parkinson’s disease patients (N=21) and
matched healthy controls (N=37). Activity is presented at p < .001, uncorrected.
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Figure S6.2 Whole brain group x task effects during inhibition and error processing
in Parkinson’s disease patients (N=21) and matched healthy controls (N=37). (a-i)
hypo-activated voxels in Parkinson’s disease patients compared with healthy controls during inhibition (contrast: successful Stop>successful Go). (j) hypo-activated
voxels in Parkinson’s disease patients compared with healthy controls during error
processing (contrast: failed Stop>successful Stop). Results presented at p < .001,
uncorrected. See supplementary Table 1 for coordinates and statistics.
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Figure S6.3 Correlation between ventral striatal dopamine transporter availability
and inhibition-related activity in the right inferior frontal gyrus.
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Table S6.1: Whole brain group x task effect of inhibition and error-related activity. Results are depicted using a statistical threshold of p < .001 (uncorrected).
MNI coordinates
Contrast

Anatomical region

PD>HC

no significant findings

PD<HC

Occipito-temporal area

Brodmann area L/R

ke

t

x

y

z

Inhibition

Precuneus

37

L

27

4.65

-48

-46

-8

7

R

18

4.50

12

-79

52

Caudate nucleus
inferior frontal gyrus

R

4

4.44

9

23

1

44

L

8

4.05

-57

8

10

47

R

7

3.47

51

20

4

R

26

4.03

36

-73

-20

L

23

3.76

-42

-70

-23

R

7

3.61

39

20

46

L

3

3.26

-33

-64

37

R

8

21

-55

Cerebellum
Middle frontal gyrus
Inferior parietal lobule

8
39
Error

no significant findings

PD<HC

Posterior cingulate

30

3.50

13
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ABSTRACT

A substantial proportion of patients with Parkinson’s disease (PD) suffers from
cognitive deficits, although there is a large variability in the severity of these impairments. While the cognitive deficits are often attributed to monoaminergic
changes, there is evidence that alterations in structural brain volume also play a
role. The aim of our study was to gain more insight into the variability of cognitive
performance among PD patients by examining the relation between regional gray
matter (GM) volume and cognitive performance.
We performed linear regression analyses between task performance and GM
volume for six neuropsychological tasks within a group of 93 PD patients, and
additionally compared them at a group level with matched healthy controls, using
voxel-based morphometry (VBM).
Our most important findings were positive correlations between GM volume
and cognitive performance for 1) parahippocampal gyrus and verbal memory, 2)
medial temporal lobe and putamen and visuospatial memory, and 3) middle temporal gyrus and frontal lobe and verbal fluency. In addition, we found decreased
GM volume in the frontal, parietal, and temporal cortices of PD patients compared with matched healthy controls.
We argue that the large variability in cognitive function across PD patients is
partly mediated by GM volume differences in the implicated areas. Volume differences in these brain regions do not discriminate between patients and controls but
explain cognitive variation within the patient population.
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INTRODUCTION

There is, however, accumulating evidence that besides functional changes in monoaminergic systems, morphological changes in the gray matter (GM) may also contribute to the cognitive deficits [262]. A valid method to investigate the relationship
between cognitive functioning and regional volume changes in GM is voxel-based
morphometry (VBM) [263]. VBM is an operator-independent, whole-brain voxelbased tool that can detect regional structural differences. Although the areas reported in previous VBM studies comparing groups of PD patients with healthy
controls vary greatly across investigations, a consistent finding is that increased
cognitive dysfunction and disease severity are associated with more pronounced
GM atrophy [51, 54]. Pan and colleagues [264] performed a voxel-wise metaanalysis of 17 VBM studies comparing PD patients with healthy controls and
found consistent GM volume decreases in the left inferior frontal gyrus, left superior temporal gyrus, and left insula. Ibarretxe-Bilbao and colleagues [262] reviewed
studies that related GM volume changes with neuropsychological task performance
in PD patients. They concluded that a correlation between memory deficits and
medial temporal lobe volume loss was the most consistent finding, but that data
involving other cognitive domains (e.g. visuospatial or executive functioning) were
inconclusive. Both review articles attributed the discrepancies in the available literature to methodological issues, including 1) heterogeneity in clinical characteristics of the patient populations studied (e.g. disease severity or depression, 2) inconsistency in controlling for potential confounding factors, such as age, gender, and
education, and 3) a lack of statistical power, due to relatively small sample sizes.
In summary, there is a large variability in cognitive performance among PD patients that might be related to differences in GM volume. This individual variabil137
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Patients with Parkinson’s disease (PD) often suffer from a variety of non-motor
symptoms, such as neuropsychiatric disorders, sleep disturbances, and cognitive
impairments [84]. There is, however, a large variability between PD patients in the
severity of the cognitive deficits that include impairments in executive functions,
memory and visuospatial functions [12, 14]. They are thought to arise from hypoexcitation of cortical and sub-cortical areas as a result of degeneration of monoaminergic nuclei in the brainstem [32]. Functional magnetic resonance imaging (fMRI)
studies investigating executive dysfunction in PD have confirmed this theory by
showing that deficits on planning and working memory tasks correlate with decreased activation of frontal-striatal areas [93]. Although the neurochemical substrates of the memory and visuospatial deficits are less well-formulated, cholinergic, serotonergic, and noradrenergic dysfunction appear to contribute [41, 261].
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ity, however, is lost in a comparison with healthy controls at a group level. We
therefore investigated the relation between regional GM volume and task performance for six different neuropsychological tasks within a cohort of 93 PD patients.
We expected a positive correlation between verbal memory performance and hippocampal volume, between visuospatial memory performance and parietal and
temporal volume, and between executive performance and volumes of the frontalstriatal areas. We additionally compared regional GM volume between PD patients
and matched healthy controls on a group level, to investigate whether task performance-related brain areas within the group of PD patients overlapped with between group differences in regional GM volume. We expected to find GM volume
reductions in the temporal, insular, and frontal areas [264].
METHODS

Participants

Data were obtained from 93 PD patients of the outpatient clinic for Movement
Disorders at the VU University Medical Center (VUmc), Amsterdam, The Netherlands. The MRI scans, neuropsychological and clinical assessments used in this
study were obtained as part of the routine diagnostic medical evaluation. All patients fulfilled the UK PD Brain Bank criteria [100] and gave a written informed
consent to store and use their medical information for scientific research. Of the
93 PD patients, 75 patients did not show evident cognitive impairments, 8 patients
fulfilled the criteria for mild cognitive impairment (MCI), and 4 patients were diagnosed with Parkinson’s disease dementia (PDD). Six patients were not classified.
Educational level was categorized according to a Dutch classification system (Verhage system) consisting of 7 categories ranging from 1 (did not finish primary
school) to 7 (university degree) [265]. Disease stage and severity of motor symptoms were assessed using the modified Hoehn and Yahr scale [102] and the Unified Parkinson’s Disease Rating Scale (UPDRS-III) [101] respectively. Levodopa
equivalent daily dose (LEDD) was calculated as described elsewhere [73]. Depressive symptoms and anxiety were assessed using the Beck Depression Inventory
(BDI) [266] and Beck Anxiety Inventory (BAI) [106], respectively.
A sample of forty-six healthy controls was selected from parallel studies performed
at the VUmc using the same MRI scanner to match our sample of PD patients
with respect to age and gender. Due to the retrospective nature of the study, the
neuropsychological test scores were only obtained for the PD patients, not for the
healthy controls. The study was approved by the local ethics committee of the
VUmc.
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Neuropsychological assessment

We used both the total immediate and the delayed recall score (30 minutes after
the last immediate recall trial) of the Dutch version of the Rey Auditory Verbal
Learning Task (RAVLT) [267] to assess verbal memory. We assessed visuospatial
memory by using the 3 minutes delayed recall condition on the Rey-Osterrieth
Complex Figure Test (ROCFT) [268], while excluding the immediate copy condition due to ceiling effects. Four tasks were used to assess distinct aspects of executive functioning. Interference susceptibility was measured by the mean time needed
for card III of the Stroop Color-Word Test [269] minus the average completion
time of Card I (speed of word reading) and II (speed of color naming). For the
Trail Making Test (TMT) [270] we subtracted the completion time on TMT-A
from the completion time of TMT-B (TMTB-A) [271]. Semantic verbal fluency
performance was measured using a categoric word fluency task (naming as many
“animals” as possible in 60 seconds), and phonemic verbal fluency with a letter
fluency task (naming as many words in 60 seconds starting with a D, A, and T
respectively). The summed score of the three trials was used to assess phonemic
verbal fluency.

MRI acquisition and preprocessing

All MRI scans were acquired using a GE Signa HDxt 3.0 T MRI-scanner (General
Electric, Milwaukee, Wisconsin, USA) with an 8-channel head coil. Structural images were obtained using a sagittal 3-dimensional gradient-echo T1-weighted sequence (matrix = 256 x 256; field of view = 25 cm; slice thickness = 1 mm; voxel
size = 1 x 0.98 x 0.98 mm; TR = 7.8 ms; TE = 3.0 ms; view angle = 12º).
Imaging data were preprocessed using VBM in SPM8 (Wellcome Trust Centre for
Neuroimaging, University College London; http://www.fil.ion.ucl.ac.uk/spm).
Scans were segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF), and transformed to DARTEL space, using ‘New Segment’ with 30
mm bias full width at half-maximum. For each of the six neuropsychological tests,
and for the comparison with the healthy controls, a separate group-specific template was created using DARTEL default settings [272] and flow fields were calculated accordingly. Next, the templates were normalized by warping them to MNI
stereotactic space (Montreal Neurological Institute), modulated, and smoothed
using a 10 mm Gaussian kernel.
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Missing values for the neuropsychological tests were due to insufficient time, motor and speech difficulties, fatigue, lack of motivation, or language problems.

Chapter 7

Statistical analyses and covariates

TMTB-A scores and Stroop interference scores were log-transformed and the
RAVLT delayed recall scores were square root-transformed to correct the nonnormal distribution.
Voxel-wise whole-brain regression analyses were performed using the GM
images as criterion variable and neuropsychological test scores as predictor variable. We included age, gender, education (entered as a dummy variable; low educational level, Verhage 1-5, and high educational level, Verhage 6-7), and total GM
volume as covariates in all our VBM regression analyses within the PD group. No
disease related covariates were included, since their addition to the standard four
covariates only marginally enhanced the prediction of the test scores.
Using a 2-sample t-test analysis, with total GM volume as covariate, we studied
regional volume differences between PD patients and the healthy controls.
Our statistical threshold was set at p < .001 (uncorrected) to avoid falsenegative findings, and we used an extent threshold of 50 voxels and absolute masking at a threshold of 0.2 to correct for false-positive findings. Regression coefficients and corresponding p-values were calculated and displayed in Statistical Parametric Maps, from which the peak-voxel values were extracted. These were used
to correlate GM volume with the cognitive test scores in SPSS 15.0 (SPSS, Chicago, IL, USA). Brain regions were identified using the WFU-Pick Atlas [151].
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83

ROCFT
86

Stroop
Interference
79

TMTB-A
85

80

Category Fluency Letter Fluency

DRP, n (%)

30 (34.1%)

2.0 (1.0-3.0)

24.2 ± 9.6

56 (63.6%)

27 (32.5%)

2.0 (1.0-3.0)

23.4 ± 9.2

53 (63.9%)

29 (33.7%)

2.0 (1.0-3.0)

24.0 ± 9.6

54 (62.8%)

28 (35.4%)

2.0 (1.0-3.0)

24.1 ± 9.7

48 (60.8%)

27 (31.8%)

2.0 (1.0-4.0)

24.7 ± 9.9

56 (65.9%)

26 (32.5%)

2.0 (1.0-3.0)

23.9 ± 9.6

52 (65.0%)

46

HC

723 ± 72

BAI

Total GM (ml)

721 ± 74

10 (0-45)

8 (0-28)

5 (1-7)

723 ± 75

10 (0-45)

8 (0-28)

5 (1-7)

717 ± 73

10 (0-45)

8 (0-28)

5 (1-7)

722 ± 76

11 (1-45)

8 (0-28)

5 (2-7)

724 ± 75

10 (0-45)

8 (0-26)

5 (1-7)

724 ± 72

10 (0-45)

8 (0-28)

6 (1-7)

706 ± 68

NO

NO

NO

NA

NA

NA

NA

28 (61%)
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Values are presented as mean ± SD or median (range) unless otherwise indicated
* Two-sample t-test (PD total vs HC; p = .23)
** Pearson’s chi-squared test (PD total vs HC; p = .58)
a Average is calculated for patients that were using dopaminergic medication
b Using a 7-point scale, 1 indicates did not finish primary school, 7 indicates university degree
UPDRS Unified Parkinson’s Disease Rating scale, H&Y stage Hoehn and Yahr stage, DRP Dopamine replacement therapy, LEDD Levodopa Equivalency
Daily Dose, BDI Beck Depression Inventory, BAI Beck Anxiety Inventory, GM gray matter volume, RAVLT Rey Auditory Verbal Learning Test, ROCFT
Rey-Osterrieth Complex Figure Test, TMT Trail Making Test, HC Healthy Controls

8 (0-32)

10 (0-45)

BDI

5 (1-7)

Educationb

509 (100-1590) 492 (100-1590) 522 (150-1590) 495 (100-1590) 509 (150-1590) 525 (100-1590) 489 (100-1590)

32 (34.4%)

H&Y stage

LEDD,

24.5 ± 10.3

2.0 (1.0-4.0)

UPDRS-III

61 (65.6%)

(mg/day)a

88

RAVLT

63 ± 10 (27-88) 63 ± 10 (27-88) 62 ± 10 (27-88) 62 ± 10 (27-88) 62 ± 10 (27-88) 63 ± 11 (27-88) 62 ± 10 (27-84) 61 ± 8 (47-77)

93

Gender (male),
n (%)**

Age (years, range)*

Number of patients

PD Total

Table 7.1: Demographic and clinical characteristics of the whole PD and HC study population, and of the PD sub-groups per neuropsychological task
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Figure 7.1 Raw test scores per neuropsychological task
The horizontal line represents the median test score

RESULTS

Within-group regression analyses

Demographic and clinical characteristics per task are summarized in Table 7.1 and
the raw test scores per neuropsychological task are depicted in Figure 7.1.
Visuospatial memory and learning
We found a positive correlation between ROCFT recall scores and GM volume in
the left and right middle temporal gyri, right putamen and globus pallidus and right
post-central gyrus (Table 7.2; Figure 7.2, panel a).
We found a positive correlation between the total immediate recall scores on
the RAVLT test and GM volume of the right parahippocampal gyrus and left occipital lobe (Table 7.2; Figure 7.2, panel b), and for the delayed recall an association
with GM volume in the left precuneus and the right parahippocampal gyrus (Table
7.2; Figure 7.2, panel c).
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Executive functioning
Performance on the Category Fluency task correlated positively with GM volume
in the left orbital and left middle temporal gyrus (Table 7.2; Figure 7.2, panel d),
and performance on the Letter Fluency task correlated positively with GM volume
in the right parahippocampal gyrus and right superior frontal gyrus (Table 7.2;
Figure 7.2, panel e).
Performance on the TMT correlated positively with GM volume in the right
inferior parietal lobe (Table 7.2; Figure 7.2, panel f). No significant correlations
were found for task performance on the Stroop task and regional GM volume.
Between-group comparison

The group comparison between our total sample of PD patients and matched
healthy controls (see Table 7.1 for demographics), showed significant GM volume
reductions in the right inferior parietal lobe, right inferior and middle temporal
lobe, left precentral gyrus, right superior and middle frontal gyrus, and right cerebellum in patients compared with controls (Table 7.2; Figure 7.2, panel g).
Table 7.2 Summary of the results from the linear regression analyses and from the comparison
between healthy controls and Parkinson’s disease patients.
Cluster size (voxels)

T

r

Peak coordinates (MNI)
X

Y

Brain region

Z

156

4.07

.38

-44

-59

1

735

3.61

.34

22

4

-4

L middle temporal gyrus
R putamen + globus pallidus

256

3.50

.33

51

-11

43

R post central gyrus

258

3.32

.32

54

-26

-6

R middle temporal gyrus

Correlations with RAVLT total immediate recall scores
(corrected for tGM, gender, education, age)
549

4.61

.39

38

-26

-15

312

3.83

.33

-15

-89

-8

R hippocampal gyrus
L occipital lobe / lingual gyrus

Correlations with RAVLT delayed recall scores (corrected for tGM, gender, education, age)
679

3.86

.31

-19

-66

27

87

3.49

.31

38

-28

-13

L precuneus
R hippocampal gyrus

Correlations with Stroop Interference scores (corrected for tGM, gender, education, age)
No significant results
Correlations with TMTB-A scores (corrected for tGM, gender, education, age)
190

3.72

-.34

55

-44

43

R inferior parietal lobe
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Correlations with ROCFT recall scores (corrected for tGM, gender, education, age)
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Cluster size (voxels)

T

r

Peak coordinates (MNI)
X

Y

Brain region

Z

Correlations with Category Fluency scores (corrected for tGM, gender, education, age)
100
449

3.77

.31

-11

29

-26

3.28

.34

-64

-42

1

L rectal gyrus
L middle temporal gyrus

Correlations with Letter Fluency scores (corrected for tGM, gender, education, age)
63

3.63

.36

36

-26

-20

78

3.38

.34

7

52

31

415

4.14

NA

1072

3.97

772

3.95

639
715

R parahippocampal gyrus
R superior frontal gyrus

HC > PD (corrected for tGM)
38

-64

40

R inferior parietal lobe

NA

62

-21

-23

NA

-47

-8

49

L precentral gyrus

3.77

NA

62

-56

-9

R inferior temporal gyrus

3.50

NA

6

21

61

R superior frontal gyrus

50

3.48

NA

29

35

46

R middle frontal gyrus

126

3.46

NA

59

9

-21

R middle temporal gyrus

287

3.45

NA

26

-87

-39

R posterior cerebellum

R inferior temporal gyrus

PD > HC (corrected for tGM)
No significant results
Results depicted puncorr < .001, extent threshold 50 voxels
T = t-statistic
r = Pearson’s correlation coefficient
tGM total gray matter volume, RAVLT Rey Auditory Verbal Learning Test, ROCFT Rey-Osterrieth
Complex Figure Test, TMT Trail Making Test, PD Parkinson’s disease, HC healthy controls, NA not
applicable
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Figure 7.2 Results from the linear regression analyses between neuropsychological test scores and
gray matter volume within the Parkinson’s disease patients group, and of the gray matter volume
comparison between the healthy controls and Parkinson’s disease patients
The coloured bar indicates the Z-values
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DISCUSSION

In this VBM study we investigated cognitive heterogeneity within a large group of
PD patients. We found that the variation in cognitive function was associated with
differences in GM volume of the implicated brain regions and that these variations
do not overlap with brain regions showing volume differences between patients
and controls.
The relation between learning, for both immediate and delayed recall, and medial
temporal lobe volume has been consistently described in previous studies in PD
patients [262]. In this study we found a correlation between right parahippocampal
volume and verbal memory, although classically the left hippocampus is most
strongly associated with verbal learning [273]. The relationship between occipital
cortex and precuneus volume and immediate and delayed recall, respectively, was
unexpected. Both brain areas are implicated in memory function, but mainly in
visual and episodic memory [274, 275].
We found a positive correlation between visuospatial memory performance and
GM volume of the left and right middle temporal gyri. The absence of a correlation with parietal volumes might be explained by the fact that this task relies more
strongly on memory than on visuospatial construction. The correlation between
visuospatial memory and putamen/pallidum volume was unexpected. Muslimovic
and colleagues [14] tested a large group of PD patients neuropsychologically and
argued that visuospatial task performance is influenced by executive functions.
This fits our results, since both putamen and pallidum are implicated in executive
functions [32]. Volume differences in these structures may thus contribute to variation in visuospatial memory performance.
When correlating response inhibition performance with GM volume, no effects
passed the statistical threshold. This might be explained by the high correlations
between age, GM volume, and task performance. By including age into our regression model, we might have also removed unique variance from GM volume and
task performance, thus masking a potential effect of interest.
We found a positive correlation between performance on the letter fluency task
and GM volume in the right superior frontal and parahippocampal gyrus, which is
in line with studies in healthy controls [276] and patients [277, 278]. We furthermore found a positive correlation between performance on the category word
fluency task and GM volume in the left middle temporal and rectal gyrus, replicating findings from a previous VBM study in PD patients [279]. Decreased cognitive
flexibility correlated with decreased GM volume in the right inferior parietal lobe.
This finding fits recent neuroimaging studies that show the importance of nonfrontal areas, such as the parietal lobe, for intact executive functions [280].
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We found that in PD patients, better performance on the neuropsychological tasks
was associated with larger GM volume in the middle and medial temporal lobe,
putamen/pallidum, parietal, and prefrontal cortex. PD patients perform, on average, lower on tasks that measure executive functions, memory, and visuospatial
tasks in comparison to matched healthy controls. There is, however, a large variability in cognitive performance between PD patients [12]. Cognitive deficits are
believed to arise from monoaminergic changes in, most notably, the striatum and
the hippocampus. Although we did not find reduced GM volume in the hippocampus or putamen in the comparison between PD patients and healthy controls,
our task performance-related correlations indicate that (medial) temporal and putaminal GM volume may contribute to the level of cognitive performance within
the group of PD patients. Although temporal volume differences between patients
and controls do not exactly overlap with the temporal regions showing a volume
relationship with cognitive performance, one might theorize that volume loss in
these areas can interfere with the task performance-related areas and thus contribute to cognitive deficits. We hypothesize that patients with greater GM volumes in
these areas may have an advantage by way of greater cognitive reserve and would
therefore display less cognitive deficits.
Our study has some limitations. The first is the lack of neuropsychological test
data of the control group. Although PD patients, as a rule, score lower on these
tasks than healthy controls [14] we were in the current setup not able to make
statements on the specificity of the correlations for PD between test scores and
GM volume. A second limitation is more general to this type of studies. The multicolinearity between different covariates, such as age, gender, education, and test
performance with GM volume makes it difficult to assess the influence of each of
these covariates on the dependent variable [282]. By including all of these covariates
in our regression analyses we may have been overly conservative. We believe, however, that this strictness renders our eventual findings more robust and reliable.
In conclusion, we suggest that variation in cognitive functioning in PD can, at least
partly, be explained by differences in GM volume of implicated brain regions and
that these variations in regional GM volume are subtle and do not differentiate
between patients and controls.
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We found, as hypothesized, areas of lower GM volume in the right parietal, temporal, and frontal areas when comparing our PD group with healthy controls [264].
The areas showing group differences were relatively small, which is in accordance
with other studies that compared PD patients with a similar cognitive status [51,
54] and disease severity [46, 281] with matched healthy controls.
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ABSTRACT

Parkinson’s disease (PD) is often associated with cognitive deficits, although their
severity varies considerably between patients. Recently, we used voxel-based morphometry (VBM) to show that individual differences in gray matter (GM) volume
relate to cognitive heterogeneity in PD. VBM does, however, not differentiate
between cortical thickness (CTh) and surface area (SA), which might be independently affected in PD. We therefore re-analyzed our cohort using the surfacebased method FreeSurfer, and investigated (i) CTh, SA, and (sub)cortical GM volume differences between 93 PD patients and 45 matched controls, and (ii) the
relation between these structural measures and cognitive performance on six neuropsychological tasks within the PD group. We found cortical thinning in PD patients in the occipital, parietal and frontal cortex. Within the PD group, we found
negative correlations between (i) CTh of occipital areas and performance on a
verbal memory task, (ii) SA of the orbitofrontal cortex and interference susceptibility, (iii) SA and volume of the frontal cortex and visuospatial memory performance, and, (iv) volume of the right thalamus and scores on two verbal fluency
tasks. Our primary findings illustrate that i) CTh and SA are differentially affected
in PD, and ii) VBM and FreeSurfer yield non-overlapping results in an identical
dataset. We argue that this discrepancy is due to technical differences and the subtlety of the PD-related structural changes. We recommend to use both techniques
to obtain information on cortical PD-related pathology from FreeSurfer, and more
subtle volume effects in (sub)cortical structures from VBM.
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INTRODUCTION

Despite the advantages of this voxel-based technique, VBM suffers from a major
drawback: it does not distinguish between different cortical morphological properties [283]. GM volume is the product of cortical thickness (CTh) and surface area
(SA) [284]. There is evidence to suggest that CTh and SA are differentially affected
in normal aging [285] and Alzheimer’s disease [286]. Similarly, recent studies suggest that a separate consideration of these two components of GM volume may
also be more informative in the context of PD [287-289]. We therefore employed
FreeSurfer, a surface-based technique, to measure CTh, SA, and (sub)cortical GM
volume in the PD and HC groups originally analyzed with VBM [91]. This approach provided the opportunity to i) investigate specific structural changes related
to PD, ii) study the contribution of different aspects of brain structure to cognitive
heterogeneity in PD, and iii) compare the use of two common neuroimaging techniques for structural analyses in an identical dataset. We hypothesized to find a
decrease in structural measures in PD patients, which could be (partly) explained
by differences in CTh and SA. Similarly, we expected to find correlations between
task performance and structural measures in brain areas that would (partly) overlap
with those found in our previous VBM study within the PD sample. Although
VBM and FreeSurfer are complementary (i.e. they do not measure the same
151
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In addition to typical motor symptoms such as tremor, bradykinesia, rigidity, and
postural instability, patients with Parkinson’s disease (PD) often experience nonmotor symptoms. Among these non-motor symptoms are cognitive deficits, which
predominantly exist in the domain of executive functions, memory and visuospatial performance [12, 14]. Cognitive deficits are common, even in early stage PD
[14], and up to 80% of all patients suffer from dementia at the end-stage of the
disease [23] . The onset and rate of cognitive decline, however, differs considerably
between patients.
Recently, we showed that differences in brain structure may contribute to cognitive heterogeneity in PD [91]. In this VBM study patients had relatively small
areas of decreased gray matter (GM) volume in cortical areas such as the parietal,
temporal, and frontal cortex, and in the cerebellum. Within the PD group, we
found positive correlations between GM volume and cognitive performance for (i)
parahippocampal gyrus and occipital lobe and verbal memory, (ii) medial temporal
lobe and putamen and visuospatial memory, (iii) middle temporal gyrus and frontal
lobe and verbal fluency, and (iv) inferior parietal lobe and cognitive flexibility.
These VBM results suggest that in addition to the diffuse structural changes that
affect the PD population in general, between-patient differences in regional GM
volume may play a role in cognitive heterogeneity.
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(sub)cortical characteristics) we expected to replicate the most robust cortical and
subcortical effects we found in our previous study.
METHODS

Participants

A detailed description of the selection procedure of our participants is provided in
Gerrits et al (2013). Briefly, we selected 93 idiopathic PD patients from a large,
well-documented cohort of the outpatient clinic for movement disorders at the VU
University medical center (VUmc), as well as 46 demographically age- and gendermatched HC. Magnetic resonance imaging (MRI) scans and demographic information, such as age and gender, were collected for the entire sample. Due to incorrect cortical reconstruction, we excluded one control participant, resulting in a
sample that is almost, but not entirely, identical to the sample used in the VBM
study [91]. Within the PD group, we evaluated education level using a scaled
Dutch classification system ranging from 1 (did not finish primary school) to 7
(university degree) [290]. We assessed severity of motor symptoms and stage of
illness with the motor subscore of the Unified Parkinson’s Disease Rating Scale
(UPDRS-III) and Hoehn & Yahr scales [102], respectively. Disease duration was
defined as the subjective time interval between the first reported classical motor
symptoms and the moment of clinical assessment. We evaluated mood and anxiety
symptoms with the Beck Depression Inventory (BDI) [105] and the Beck Anxiety
Inventory (BAI) [106], respectively. The cognitive status of our PD cohort was
assessed by trained neuropsychologists as part of the standard diagnostic procedure. Of the 93 PD patients, 75 patients did not show evident cognitive impairments, eight patients fulfilled the criteria for mild cognitive impairment and four
patients were diagnosed with PD dementia. Six patients could not be classified. All
participants gave informed consent to the protocol, which was approved by the
local ethics committee of the VUmc.
Neuropsychological assessment

Neuropsychological data were available only for the PD group, and not all patients
participated in each cognitive task (see table 8.1). To evaluate global cognitive status, we used the mini-mental status examination (MMSE) [241, 291]. We assessed
verbal memory with the Dutch version of the Rey auditory verbal learning task
(RAVLT) and measured both the total number of immediately recalled items after
five presentations and the number of items retrieved after a delay [292]. The delayed recall condition of the Rey-Osterrieth complex figure test (ROCFT) was used
to evaluate visuospatial memory [293]. We administered the Category fluency task
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(naming as many animals as possible in 60 seconds) to examine semantic fluency
and the Letter fluency task (naming as many words possible starting with D, A and
T in 3 trials of 60 seconds each) to assess phonemic verbal fluency. We examined
executive functioning with the Stroop color word test [294] and the Trail making
test [295]. Interference susceptibility was measured as the time needed for card III
of the Stroop Color-Word Test minus the average completion time of Card I
(speed of word reading) and II (speed of color naming). We subtracted the completion time on TMT-A from the completion time of TMT-B (TMTB-A) to obtain
a measure of cognitive flexibility. The procedures for neuropsychological assessment followed those described by Lezak and colleagues [296].
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32 (34.4)

DRT (n) (%)

30 (34.1)

2.8 ± 2.7

2 (1-3)

24.2 ± 9.6

5 (1-7)

62.5 ± 10.2
(27-88)

56 (63.6)

648 ± 67

88

RAVLT

27 (32.5)

2.8 ± 2.7

2 (1-3)

23.4 ± 9.2

5 (1-7)

62.2 ± 10.4
(27-88)

53 (63.9)

651 ± 67

83

ROCFT

29 (33.7)

2.8 ± 2.7

2 (1-3)

24.0 ± 9.6

5 (1-7)

62.5 ± 10.3
(27-88)

54 (62.8)

648 ± 66

86

Stroop

28 (35.4)

2.7 ± 2.7

2 (1-3)

24.1 ± 9.7

5 (1-7)

62.2 ± 9.9
(27-88)

48 (60.8)

649 ± 67

79

TMTB-A

27 (31.8)

3.0 ± 3.2

2 (1-4)

24.7 ± 9.9

5 (1-7)

62.5 ± 10.5
(27-88)

56 (65.9)

650 ± 68

85

Category
Fluency

26 (32.5)

2.7 ± 2.6

2 (1-3)

23.9 ± 9.6

5 (1-7)

62.0 ± 10.1
(27-84)

52 (65.0)

650 ± 65

80

Letter
Fluency

8 (0-32)

10 (0-45)

BDI

BAI

10 (0-45)

8 (0-28)

27.8 ± 2.7
10 (0-45)

8 (0-28)

27.7 ± 3.0
10 (0-45)

8 (0-28)

28.0 ± 2.1
11 (1-45)

8 (0-28)

28.0 ± 2.1

10 (0-45)

8 (0-26)

28.0 ± 2.2

10 (0-45)

8 (0-28)

28.1 ± 2.1

-

-

-

-

-

-

-

-

-

60.6 ± 7.8
(47-77)

27 (60.0)

652 ± 59

45

HC

-

-

-

-

-

-

-

-

-

0.19a

0.52b

-

-

p-value
(PD total vs
HC)

Abbreviations: PD Parkinson's disease patients; HC healthy controls; RAVLT Rey Auditory Verbal Learning Test immediate and delayed recall; ROCFT
Rey Osterrieth Complex Figure Test delayed recall; Stroop Stroop word color task; TMTB-A Trail Making Test B-A; tGM total grey matter volume; UPDRSIII Unified Parkinson's Disease Rating Scale-III; DRT dopamine replacement therapy; LEDD Levodopa equivalent daily dose, computed in the group of
medicated patients only; MMSE Mini-Mental State Examination; BDI Beck Depression Inventory; BAI Beck Anxiety Inventory
a Student t test b Chi squared test

27.7 ± 3.0

MMSE

509 (100-1590) 492 (100-1590) 522 (150-1590) 495 (100-1590) 509 (150-1590) 525 (100-1590) 490 (100-1590)

3.0 ± 3.2

Disease duration (years)

LEDD (mg/day)

2 (1-4)

25.5 ± 10.3

5 (1-7)

62.8 ± 10.3
(27-88)

Hoehn and Yahrstage
(range)

UPDRS-III score

Education (Verhage)

Age (years)
(range)

61 (65.6)

Sex (male) (%)

93

648 ± 66

tGM

Number of participants

PD total

Table 8.1 Demographic and clinical features of the PD and HC group, and PD subgroups for each neuropsychological test. Data represent mean ± SD or
median (range).
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MRI acquisition and preprocessing

High-resolution structural MRI scans were obtained at the VUmc, using a GE
Signa HDxt 3.0-Tesla MRI-scanner (General Electric, Milwaukee, Wisconsin,
USA) with an 8-channel head coil. We acquired structural MRI data using a sagittal
3-dimensional gradient-echo T1-weighted sequence (256 x 256 matrix; field of
view = 25cm; slice thickness = 1mm; voxel size = 1 x 0.98 x 0.98 mm; TR = 7.8
ms; TE = 3.0 ms; view angle = 12º). Image analysis was carried out with the stable
version (v.5.3.0) of the FreeSurfer software (http://surfer.nmr.mgh.harvard.edu)
[297-299]. In short, the procedure included: motion correction, intensity normalization, Talairach registration, skull stripping, segmentation of subcortical white
matter, tessellation of the GM/white matter (WM) boundary, automated topology
correction, and surface deformation. We used a 10 mm (full-width at halfmaximum) Gaussian kernel to smooth maps. Finally, FreeSurfer created a surface
3D model of the cortex using intensity and continuity information.

We visually checked the cortical reconstruction of each subject for inaccuracies
and manually corrected major topological inaccuracies with vertex edits or control
points and subsequently repeated the processing. CTh was calculated as the shortest distance between the GM/WM boundary and pial surface at each vertex across
the cortical mantle, measured in millimeters (mm). In addition to vertex-based
reconstruction, FreeSurfer automatically parcellated the cortex into 34 gyral-based
regions-of-interest (ROIs) per hemisphere, according to the Desikan-Killiany atlas.
For each parcellation, the average CTh (in mm) and total WM SA (in mm2) were
calculated. We used these measures to manually calculate the cortical GM volume
(in mm3) of each of the 68 cortical parcellations (the product of CTh and SA), in
order to compare volumetric cortical measures between FreeSurfer and VBM. We,
furthermore, performed post-hoc tests when areas differed in cortical thickness to
gain further insight into the morphological properties (i.e. surface area, cortical
volume) of that particular area.
Subcortical analysis

Subcortical volumes were calculated with FreeSurfer’s automated procedure for
volumetric measures. Each voxel in the normalized brain volume was assigned to
one of 40 labels, using a probabilistic atlas obtained from a manually labeled training set [300]. The labels we used for further analysis were the putamen, caudate
nucleus, globus pallidus, nucleus accumbens, brainstem, thalamus, amygdala, hippocampus, ventral diencephalon and the ventricular system. In contrast to our
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VBM study, the cerebellum was excluded and volumetric measures of the ventricles were included. Last, a measure of total GM (tGM) (in mm3) was also computed, consisting of both surface-based cortical GM volume calculations and subcortical voxel counts.
Statistical analyses

To assess differences in demographic variables between the PD and HC group and
PD subgroups for each task, we performed t-tests (for continuous data) and chisquare tests (for categorical data). We checked assumptions of normality, homogeneity of variance and covariance with the Shapiro-Wilk test, Levene’s test and
Box’s M test, respectively. To correct for non-normal distribution, all values of
ventricle volume, the TMTB-A score, and Stroop color word test scores were logtransformed, and the RAVLT scores were square-root transformed. We used parametric tests since statistical assumptions were met for 74% of the data.
Group differences

A number of statistical tests was performed to assess between-group differences in
structural measures. First, we performed a vertex-wise analysis of differences in
CTh in FreeSurfer’s statistical program QDEC 1.5, using Monte Carlo-simulations
with 10.000 iterations to correct for multiple comparisons and a cluster-wise pvalue of .05 to display results. Second, surface (i.e. SA per parcellation) and volumetric analyses (i.e. sub-cortical volume estimates calculated by FreeSurfer, and the
manually calculated volume estimate per cortical parcellation) were performed in
SPSS 20.0 (SPSS, Chicago, IL, USA). For SA, we performed multivariate analyses
of variance (MANOVA) using the 68 parcellations (34 per hemisphere) as dependent variables and group as between-subject factor. Subcortical and cortical GM
volume differences were assessed using multivariate analyses of co-variance
(MANCOVAs), with as dependent variables the volume of the 23 automatically
segmented subcortical regions, and the volume of the 68 cortical parcellations,
respectively, group as between-subject factor, and tGM as a covariate. We applied
a Bonferroni correction by dividing our p-value by the number of cortical areas per
hemisphere (p < (.05/34) = ~.001) and by the number of sub-cortical structures
per hemisphere (p < .05/13) = ~.004) for the post-hoc tests in order to correct for
multiple comparisons.
Correlations with cognitive performance

Since neuropsychological data were only available for the PD patients, correlations
between cognitive performance and structural measurements were restricted to this
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group. We used a GLM model in QDEC 1.5 to correlate CTh at each vertex with
scores on the six neuropsychological tasks, while including age, gender, and education as covariates, and applying Monte Carlo-simulations to correct for multiple
comparisons. We used a ‘different-onset-same-slope’ model, which assumes that
no gender*age interaction exists. For SA and (sub)cortical GM volume, we computed partial correlations in SPSS 20.0 using each segmentation/parcellation as
criterion, task-performance score as predictor, and age, gender, and education level
as covariates. For the volumetric measures, tGM was added as an additional covariate. Again, Monte Carlo-simulations (in QDEC) and Bonferroni corrections (in
SPSS) were applied to correct for the multiple comparisons.
RESULTS

The PD and HC group were matched for age (p = .19) and gender (p = .52). In
addition, the PD subgroups for each task were similar regarding education, diseaserelated variables (i.e. UPDRS III score, Hoehn and Yahr stage, disease duration,
dopamine replacement therapy), global cognitive functioning and measures of
mood (i.e. depression and anxiety level) (see table I). On average, patients had a
UPDRS III score of 24, a Hoehn and Yahr stage of 2 and a median disease duration of 3 years. The majority of the PD group was still unmedicated at the time of
scanning (i.e. only 34% received dopamine replacement therapy).

The vertex-wise CTh analysis showed cortical thinning in PD patients compared
with HC in the left pericalcarine gyrus, extending to the cuneus, precuneus and
lingual areas, in the left inferior parietal cortex, bilateral rostral middle frontal cortex, and right cuneus (see table 8.2 and figure 1a-d). In addition, PD patients
showed enlargement of the third, and bilateral lateral ventricles and left inferior
lateral ventricle when compared with HC (see table 8.3). No group differences in
SA or cortical GM volume were found. A post-hoc inspection of the results indicated that the significant difference in mean CTh (HC>PD) in the left pericalcarine gyrus and right cuneus was accompanied by a sub-threshold increase in SA
(PD>HC), resulting in cortical GM volumes that did not differ between groups
(see table 8.4).
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Table 8.2 Vertex-wise cortical thickness group analysis. Data represent mean thickness in mm ± SD.
Only effects with significant clusterwise-values after Monte Carlo simulations are presented.
Region

Cluster size PD
(mm2)

HC

Peak MNI305 coordinates CWP
X

Y

Z

L pericalcarine gyrus 1802

1.87 ± 0.13

2.00 ± 0.13

-5

-75

12

<.001

R rostral middle
frontal

633

2.24 ± 0.12

2.36 ± 0.14

40

49

4

.001

R cuneus

597

1.92 ± 0.13

2.03 ± 0.12

7

-86

27

.002

L rostral middle
frontal

588

2.16 ± 0.13

2.28 ± 0.15

-38

43

3

.002

L inferior parietal

419

2.37 ± 0.16

2.51 ± 0.15

-38

-62

27

.02

Abbreviations: PD Parkinson’s disease patients; HC healthy controls; CWP clusterwise corecte
p-value
Table 8.3 Subcortical volume group analysis. Data represent mean ± SD. Only effects with significant p-values after Bonferroni correction are presented. Abbreviations: PD Parkinson’s disease patients; HC healthy controls
Measurement
Subcortical volume

a

(mm3) a

Region

PD

HC

t

p

3rd ventricle

3.20 ± 0.17

3.09 ± 0.17

14.64

<.001

L lateral ventricle

4.15 ± 0.23

4.00 ± 0.22

14.35

<.001

R lateral ventricle

4.11 ± 0.23

3.97 ± 0.23

11.12

.001

L inferior lateral ventricle 2.71 ± 0.31

2.54 ± 0.27

9.43

.003

All measurements of ventricle volume are log transformed.

Table 8.4 Cortical volume, mean cortical thickness and surface area of the left pericalcarine gyrus
and right cuneus in the PD and HC group. Abbreviations: PD Parkinson's disease patients; HC healthy
controls; ns non-significant
Measurement

Region

PD

HC

p-value

Cortical thickness (mm)

L pericalcarine gyrus

1.68

1.77

.001

R cuneus

1.88

1.95

<.001

L pericalcarine gyrus

1358

1317

.28 (ns)

R cuneus

1497

1470

.41 (ns)

L pericalcarine gyrus

2279

2333

.52 (ns)

R cuneus

2812

2873

.40 (ns)

Surface area (mm2)
Cortical volume (mm3)
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Figure 8.1 Between-group differences in cortical thickness and thickness and
correlation with task performance

HC had increased cortical thickness in the left pericalcarine gyrus, extending to
cuneus, precuneus and lingual areas left inferior parietal cortex, bilateral rostral
middle frontal cortex, and right cuneus, when compared with PD patients (a-d).
Within the PD sample, we found a negative correlation between the left lateral
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occipital and lingual gyrus and performance on the RAVLT (e-f). Clusters were
significant after multiple comparison correction with Monte Carlo simulations.
Correlations with cognitive performance

Vertex-wise analysis revealed a negative correlation between CTh in left lateral
occipital and lingual areas and performance on the RAVLT immediate recall and
delayed recall condition (see figure 1e,f). The volume of the right thalamus showed
a negative correlation with performance on the Letter and Category fluency task.
The volume and SA of the left pars opercularis correlated negatively with performance on the ROCFT. Furthermore, SA of the left medial orbitofrontal cortex
correlated negatively with Stroop task performance (see table 8.5).
Table 8.5 Partial correlations of (sub)cortical volume and surface area with neuropsychological task
performance, corrected for age, gender, and education. Abbreviations: RAVLT Rey Auditory Verbal
Learning Task; ROCFT Rey Osterrieth Complex Figure Test; Stroop Stroop word color test; r Pearson’s correlation coefficient; CWP clusterwise corrected p-vale; a Based on vertex-wise analysis b
Based on parcellation-wise analysis
Measurement

Region

Task

r

Peak MNI305
coordinates
X

Cortical thickness

(mm) a

Surface area

(mm2) b

RAVLT immediate -.420 -19
recall

-96 -15

.006

L lateral occipital and
lingual gyrus

RAVLT delayed
recall

-.406

-8

-93 -10

.030

Letter Fluency

-.338

-

-

-

.003

R thalamus

Category Fluency

-.322

-

-

-

.003

L pars opercularis

ROCFT

-.374

-

-

-

.001

L pars opercularis

ROCFT

-.415

-

-

-

<.001

-.376

-

-

-

<.001

L medial orbitofrontal Stroop
cortex

DISCUSSION

Z

L lateral occipital and
lingual gyrus

Subcortical volume (mm3)b R thalamus
Cortical volume (mm3)b

Y

CWP

In this study, we used a surface-based analysis method to investigate structural
brain changes in PD and the role of distinct morphological properties on cognitive
heterogeneity among patients. Compared with controls, PD patients showed cortical thinning in the right cuneus, left lateral occipital areas, left inferior parietal cortex and the bilateral rostral middle frontal cortex, and ventricular enlargement.
Within-group variance in volume of the thalamus, CTh of the left lateral occipital
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The first relates to differences in employed statistics. In our VBM study, we applied an uncorrected p-value of .001 with an extent threshold of 50 voxels, whereas
the present study employs Monte Carlo simulations and Bonferroni corrections,
which are statistically more stringent [301]. Indeed, when applying a similar significance and cluster threshold as used in the VBM study in our vertex-wise analysis,
we find a group effect for CTh in the right superior frontal gyrus that has a nearidentical coordinate correspondence with the GM volume effect found with VBM.
The majority of the areas is, however, still non-overlapping.
A second factor concerns technical differences between the voxel-based approach in VBM and the atlas-based approach in FreeSurfer. Whereas FreeSurfer
calculates the total volume of a cortical parcellation or subcortical segmentation,
VBM assesses GM volume on a voxel-by-voxel basis. VBM might, therefore, be
more sensitive to detect small local effects that may be ‘averaged out’ when measured over a larger area. Since our VBM results showed relatively small clusters of
GM volume effects, these effects may have been too small to be detected by FreeSurfer. In our current study we found a negative correlation between verbal fluency and volume of the right thalamus, a relation which was not found in our previous study. Since both VBM [302] and FreeSurfer [303] have problems segmenting
the thalamus from the surrounding WM, we advise caution when interpreting this
finding, since these conflicting results could indicate a spurious finding. Replication
in future research is therefore warranted.
A third issue relates to the fact that cortical GM volume as a measure of brain
structure is different from CTh and SA. Our FreeSurfer results show, in accord161
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and lingual areas, volume and SA of the pars opercularis, and SA of the left medial
orbitofrontal cortex related to heterogeneity in verbal fluency performance, verbal
memory, visuospatial memory and interference susceptibility, respectively. As in
our VBM study, brain areas showing group differences in morphological properties
did not overlap with brain areas in which structural changes were related to cognitive performance. Thus, while PD patients as a group showed atrophy in various
regions compared with the HC, cognitive heterogeneity among patients was associated with between-patient structural differences in other regions. These differences may reflect subtle PD-related structural changes that affect only a subgroup
of patients. Alternatively, they represent premorbid differences that may have
caused some patients to be less vulnerable than others to cognitive impairment as a
consequence of the PD-related structural changes observed at a group level.
Although we used the same dataset in the current study as in our previous
VBM analysis [91], there was surprisingly little overlap between the studies in the
areas in which we found significant effects. We believe that five issues may have
contributed to this incongruity.
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ance with earlier studies [287-289], that CTh and SA are differentially affected in
PD. Since the product of their combined influence is not uniform across the cortex, cortical GM volume may not show overlap with either measure. In theory, it is
possible that two groups do not significantly differ on the CTh or SA in a certain
area, but that this difference does reach significance when combined in GM volume. In contrast, significant CTh and SA effects may remain undetected when
combined in GM volume when their effects are in opposite directions. As an example, we showed that in the right cuneus and left pericalcarine gyrus, significant
decreases in CTh in the PD group were masked by non-significant increases in SA,
leading to normal regional GM volume as measured with VBM. Increases in SA
have been reported previously in the context of PD (Jubault et al 2011) and may
relate to damage in the underlying white matter fiber tracts.
Fourth, we found a relation between cortical volume (as calculated from the
product of SA and CTh) of the left pars opercularis and performance on the
ROCFT, which we did not find in our VBM study. FreeSurfer calculates SA by
measuring the surface area of the WM/GM boundary, thereby neglecting the surface area of the pial surface. It is therefore possible that VBM accounted for atrophy in the pial surface (consequently leading to a reduced GM volume) whereas
FreeSurfer did not. Since our FreeSurfer results show that the left pars opercularis
volume effect was mainly driven by a SA effect, we speculate that VBM did not
detect this task-related association because it was driven by a (potentially biased)
SA effect.
The fifth and last issue relates to the relatively subtle structural alterations observed at this early disease stage. Several other studies have investigated structural
changes in early stage PD, and found little or no atrophy in cognitively preserved
cohorts, comparable to ours [47, 48]. The areas in which atrophy was described
varied considerably between studies, thus suggesting that the atrophy is subtle and
topographically non-specific, in contrast with, for example, hippocampal atrophy
in Alzheimer’s disease. We argue that if the structural differences had been more
pronounced, both techniques would have detected them. Our results confirm previous studies by showing that there is indeed atrophy in relatively early stage PD,
but that it is, if anything, subtle and spread over various brain areas. Also the enlargement of the third and lateral ventricles indicates a diffuse and non-specific
degenerative process.
Several results are consistent with previous data obtained using FreeSurfer in PD,
mainly concerning CTh reductions in the bilateral rostral middle frontal cortex,
bilateral cuneus and left inferior parietal areas [304-306], as well as the enlargement
of the third and lateral ventricles [307, 308]. Also the positive correlation between
SA of the left medial orbitofrontal cortex and Stroop task performance is in ac162
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cordance with the involvement of this area in response inhibition [309]. In contrast, the negative correlation between verbal memory performance and CTh of
the lateral occipital and lingual cortex is not in line with earlier findings. Pellicano
et al. (2012) reported a positive correlation between verbal memory performance
and thickness in occipital areas (i.e. the fusiform area) in PD [310]. Also the negative correlations between the left pars opercularis and the right thalamus with
visuospatial memory and verbal fluency, respectively, are difficult to interpret,
although numerous cognitive processes have been associated with these areas [311]
[312-314]. Future studies should replicate these findings before any definite statements can be made.

CONCLUSION

The results of the current study suggest that PD is associated with cortical thinning
and ventricular enlargement, and that cognitive heterogeneity within the PD population is associated with subtle differences in CTh, SA, and (sub)cortical GM volume. Our results obtained with FreeSurfer support the hypothesis that CTh and
SA are differentially affected by the disease, and have diverse associations with
cognition. This underlines the necessity to take distinct morphological properties
of brain areas into account in the context of PD. By directly comparing GM volume effects obtained with FreeSurfer and VBM, we have provided evidence that
their methodological and technical differences can yield non-overlapping results in
the same cohort of participants. We argue that FreeSurfer may be more sensitive to
PD pathology in cortical areas showing isolated CTh or SA effects, or areas in
which their effects are in opposite directions. VBM, however, may be able to detect more subtle effects in small cortical and subcortical GM areas, due to its
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To our knowledge, this is the first study that compared VBM and FreeSurfer data
in the same cohort of PD patients to study the relation between brain structure
and cognitive performance. Strengths of our study include our relatively large and
well-powered [315] sample and the fact that we controlled for various confounding
factors such as age, gender and education. An important limitation, however, is the
absence of neuropsychological test scores from HC. Conclusions based on the
correlations between brain structure and cognitive performance should therefore
be interpreted with caution, as they may not be specific to PD. Future research
should include a longitudinal approach to gain more insight into how structural
changes relate to cognitive status over time. It would also be insightful to include
patients with a more diverse cognitive profile to make the sample more heterogeneous, or subdivide the sample into subgroups based on cognitive status (e.g. cognitively not impaired; cognitively impaired; demented).
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voxel-by-voxel approach. We thus recommend to use both techniques in complement to each other to obtain a comprehensive picture of the complex pathological
process in PD.
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This thesis aimed at gaining more insight into the neural underpinnings of the
cognitive heterogeneity among early-stage PD patients. For this purpose, we
scanned 25 patients with PD who were not on dopamine replacement therapy, and
43 healthy controls while performing a set-shifting, working memory, and response
inhibition task in an MRI scanner. We, furthermore, induced a “temporary lesion”
in healthy participants to mimic the decreased activation of the left dorsal PFC in
PD patients. Last, we compared the T1-weighted MRI scans from a large cohort of
PD patients (N=93) with those of a group of ad hoc recruited healthy participants
(N=46) to investigate between-group differences in brain structure, and assess the
relation between structure related measures and performance on neuropsychological tasks within the group of PD patients.
We will first briefly discuss the main findings per research question based on the
results reported in the corresponding chapter(s), and subsequently try to interpret
our overall results in relation to the existing literature on PD and cognition. We
will then try to deduce a working model about cognitive heterogeneity and compensation in PD, and discuss the consequences of our results for the classical
model of the basal ganglia. Last, we will consider a number of important methodological issues that apply to this thesis, and end with recommendations for future
investigations.
MAIN FINDINGS PER RESEARCH QUESTION

1. Do unmedicated PD patients show impaired set-shifting performance, associated with decreased
neural activation and decreased task-related functional connectivity?
In chapter 2 we compared our cohort of unmedicated PD patients with matched
healthy controls while performing an in-house developed set-shifting task in an
MRI scanner. Since task-performance on previous set-shifting paradigms also depended on other cognitive constructs, such as working memory, matching-tosample, and visuo-spatial learning [99, 316, 317], we developed a new feedbackbased set-shifting task. This task contained less of the potential confounding factors, hereby obtaining a less biased view on the behavioural and neural correlates
of set-shifting in PD patients. PD patients made more errors during repeat, but
contrary to our hypothesis and previous findings [93] displayed normal performance on the set-shift trials. Patients showed a decrease in task-related activity in
the right inferior frontal gyrus (ventro-lateral prefrontal cortex (VLPFC)), and an
increase in the bilateral parietal cortices and right superior frontal cortex during
shift, when compared with repeat trials. We also found a negative correlation between DaT-SPECT uptake ratios and the degree of activation of the superior
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frontal cortex in a sub-sample of patients. Chapter 3 further investigated group
differences in task-related functional connectivity during the set-shifting task discussed in chapter 2. We selected the bilateral DLPFC, bilateral superior frontal
gyrus, and bilateral inferior parietal gyrus (IPG) as seed regions based on our own
(described in chapter 2) and other findings [95, 96, 152]. For each region we assessed the brain areas with which it showed functional connectivity during the task
using a general form of psycho-physiological interaction (gPPI) [133]. All six seed
regions showed task-related functional connectivity with the posterior cingulate
gyrus, medial prefrontal cortex, and angular gyrus. Although these areas were already known to be highly connected during rest, as reflected in the default mode
network (DMN) [116, 117], their connectivity also appears to play an important
role during task performance. We subsequently compared whether there were
between-group differences in functional connectivity for each area and found that
the seed regions of the PD patients were, overall, less functionally connected when
compared with controls. Based on the results from chapter 2 and 3, we hypothesized that due to the striatal dopamine depletion in PD, task-related areas desynchronize [80], and are thereby less functionally connected. We further speculate
that the hyper-activation during task performance compensates for the decreased
task-related functional connectivity and hypo-activation of the ventral prefrontal
cortex, in this way postponing behavioural impairments in set-shifting.

According to the classical model of the basal ganglia by Alexander and others [5, 6,
32, 33, 318], the striatal dopamine depletion in PD leads to a hypo-excitation of the
DLPFC, which is thought to underlie executive dysfunction in general, and in setshifting deficits in particular. We tested this hypothesis in chapter 4 by applying
low-frequency (i.e. inhibiting) rTMS to the left dorsal PFC in healthy controls,
thereby creating a “temporary lesion” model of the set-shifting impairments in PD
[146]. We measured the task-related brain activation of the left dorsal PFC in 33
healthy controls while performing our in-house developed set-shifting task in the
MRI scanner twice: first during a baseline scan session, and subsequently after lowfrequency rTMS at the area in the PFC that was most active during the baseline
session in half of the group (verum), or at the vertex in the other half (sham). As
hypothesized, behavioural performance, task-related activity, and functional connectivity selectively decreased over the sessions in the verum group, thereby further corroborating the role of the dorsal PFC in set-shifting. The area that displayed reduced activity was, however, not in the proximity of the stimulation site
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2. Is it possible to mimic set-shifting-related behavioural and neural impairments as seen in PD
patients in healthy participants, using low-frequency (i.e. inhibiting) rTMS on the left dorsal
PFC?
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(i.e. the left dorsal PFC), but in the left middle temporal gyrus. At the 2nd session,
the stimulated area (left DLPFC) was less functionally connected during task performance with areas in the left post central gyrus, and left posterior insula. These
results underline that functional connections within networks play an important
role in brain function and disease [67], and that disturbances in one brain area can
have consequences in remote, but connected, other regions.
3. Do unmedicated patients with PD show impaired working memory performance, associated
with decreased neural activation and task-related functional connectivity?
This question was investigated in chapter 5. Our cohort of unmedicated patients
with PD performed a visuo-spatial n-back paradigm while in an MRI scanner.
Since the n-back task has been employed in numerous other investigations, we had
strong hypotheses about which areas would be involved in this task [168, 319]. We
used the bilateral DLPFC, bilateral caudate nucleus and bilateral inferior parietal
cortex (IPC) as regions-of-interest (ROIs) to assess between-group differences in
task-related activation, and investigated i) their individual activity, ii) the functional
connectivity of the bilateral DLPFC, using gPPI, and iii) the effective connectivity
within the fronto-striatal (i.e. bilateral DLPFC, bilateral caudate nucleus) and fronto-parietal (i.e. bilateral DLPFC, bilateral IPC) networks, using dynamic causal
modelling (DCM). Contrary to our hypotheses, we found no behavioural deficit,
and increased (instead of decreased) activity in the left DLPFC in the PD group.
Both connectivity analyses showed decreased connectivity in the fronto-parietal
network, but no differences in connectivity within the fronto-striatal network in
PD patients. Exploratory regression analyses in a sub-sample of PD patients revealed a positive relation between DaT-SPECT uptake ratios, behavioural performance, and task-related functional connectivity between the left DLPFC and parietal areas. In line with the findings in chapter 3, we hypothesized that task-related
functional connectivity between (remote) brain regions decreases due to the striatal
dopamine depletion, but that this is compensated for by a hyper-activation of taskrelated areas, thereby forestalling behavioural deficits.
4. Do unmedicated patients with PD show impaired response inhibition, associated with decreased
task-related brain activation?
In chapter 6 we described the background and results of the study on response
inhibition in our unmedicated cohort of PD patients and healthy controls. Since
we had strong a priori hypotheses about which brain areas were involved in task
performance, we employed the bilateral inferior frontal gyri, inferior parietal lobes,
caudate nuclei, and right pre-supplementary motor area as ROIs. In accordance
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with our hypothesis, we found that the patients were slower at response initiation,
but not at inhibiting their responses, as measured with the stop-signal reaction time
(SSRT). This behavioural deficit was accompanied by a hypo-activation of the
bilateral inferior frontal gyri and the left inferior parietal lobe. Disease related
measures (i.e. UPRDS-III scores) correlated negatively with the task-related activity
of the left inferior frontal gyrus. We hypothesize that due to the PD related pathology, task-related areas were hypo-active and task performance decreased accordingly. We further speculate that, because this task exerted too much pressure
on an already affected cognitive system [251], patients were not able to compensate, in contrast to our observations in chapters 2 and 5.

In Chapter 7 we investigated this research question with the often employed volume-based method voxel-based morphometry (VBM). Although several other
studies have also investigated this question with the same technique [45-47], a
strong point of our study was the large and well-characterized cohort of PD patients (N=93), and the availability of neuropsychological test data for the PD patients. When correlating neuropsychological test scores with GM volume, our most
important findings were positive correlations between the (i) parahippocampalgyrus and verbal memory, (ii) medial temporal lobe and putamen and visuospatial memory, and (iii) middle temporal gyrus and frontal lobe and verbal ﬂuency.
Additionally, we found in PD patients relatively small clusters of reduced GM
volume in frontal, parietal and temporal cortices and in the cerebellum. Because
GM volume is an unspecific measure, consisting of the product of surface area and
cortical thickness, we also studied structural differences using the surface-based
method FreeSurfer, while using the same cohort of patients and controls as in
chapter 7. This analysis is described in Chapter 8. Only a handful of other studies
have of yet investigated the relation between cortical thickness, surface area and
(sub)cortical volume in relation to cognition in PD [52, 56, 58, 320-322] and, to
ourknowledge, only one [323] has compared these results with the findings obtained by a voxel-based method. We found cortical thinning in occipital, parietal,
and frontal areas in the PD group, and negative correlations between (i) cortical
thickness in occipital areas and performance on a verbal memory task, (ii) surface
area of the prefrontal cortex and interference susceptibility, (iii) surface area and
cortical volume of the operculum and visuo-spatial memory performance, and, (iv)
volume of the right thalamus and scores on two verbal fluency tasks. We concluded that cortical thickness, but not surface area, is affected in PD, and that cognitive
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heterogeneity between patients is related to differences in cortical thickness, cortical surface area and (sub)cortical volume. We also found surprisingly little overlap
between the results of chapter 7 and chapter 8, despite using (nearly) the same
cohort. We attribute this discrepancy to i) between-technique differences in statistics / methodology, and ii) the relatively subtle structural alterations at this early
disease stage. In sum, we concluded that variation in local brain structure contributes to the between-patient variation in cognitive performance but does not distinguish between patients and controls. Based on these results, we advise to use both
a volume- and surface-based technique when investigating structural differences in
PD, since both measures are sensitive to specific aspects of brain structure which
might be overlooked when applying only a single method.
OVERALL RESULTS IN RELATION TO OTHER LITERATURE ON PD
AND COGNITION
Task-related activity and cognition

Research questions 1, 2 and 4 relate to the behavioural and neural consequences of
PD on set-shifting, working memory, and response inhibition, respectively, three
important aspects of executive functions [29]. Although PD patients typically show
impairments on these tests [12, 13], it is also well recognized that there is a large
between-patient variability in cognitive performance, already early in the disease
[14]. One of the unique features of this thesis is that we can compare both behavioural and neural responses of the same cohort of patients and controls over different tasks. A first remarkable similarity was that both in the set-shifting and the
response inhibition task we found a decrease in activation in the right inferior
frontal gyrus, more specifically, in the VLPFC (BA 47).This area is strongly associated with motor response inhibition [324], as measured with the Stop-Signal task.
While we strived to design our set-shifting task in a way that it measured the cognitive construct set-shifting as accurately as possible, a certain extent of response
inhibition is inherent to set-shifting [29, 325]. We therefore speculate that both
tasks put response inhibition-related demand on this area, which could be compensated for by the fronto-parietal hyper-activation in the set-shifting task, but not
during the Stop-Signal task. This suggests that the ventral system in general, and
the VLPFC in particular, is a vulnerable region in PD. Although this fits the classical model in which the PFC is vulnerable to PD pathology [5, 32], traditionally the
dorsal, and not ventral, areas are affected first. Future research should further investigate why this particular area seems to be vulnerable for task-related pressure in PD.
Another noteworthy pattern that emerged over the three tasks was that patients
displayed hyper-activity and intact behavioural performance on the set-shifting and
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working memory task, and hypo-activation and decreased behavioural performance in the response inhibition task. This pattern fits within the CompensationRelated Utilization of Neural Circuits Hypothesis (CRUNCH) [196, 326], which is
often employed in the aging literature. This theory states that older and younger
healthy participants can behaviourally perform equally well, but that the elderly
need to hyper-activate their task-related network in order to do so. Conversely,
when this compensatory mechanism fails, hyper-activation turns into hypoactivation, and behavioural performance declines accordingly. In line with this
theory, we argue that the hyper-activation, as seen in our patients during the working memory and set-shifting task, is compensatory, thereby forestalling behavioural
deficits. In contrast, we saw only hypo-activation of task-related areas in the response inhibition task, and decreased task performance. The task demands of the
Stop-Signal task apparently put too much cognitive pressure on the task-related
neural network in the PD patients to be able to compensate for by hyper-activation
[251]. This is also in line with other studies on response inhibition in early PD that
employed a cognitively less demanding Go/No-Go task, and again found no behavioural deficits and hyper-activation in the PD patients [327, 328]. The
CRUNCH model also concurs with our findings from chapter 4, in which we used
the non-invasive technique rTMS to decrease the activity of the left dorsal PFC in
healthy participants, prior to performing a set-shifting task in an MRI scanner. We
found, as hypothesized, a decrease in activation which was accompanied by a decrease in behavioural performance.
It remains an open question why the same patients were able to compensate for
difficult tasks such as the n-back and switch, but not for the Stop-Signal task.
Whereas working memory and set-shifting are most strongly associated with the
dorsal (prefrontal) circuit [168, 329], response inhibition is associated with the
ventral (prefrontal) network [324]. According to the classical model of Alexander
[5] and that of later work, the dorsal part of the striatum and PFC are most severely affected by the PD-related pathology, whereas the ventral system is relatively
preserved [38]. As previously discussed, however, PD is not a ‘dopamine-only’
disease, and also the serotonergic and noradrenergic systems are affected. Two
recent studies found that selective serotonin [226] and noradrenalin [330] re-uptake
inhibitors improved response inhibition performance in PD, whereas a different
study found that dopaminergic medication did not [331]. These findings are in line
with the general view of serotonin in inhibitory response control [40]. One could
thus speculate that in early PD the ventral circuit is relatively spared with respect to
behavioural performance that depends on ventral dopaminergic projections, such
as reward based reversal learning [37, 332], but that behavioural and neuronal impairments can be detected on tasks that also depend on ventral serotonergic /
noradrenergic projections. In general, these results suggest that the dorsal circuit
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was either i) less affected by the PD-related pathology, or ii) had more compensatory abilities than the ventral cognitive network. These findings again underline the
complexity of the PD-related pathology in relation to cognition. Another more
practical explanation relates to the consequences of the standardized order in
which participants had to perform the three neuropsychological tasks in the MRI
scanner. Since scan sessions were often in the evenings, and the Stop-Signal task
was always the last task to be completed, patients might have been more tired than
controls, leading to the decreased neural activity and behavioural performance. The
high prevalence of sleeping problems among PD patients further strengthens this
possibility [11, 333]. Future research should randomise the task order to exclude
these potentially biasing order effects.
Task-related functional connectivity and cognition

It is important to realize that behavioural manifestations resulting from neurological damage are not purely the consequence of one abnormally functioning area, but
represent changes in the whole brain network [67]. In our set-shifting and working
memory study we therefore investigated, besides neural activity, also task-related
functional connectivity. Although the exact seed-regions differed between studies,
we found in both cases that the task-related functional connectivity of our ROIs
was decreased in the PD patients. Also in our rTMS study we found that the perturbation of a specific area (i.e. the left dorsal PFC) led to a reduction of taskrelated functional connectivity with a remote location, again stressing the need for
understanding the brain in a less modular and more network-type fashion. Neuronal oscillations are a likely mechanism through which individual, and populations
of, neurons synchronize and thereby functionally connect, either in rest or during
task performance [68]. To maintain the high-precision timing in firing frequency
between the phase-locked oscillating neuronal assemblies, neurons are dynamically
tuned by biasing the membrane conductance through neurotransmitters such as
glutamate and GABA, or modulatory neurotransmitters, such as acetylcholine,
serotonin, or dopamine [334, 335]. We hypothesize that primarily because of the
striatal dopamine depletion, but probably in addition to changes in the serotonergic, noradrenanergic, and cholinergic system [9, 10, 39, 41, 43], the membrane
conductance of neurons is no longer properly fine-tuned, leading to a desynchronized firing pattern within and between neuronal assemblies. We furthermore hypothesize that this desynchronization underlies the decreased task-related functional connectivity in our functional MRI studies. This interpretation is in line with
findings which show that optimal dopamine levels lead to “quelling” within neuronal populations, and thus to an increased signal-to-noise ratio [70], and that the
relation between dopamine and cognitive performance is often described as an

172

Summary and general discussion

inverted U-shape [329]. Numerous neurophysiological resting-state studies in PD
have confirmed changes in local power and global synchronization [72, 74, 76], and
argued that these changes can be used as a marker of disease progression [77] and
declining cognition [73, 78, 79]. Also electrophysiological data from deep brain
stimulation (DBS) electrodes indicates that the striatal dopamine depletion in PD
leads to a pathological increase in beta band oscillations within the cortico-basal
ganglia circuit that correlate with motor dysfunction [80, 336, 337]. Last, a few
studies investigated the effect of dopamine replacement therapy on functional
connectivity during resting-state fMRI [130] and task performance [120, 131] and
found a normalization of functional connectivity following medication in the PD
patients. Although it is difficult to compare functional connectivity between taskrelated and resting-state studies, these studies suggest an association between
pathological neural oscillations / functional connectivity and impaired cognition.

Numerous imaging studies have consistently shown a negative correlation between
structural brain measures and cognition in PD [50-52, 54, 320]. For example, PD
patients with MCI have a faster rate of cortical thinning over time than patients
without MCI [58] and non-demented PD patients who developed PDD within two
years had a faster rate of cortical thinning than those who did not develop PDD
[57]. These studies further corroborate the association between structure and cognition in a longitudinal design. Other studies have found correlations between task
performance on neuropsychological tests and GM structure within groups of PD
patients, thereby further strengthening the relation between brain structure and
cognition [262]. We also found positive correlations between cortical thickness /
cortical surface area / GM volume and task performance on several neuropsychological tests in our studies. Furthermore, we found relatively small areas of reduced
GM volume / cortical thickness in our cohort of patients, which corresponds with
findings from other investigations in groups of cognitively preserved PD patients
[46-48], although it is important to emphasize that our cohort was not selected to
represent a unitary cognitive status (e.g. not cognitively impaired / cognitively
impaired).
Even though there is still no definite consensus, studies suggest that differences
in cortical thickness and GM volume primarily represent differences in neuronal
structural complexity (i.e. synapses and dendritic arborisation) and not neurons per
se, although the influence of neuronal size, (mircro)glia, and blood vessels cannot
be fully excluded [338]. This fits with observations in which cognitive training
increased GM volume [339, 340] or cortical thickness [341] in task-related areas.
Relating this to our previous findings suggests that an optimal structural complexi-
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ty (e.g. synapses) in some areas results in better task-performance on some neuropsychological tasks, and that structure and function can influence each other [342].
Table 9.1 Demographic, clinical, and behavioural characteristics of the whole cohort.
HC (N = 43)

PD (N = 25)

p-value

57 ± 9 (38 – 75)

60 ± 11 (38 – 78)

.24a

Gender (% men)

23 (54 %)

19 (76 %)

.08c

Handedness (right)

37 (86 %)

21 (84 %)

.92b

DART score

104 ± 14 (73 – 132)

102 ± 18 (72 – 42)

.69a

Education#

6 (3 – 7)

6 (1 – 7)

.58b

BDI

2 (0 – 13)

5 (0 – 22)

< .001d

BAI

1 (0 – 11)

5 (0 – 19)

.02d

UPDRS

NA

20 (2 – 35)

-

H&Y stadium

NA

2 (1 – 3)

-

29 (24 – 30)

29 (24 – 30)

.18d

RAVLT (total)

47 ± 8 (31 – 63)

43 ± 9 (26 – 61)

.05a

RAVLT (recall)

10 ± 3 (2 – 14)

8 ± 3 (2 – 14)

.07a

Category Fluency

27 ± 6 (17 – 40)

24 ± 6 (12 – 40)

.06a

Letter Fluency

43 ± 10 (26 – 73)

38 ± 10 (22 – 54)

.07a

Stroop Interference Score

38 (13 – 118)

41 (24 – 95)

.27d

ROCFT (copy)

36 (13 – 36)

34 (27 – 36)

.02d

ROCFT (3-min recall)

20 ± 8 (4 – 33)

19 ± 8 (5 – 31)

.69d

ROCFT (30-min recall)

20 ± 7 (4 – 31)

20 ± 7 (6 – 30)

.98d

TMTB-A

26 (3 – 78)

36 (-4 – 114)

.08d

Digit span (total items)

15 (9 – 25)

16 (10 – 20)

.82d

ToL (overall percentage correct)

89 (62 – 97)

85 (45 – 91)

.001d

11 ± 2 (7 – 17)

14 ± 4 (8 – 24)

Demographics
Age (years)

Clinical measures

Behavioural test scores
MMSE

ToL (overall RT in sec)

< .001a

Values are presented as mean ± standard deviation or median (range) unless indicated otherwise.
Abbreviations: HC healthy controls, PD patients with Parkinson’s disease, DART Dutch adult reading test, NA not applicable, BDI Beck depression inventory, BAI Beck anxiety inventory, UPDRS
Unified Parkinson’s disease rating scale, H&Y Hoehn and Yahr, MMSE mini-mental state examination, RALVT Rey’s auditory verbal learning test, ROCFT Rey-Osterrieth complex figure test, TMT
Trail making test, ToL Tower of London test.
a = Independent samples t-test b = Pearson’s χ2 test c = Fisher’s exact test d = Independent samples
Mann-Whitney U-test
# = Education level was measured in 7 levels ranging from 1 (no finished education) to 7 (university
training)
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Cognitive reserves and compensation

Although task-related hyper-activation is often interpreted as compensatory and
vital for maintaining normal cognitive function, it is important to emphasize that
this is still an unresolved issue. Some authors have argued that increased neural
activation reflects pathological disinhibition [350] or simply increased mental effort
[196, 351]. There are also indications that increased neuronal activity might be
toxic, or can cause damage to the function of synapses, as is, for example, seen in
hippocampal atrophy in medial temporal lobe epilepsy [352, 353]. One pioneering
study on this topic showed a striking overlap between areas with a high metabolism rate, such as the posterior cingulate cortex, in young and healthy participants
and amyloid deposition in patients with Alzheimer’s disease. The results suggested
that metabolically highly active areas might be extra vulnerable to amyloid pathology [354], a finding that was further substantiated by subsequent investigations [355357]. Indeed, there have been findings of cortical amyloid-beta in PD [57, 59] that
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We found behavioural deficits on the response inhibition task, but intact performance on the set-shifting and working memory task in our cohort of PD patients.
When investigating our complete cohort (see Table 1), we did find behavioural
performance differences on other conventional neuropsychological tests that we
collected outside the scanner and measured cognitive domains (e.g. verbal
memory, executive functions, visuo-spatial abilities). By excluding patients who
were not able to perform the MRI tasks, we selected a group of high-performing
patients, despite PD-related pathology. An often employed cognitive framework to
explain why some people can tolerate more age- or pathology-related neuronal
damage than others while maintaining normal cognitive functioning, are cognitive
reserves [343-345]. Epidemiological studies have consistently shown that, amongst
others, increased educational exposure postpones the age-of-onset of dementia, a
phenomenon that is also described in PD [25]. Since the average educational level
of our cohort was relatively high, we theorize that this might partly explain why
their cognitive abilities were still preserved. We speculate that when the PD-related
pathology further progresses, cognitive reserves will become exhausted, consequently leading to neural hypo-activation and cognitive deficits. This scenario is
illustrated in a positron emission tomography (PET) study in which PD patients
were scanned during a sequence learning task. At baseline, normal taskperformance was accompanied with neural hyperactivity in frontal and parietal
areas in patients [346]. After two years task-related activity levels in these regions
had decreased, together with behavioural performance [347]. Similar observations
have been made in other neurodegenerative diseases, such as multiple sclerosis
[348, 349] and Alzheimer’s disease [344].
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were associated with faster progression to PDD [63, 358]. A recent glucose PET
study investigated the relation between cognitive status, metabolism at rest, and
cortical atrophy in PD patients and found a large overlap between areas in which
there was hypo-metabolism and atrophy in PDD patients, and areas that were
hypo-metabolic, but not atrophic in MCI patients [359]. The authors suggested
that brain areas first suffer from synaptic dysfunction, reflected in hypometabolism as seen in the MCI patients, which is followed by a loss of dendritic
arborisation and synapses, thus accounting for the large reduction in GM volume
in the PDD patients. Taken together, one could speculate that increased neural
metabolism might lead to progressive synaptic dysfunction, and eventually to synaptic damage, indicating the transition to hypo-metabolism and MCI. Although the
topological pattern of the progression of amyloid pathology has not yet systematically been investigated in PD, post mortem studies in Alzheimer’s disease patients
and healthy controls show that the initial amyloid depositions are found in the neocortex, and subsequently progress in a descending fashion [360]. The hypothesis
that cortical hyper-activity might be neurotoxic or induces amyloid pathology
could provide an explanation as to why amyloid beta is found in cortical areas, and
why some cortical brain areas show volume reductions, such as decreases in prefrontal GM volume, in a pre-PDD stage [57].
WORKING MODEL OF COGNITIVE HETEROGENEITY AND
COMPENSATION IN PD

Combining previous findings in the literature with our own, I have tried to deduce
a simplified working model to explain cognitive heterogeneity in (early) PD patients (see Figure 1).
Phase 1: Neurotransmitter producing nuclei in the brain stem and midbrain areas
degenerate due to the Lewy-body pathology, leading to a desynchronisation of the
oscillations that functionally connect local and distant neuronal assemblies. This
sub-optimal synchronization can be measured as altered functional connectivity
during resting state or task performance.
Phase 2: Either to compensate for the sub-optimal functional connectivity, or as a
consequence of it, (primarily dorsal cortical) brain areas display increased activity
levels during task performance, measured as hyper-activation. While sustaining this
hyper-activation, cognitive deficits are postponed. The increased metabolism,
however, might lead to synaptic dysfunction, possibly resulting from the accumulation of amyloid pathology near the synapses following the hyper-activation. As
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PD-related pathology progresses, load on the cognitive networks increases, which
needs to account for an increasing degree of functional and structural damage.
Phase 3: Synaptic dysfunction becomes so pronounced that local processes can no
longer be sustained, and the task-related activation in specific brain areas converts
from hyper-activation to hypo-activation, resulting in cognitive deficits or MCI.
We hypothesize that an optimal amount of GM volume or cortical thickness (i.e.
synapses and dendritic arborisation) might serve (at least in some areas) as a protective mechanism to be able to withstand more synaptic dysfunction before converting into hypo-activation. When synapses degenerate after having suffered too
much damage, cortical atrophy becomes apparent.
Phase 4: Lewy-body pathology reaches the neo-cortex in Braak stages V and VI,
and patients convert from MCI to PDD.
Especially the transition from phase 2 to phase 3 is individually determined and I
believe that this conversion can be postponed by more optimal structural brain
measures in critical brain regions. It is also likely that not all brain circuits simultaneously convert from phase 2 to phase 3, but that some are able to stay longer in
phase 2 than others. This also applies to our own data, in which we found behavioural deficits and hypo-activation on the response inhibition task, but not on the
set-shifting and working memory task.
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Although this is a highly simplified model of the complex interplay between brain
structure and function, it combines a number of elements which are found persistently throughout the literature on (pathological) aging and cognition. More importantly, it presents a working model that can be further expanded or modified by
future research.
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Figure 9.1 Working model on cognitive decline in PD
Phase 1: Desynchronization / decrease in functional connectivity between local and distant neuronal
assemblies due to the degeneration of the neurotransmitter producing nuclei in the brainstem and
midbrain.
Phase 2: Individual brain areas increase activity levels during task performance, which might lead to
synaptic dysfunction. While sustaining this hyper-activation, cognitive deficits are postponed.
Phase 3: Synaptic dysfunction becomes so pronounced that local processes no longer properly function, and the task-related areas convert to hypo-activation, resulting in cognitive deficits or MCI.
Phase 4: Lewy-body pathology reaches the neo-cortex in Braak stages V and VI, and patients convert
from MCI to PDD.

THE CLASSICAL ALEXANDER-MODEL OF THE BASAL GANGLIA:

In the traditional model of the basal ganglia [5, 6, 32, 33, 318], the striatal dopamine depletion leads to an irreversible hypo-activation of the areas that are anatomically connected to the striatal regions, in turn leading to the observed cognitive deficits. We, however, found hyper-activation in frontal regions and intact
behavioural performance within our cohort of PD patients while performing a
working memory and set-shifting task. Although this model focuses exclusively on
the dopamine system, ignores cortico-cortical connections, and does not consider
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the effects of the evolving Lewy body pathology, it is still widely used to explain
cognitive deficits in PD. It seems that the model describes what happens at a neuronal level when cognitive deficits are present (also see e.g. [34]), but does not
correctly predict the consequences of the dopaminergic depletion when cognition
is still preserved. In order to predict what the cortical net-result of the striatal dopaminergic depletion will be (i.e. hypo-activation vs hyper-activation), an intermediate stage should be incorporated into the model, which takes the cognitive status
of the patient into account. To what degree the modification of the model is applicable to the motor- or limbic circuit remains to be elucidated by future research.
METHODOLOGICAL CONSIDERATIONS:

Another important aspect to consider, also for future research, is the relative
straightforwardness of the set-shifting task we developed to measure the cognitive
construct set-shifting more accurately and was used in chapters 2, 3, and 4. Although we argue that we have succeeded in developing such a task, as can be seen
in the robust main effect activation maps, we believe, in retrospect, that the task
might not have been cognitively challenging enough to properly distinguish patients from controls based on task performance or neural activity. This consequently might have led to an underestimation of the measured behavioural and
neural deficit, both in the PD patients as in the group which received real rTMS.
For the response inhibition task we used a more conservative measure to calculate
the stop-signal reaction time (SSRT) than previous studies used, since the traditional measure consistently overestimates the SSRT. We did find a behavioural
deficit when employing the conventional method, but not when employing the
more conservative calculation. Since this was the first study on de novo PD patients
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PD patients typically display cognitive deficits on neuropsychological tasks, which
was also true for our entire cohort of patients (N=25). We, however, excluded
patients from our MRI analyses who were not able to perform the tasks, thereby
selecting a group of high performing patients. This procedure has introduced a
selection bias and compromises the generalisation of our results to all PD patients.
We believe, however, that our cohort provides a unique insight into the underlying
neural mechanisms which are involved in the maintenance of behavioural performance in PD. A second issue is that our patients were not using anti-parkinsonian
medication, while many other studies have recorded patients in an ON or OFF
stage. Although our cohort contains less potential biasing factors, it is important to
realise that this issue also makes it more difficult to compare studies.
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in relation to response inhibition, we warrant caution with respect to the absence
of the behavioural deficit, and recommend further investigation in future studies.
Also, by employing a ROI approach for our task-related functional connectivity
analyses, we might have overlooked potentially relevant effects outside the seedregion. Although we based our regions on previous literature this issue needs to be
considered when interpreting our results.
An important methodological issue is the large discrepancy in findings between the
VBM and FreeSurfer method. Although we followed standard procedures, and
used a well-powered cohort (N=149), it is remarkable that these two methods
specialized in structural measurements yield such different results. We think that
these differences are attributable to i) differences in employed statistics (uncorrected vs corrected results), ii) between-method differences in technique (voxel-based
vs atlas-based), and iii) the relatively subtle structural alterations at this early disease
stage. We argue that if the structural differences had been more pronounced, both
techniques would have detected them.
A last statistical consideration is that we not always applied a correction for multiple comparisons when assessing between-group interactions. Because our patients
were still in an early disease stage, we wanted to be maximally sensitive to subtle,
but potentially meaningful between-group differences, and thus to avoid falsenegative findings. This issue further stresses the importance that future research
replicates our findings before making any definite statements.
FUTURE PERSPECTIVES

In this thesis, we have found a decrease in task-related functional connectivity in
PD patients. It would be interesting to investigate whether this decrease is also
present during rest, thereby relating task-related and resting-state functional connectivity data to each other. It would furthermore be interesting to investigate the
role of structural connectivity (i.e. white matter fibre tracts) using diffusion tensor
imaging (DTI) and try to relate this to patterns we found in both task- and restingstate functional connectivity results. Such an analysis might provide further important insights into how changes in structural and functional connectivity relate to
neural activity, and thereby compensation. Both DTI and resting state fMRI data
were obtained during data acquisition, but are, as of yet, not analyzed. However,
plans are underway to investigate both data in a combined analysis in the near future in collaboration with Dr. Clare Mackay of the Oxford Parkinson’s Disease
Centre (OPDC) at the University of Oxford (UK).
180

Summary and general discussion

We also encourage the use of a multi-modal imaging approach, such as EEG /
MEG, MRI and SPECT/PET to obtain complementary measures on the same
patients, and thereby increasing the understanding of the underlying pathologic
mechanisms. In our working model there is an important role for the desynchronization of the oscillations, and their relation with neural activity. Examining patients
using both M/EEG, with its high temporal resolution, and functional MRI, with
its high spatial resolution, while performing the same task, could yield unique information on the relation between task-related functional connectivity, activity, and
cognition. Our unmedicated cohort of patients and controls was scanned while
performing the same n-back working memory task in both an MRI and MEG
scanner. Some first steps have already been taken in preprocessing this unique data
set, and will hopefully be fully analyzed in the near future. Also imaging different
neurotransmitter systems (i.e. dopamine, serotonin, noradrenalin, acetylcholine)
with PET/SPECT and relating these to, for example, BOLD or MEG derived
measures could yield important information about how the functional changes
relate to neural activity or functional connectivity.
According to our working model on compensation in PD the striatal dopaminergic
depletion primarily underlies the desynchronzation between frontal-parietal taskrelated brain areas during task-performance, which is compensated for by hyper181

Chapter 9

Several large cohort studies have followed PD patients longitudinally with respect
to behavioural performance on neuropsychological tasks, neural structural
measures, and connectivity measures during resting-state, gaining valuable insight
into the progression of the disease and its relation to cognition. Longitudinal studies on task-related neural activity or task-related functional connectivity, however,
are still scarce. A study design that would follow a cohort of cognitively intact patients through time, while obtaining task-related and resting-state fMRI, sMRI,
together with an extensive neurological and neuropsychological assessment, would
be greatly beneficial for our understanding of the neural mechanisms allowing
some patients to maintain cognitive performance while others convert to MCI or
PDD. Since different tasks tap into different cognitive networks, it would also be
insightful to investigate disease progression-related changes in activity for different
cognitive networks. For this reason, we now re-scanned a large part of the unmedicated patients and controls cohort one to three years after the initial investigation,
again obtaining task-related fMRI, resting state fMRI, and DTI. The data analysis is
now in progress, and the results will provide more insight into the neural changes
in PD during disease progression in relation to cognitive performance. They will,
furthermore, supply further evidence for our 4 stage working model of cognitive
heterogeneity in PD.
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activity. This hypothesis could be tested in a task-related ON-OFF medication
design. Especially the link between dopamine and task-related functional connectivity in PD in relation to behavioural performance is still a relatively unexplored
area, but a promising field of research. These studies would ideally also employ a
multi-modal approach to study the effects of dopaminergic medication on both
activity and oscillations and would provide further evidence about our proposed
working model.
PD-related pathology acts at the microscopic scale of synapses, dendrites, and
neurons. Only after a certain amount of changes or damage is it possible to detect
these disease-related alterations on the macroscopic scale using modern neuroimaging techniques. What is thus seen at the macroscopic scale is the consequence of
countless alterations at the microscopic scale. In order to better understand how
these scales relate to each other, one could think of correlating neuropsychological
task performance of patients during life to post mortem microscopic alterations
(e.g. amyloid deposition, Lewy body inclusions, damage to synapses / neurons).
Another possibility relates to using advanced neuroimaging techniques such as
high field-strength structural MRI (e.g. 7 Tesla or higher) to image sub-millimetre
structural details or damage in vivo and relate these to neuropsychological task performance. In order to fully understand changes in behaviour and cognition, one
needs to understand what is happening at the level of the synapse, and all the levels
in between.
There is, unfortunately, still no remedy against cognitive dysfunction in PD. A
more detailed understanding of the pathological mechanisms that underlie the
cognitive deficits in PD might provide a better starting point for neurorehabilitation or cognitive training [361], or a combination of both. One might
hypothesize that if behavioural task-related deficits are primarily induced by a
desynchronization (i.e. decrease in functional connectivity) between frontal and
parietal areas, rTMS or transcranial direct current stimulation (tDCS) could be used
to artificially restore (theta) frequencies between the two areas, thereby diminishing
cognitive complaints (see e.g. [362]). Indeed, a recent review suggested that (non)invasive brain stimulation modulates functional brain networks and that the stimulation site needs to be functionally connected with the targeted network in order to
be effective [363]. This further emphasizes why a more elaborate understanding of
(functional) connectivity might be valuable in the future.
Taken together, we found in a cohort of relatively early unmedicated patients with
PD decreased task-related functional connectivity, neural hyper-activation, and
intact behavioural performance and hypo-activation and behavioural deficits. We
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furthermore found in a more naturalistic cohort of PD patients that structural
differences contribute to the cognitive heterogeneity between PD patients. Based
on these findings, we have proposed a working model to understand how PDrelated pathology might affect functional connectivity, neural activity, and brain
structure and how we could use these between-patient differences to better understand cognitive heterogeneity in PD. Future research should systematically test and
validate the hypotheses proposed by the model, make adjustments where necessary, and expand it with novel insights. A better understanding of the cognitive
heterogeneity among PD patients is an important starting point for the development of innovative treatment alternatives targeting the specific networks. This
could lead to new cognitive rehabilitation strategies to improve or maintain cognitive status in spite of the progressive neurodegeneration.
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Het begrijpen van cognitieve heterogeniteit bijde ziekte van Parkinson:
Een benadering met behulp van beeldvormend onderzoek
De ziekte van Parkinson (ZvP) is een chronische, progressieve hersenaandoening
en treft circa 1% van de bevolking boven de 65 jaar. De gemiddelde leeftijd waarop
de eerste klinische symptomen zich openbaren ligt rond de 60 jaar, maar dit kan bij
een deel van de patiënten (veelal speelt dan een specifieke genetische kwetsbaarheid een rol) tot enkele decennia eerder zijn. De ZvP wordt gediagnosticeerd op
basis van motorische symptomen zoals traagheid, stijfheid, trillen en balansproblemen. De afgelopen jaren is er echter steeds meer aandacht gekomen voor andere, vaak voorkomende niet-motorische klachten, zoals slaapproblemen, problemen
met het reukvermogen, depressieve en angstklachten, impulscontrolestoornissen,
apathie, cognitieve achteruitgang en dementie.Dit proefschrift richt zich met name
op het beter begrijpen van de cognitieve klachten, die bij de ZvP naast problemen
met aandacht en geheugen voornamelijk worden gevonden in het domein van de
executieve functies; vaardigheden die nodig zijn voor doelgericht en probleemoplossend gedrag. Drie belangrijke aspecten van het executief functioneren zijn 1)
cognitieve flexibiliteit, 2) responsinhibitie en 3) werkgeheugen.
Aan de oppervlakte van de hersenen bevindt zich de hersenschors, ofwel cortex.
Diep in de hersenen gelegen bevindt zich een aantal hersenkernen, die samen de
basale ganglia worden genoemd. Deze kernen, of nuclei, zijn zowel anatomisch als
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functioneel sterk met elkaar verbonden en ontvangen signalen vanuit de cortex.
Deze informatie wordt in de basale ganglia “bewerkt” en vervolgens doorgegeven
aan een andere hersenstructuur, de thalamus, die weer in verbinding staat met de
cortex. Deze met elkaar verbonden hersenstructuren vormen daarmee een gebalanceerd circuit, waarin relevante signalen worden doorgegeven en irrelevante signalen worden onderdrukt. Een van de basale ganglia is de zwarte kern, oftewel de
substantia nigra. De hersencellen (neuronen) in dit gebied zijn grotendeels verantwoordelijk voor de productie van de neurotransmitter dopamine. Neurotransmitters beïnvloeden de werking van neuronen en bepalen, onder andere, op welk
moment de neuronen gaan vuren. De dopamine die wordt geproduceerd in de
substantia nigra wordt afgegeven in het striatum, een andere structuur binnen de
basale ganglia.
Het eiwit alfa-synucleine is aanwezig in neuronen van gezonde mensen, maar kan
door nog onbegrepen omstandigheden gaan samenklonteren. Deze opeenhopingen worden Lewy-lichaampjes genoemd en leiden tot schade, ofwel pathologie,
aan de neuronen waardoor ze afsterven. Dit proces ligt aan de basis van de ZvP.
Het samenklonteringsproces begint in de hersenstam en verplaatst zich met een
toenemende ziekteduur langzaam omhoog naar de cortex. Hoewel ook andere
neurotransmitter producerende kernen in de hersenstam worden aangetast door
deze pathologie, is de substantia nigra er extra bevattelijk voor. Het afsterven van
de zwarte cellen in deze kern is een van de meest in het oog springende neuropathologische kenmerken van de ZvP. Ten gevolge hiervan wordt er te weinig dopamine afgegeven in het striatum en raakt de balans in het circuit tussen de verschillende kernen in de basale ganglia verstoord. Het effect hiervan is dat de corticale
motorische gebieden te weinig worden gestimuleerd door de thalamus, wat leidt tot
motorische klachten als stijfheid en traagheid van bewegen. Ook gebieden die in
verband worden gebracht met denken, ofwel cognitie, in de prefrontale cortex,
worden minder gestimuleerd. Men denkt dat het onvoldoende stimuleren van gebieden in de prefrontale cortex ten grondslag ligt aan de executieve disfuncties bij
de ZvP. Wat echter nog niet goed wordt begrepen is waarom sommige patiënten
met de ZvP meer last hebben van deze klachten dan anderen. Een onopgeloste
vraag is dus wat de neurale basis is van deze variatie in het cognitieve profiel (cognitieve heterogeniteit).
Het doel van de onderzoeken die zijn beschreven in dit proefschrift was om meer
inzicht te krijgen in de neurale mechanismen die ten grondslag liggen aan de cognitieve heterogeniteit bij de ZvP. Hiervoor hebben we gebruik gemaakt van twee
groepen patiënten, ofwel cohorten. Het eerste, experimentele cohort bestaat uit
een groep met nog onbehandelde patiënten met de ZvP (N=25) met een relatief
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korte ziekteduur en een groep gezonde proefpersonen (N=41) die qua leeftijd,
geslacht en opleidingsniveau overeenkomen met de patiënten. In dit cohort hebben we met name gekeken naar de relatie tussen cognitief functioneren, hersenactivatie en de manier waarop verschillende delen van de hersenen met elkaar communiceren, ofwel functionele connectiviteit. Om dit te bekijken hebben we gebruik
gemaakt van hersenscans (functionele magnetische resonantie imaging (fMRI)). Bij
de gezonde deelnemers hebben we ook gebruik gemaakt van hersenstimulatie
(transcraniële magnetische stimulatie (TMS)). Door onbehandeldeParkinsonpatiënten te onderzoeken hebben we een uniek inzicht gekregen in de invloed van de
ZvP op zowel cognitie als op de werking van de hersenen, omdat we de invloed
van medicatie op onze metingen uit kunnen sluiten. Naast het experimentele cohort hebben we gebruik gemaakt van de gegevens van een naturalistisch cohort
van patiënten (N=93) die zijn verzameld voor diagnostische doeleinden. Dit tweede cohort hebben we gebruikt om de relatie tussen structurele veranderingen in de
hersenen en cognitie te onderzoeken met structurele magnetische resonantie imaging (sMRI). In dit cohort hebben we onderzocht of er verschillen waren in het
volume van verschillende delen van de hersenen door de hersenstructuur van de
patiënten te vergelijken met een groep ad hoc verzamelde gezonde proefpersonen
(N=46).
In dit proefschrift komen de volgende onderzoeksvragen aan de orde:
1.Presteren onbehandelde patiënten met de ZvP minder goed op een taak die cognitieve flexibiliteit
meet, en gaat dit gepaard met afgenomen taak-gerelateerde neurale activatie en afgenomen functionele connectiviteit?
Cognitieve flexibiliteit wordt vaak onderzocht met deWisconsin Card SortingTask
(WCST). In deze taak moet een kaart worden ingedeeld aan de hand van één van
zijn kenmerken, zoals de kleur, vorm of het aantal symbolen die erop staan afgebeeld. Op een bepaald moment verandert die regel en moet de kaart worden ingedeeld aan de hand van een ander kenmerk (bijvoorbeeld niet meer kleur, maar
vorm). Dit wordt een set-shift genoemd. Recente onderzoeken hebben echter
aangetoond dat prestaties op de WCST ook afhangen van het leervermogen en het
werkgeheugen. In hoofdstuk 2 beschrijven we daarom een nieuw ontwikkelde taak
die cognitieve flexibiliteit zuiverder meet. Zowel patiënten met de ZvP als gezonde
controles voerden deze nieuwe taak uit in een MRI scanner. We vonden, in tegenstelling tot onze hypothese, dat patiënten (vergeleken met gezonde proefpersonen)
niet meer fouten maakten wanneer er van regel gewisseld moest worden. Wel vertoonden de patiënten afgenomen taak-gerelateerde hersenactiviteit tijdens set-shift
trials in de ventrolaterale prefrontale cortex, en toegenomen activiteit beiderzijds in
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de pariëtale cortex en de rechter gyrus frontalis superior. In hoofdstuk 3 onderzochten we de taak-gerelateerde functionele connectiviteit van een aantal belangrijke gebieden die zijn betrokken bij het uitvoeren van set-shifting taken, zoals de
bilaterale dorso-laterale prefrontale cortex, de bilaterale gyrus frontalis superior en
de bilaterale inferieure pariëtale cortex.We vonden dat, over het algemeen, de hersengebieden van de patiënten met de ZvP tijdens het uitvoeren van de set-shifting
taak functioneel minder verbonden waren met andere gebieden dan bij gezonde
proefpersonen. De resultaten van hoofdstuk 2 en 3 tezamen lijken er op te wijzen
dat de functionele connectiviteit tussen de taak-gerelateerde hersengebieden bij
patiënten is verminderd, en dat dit kan worden gecompenseerd door een verhoogde activatie in afzonderlijke gebieden. Wellicht worden hierdoor stoornissen in de
uitvoering van de taak uitgesteld.
2. Is het mogelijk om stoornissen in cognitieve flexibiliteit, zoals die worden gevonden in patiënten
met de ZvP, na te bootsen door laagfrequente (remmende) repetitieve TMS toe te passen op de
dorsale prefrontale cortex bij gezonde personen?
Tijdens een baselinemeting lieten wij alle gezonde proefpersonen de set-shifting
taakuitvoeren in een MRI-scanner. Tijdens een tweede sessie werd bij de helft van
deze gezonde proefpersonen de activiteit van de dorsale prefrontale cortex geremd
middels laagfrequente repetitieve TMS (rTMS). De andere helft van de proefpersonen werd gestimuleerd op een locatie waar de rTMS geen effect had op de uitvoering van de taak. Op deze manier waren we in staat de verstoorde toestand van
de hersenen, zoals beschreven bij patiënten met de ZvP, na te bootsen, en daarmee
het model met betrekking tot de cognitieve stoornissen bij de ZvP te toetsen in
gezonde proefpersonen. De opzet en resultaten van deze studie staan beschreven
in hoofdstuk 4. Na de remmende rTMS moesten de deelnemers de set-shifting
taak opnieuw uitvoeren in de MRI-scanner. We vonden dat de proefpersonen die
de rTMS kregen op de prefrontale cortex de taak marginaal slechter uitvoerden.
Dit ging gepaard met een afname in taak-gerelateerde activiteit in de linker temporale cortex en met een afname van functionele connectiviteit van de prefrontale
cortex met de insula en de postcentrale gyrus. Onze bevindingen zijn daarmee in
overeenstemming met de heersende hypothese over het onderliggende neurale
substraat van de cognitieve stoornissen bij patiënten met de ZvP. Een verstoring
van het normale functioneren van de prefrontale cortex heeft een vermindering
van taakuitvoering, activiteit en van functionele connectiviteit tot gevolg.
3. Presteren onbehandelde patiënten met de ZvP minder goed op een werkgeheugen taak, en gaat
dit gepaard met een afname in hersenactivatie en functionele connectiviteit?
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In hoofdstuk 5 voerden de onbehandelde patiënten en gezonde proefpersonen
een moeilijke visuo-spatiële werkgeheugentaak uit in een MRI-scanner.Tegen onze
verwachting in vonden we dat de Parkinsonpatiënten even goed presteerden op de
taak als gezonde proefpersonen, wat gepaard ging met een toegenomen activiteit in
de linker dorso-laterale prefrontale cortex bij de patiënten. We vonden een afname
in functionele connectiviteit tussen de twee frontale cortices, en van de linker prefrontale cortex met, in het bijzonder, de pariëtale gebieden. Ook vonden we dat de
beschikbaarheid van striataal dopamine positief correleerde met de functionele
connectiviteit tussen frontale en pariëtale gebieden tijdens het uitvoeren van de
taak in een subpopulatie van de patiënten. Wij veronderstellen opnieuw, zoals bij
de interpretatie van de resultaten van de set-shifting taak uit hoofdstuk 2 en 3, dat
er een vermindering in functionele connectiviteit is tussen taak-gerelateerde gebieden in de ZvP, maar dat dit kan worden gecompenseerd door verhoogde activatie
in de afzonderlijke hersengebieden, waardoor stoornissen in de taakuitvoering
worden uitgesteld.
4. Presteren onbehandelde Parkinsonpatiënten minder goed op een responsinhibitie taak, en gaat
dit gepaard met een afname in hersenactivatie?
De onbehandelde patiënten voerden ook nog een responsinhibitie-taak uit in de
MRI scanner. De resultaten van deze studie worden beschreven in hoofdstuk 6.
In lijn met onze hypothese vonden we dat patiënten inderdaad minder goed presteerden op deze taak dan gezonde controles, hetgeen gepaard ging met een afname
in de hersenactivatie bij de patiënten tijdens het uitvoeren van de taak. In tegenstelling tot wat we in hoofdstuk 2 en 5 zagen, vonden we bij de patiënten geen (compensatoire) toename in hersenactiviteit. De reden waarom patiënten niet konden
compenseren tijdens deze taak, maar wel gedurende de twee voorgaande beschreven taken, is moeilijk aan te geven. Een verklaring zou kunnen zijn dat de hoge
tijdsdruk en benodigde snelheid die inherent zijn aan deze taak teveel pressie uitoefenden op het toch al aangedane systeem, en er daarom niet meer kon worden
gecompenseerd. Een andere reden zou kunnen zijn dat het ventrale prefrontale
systeem, wat met name wordt geassocieerd met deze responsinhibitie taak, minder
compensatoire mogelijkheden heeft dan het dorsale prefrontale circuit, waar de
andere twee taken sterker mee worden geassocieerd. Een laatste verklaring zou
kunnen zijn dat alle proefpersonen deze taak aan het einde van de scansessie uitvoerden. Hierdoor zou het kunnen dat de patiënten vermoeid waren geraakt en
daardoor minder goed presteerden. Toekomstig onderzoek zou daarom de volgorde waarin de taken worden aangeboden moeten randomiseren om deze mogelijke
volgorde-effecten uit te kunnen sluiten.
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5. Wat is het verband tussen variaties in hersenstructuur en verschillen in prestaties op neuropsychologische tests binnen patiënten met de ZvP; en welke analysetechniek kan het beste worden
gebruikt om dit te onderzoeken?
Hoofdstuk 7 beschrijft de bevindingen van ons naturalistische cohort van patiënten en gezonde proefpersonen waarin we de relatie tussen hersenstructuur en cognitie onderzochten met de techniekvoxel-based morphometry (VBM). We hebben
binnen de patiëntengroep gekeken naar correlaties tussen het volume van verschillende hersenstructuren en de score op verschillende neuropsychologische taken.
De belangrijkste bevindingen waren een positieve correlatie tussen de i) parahippocampale gyrus en het verbale geheugen, ii) mediale temporale gyrus en het putamen
en visuo-spatieel geheugen, en iii) de gyrus temporalis medius en de gyrus frontalis
superior en verbale fluency (het spontaan opnoemen van zoveel mogelijk woorden
uit een bepaalde categorie of die beginnen met een bepaalde letter). Wanneer we de
hersenen van de groep Parkinsonpatiënten vergeleken met die van de gezonde
controles, vonden we kleine gebieden van verminderde grijze stof volume in de
frontale, pariëtale en temporale cortices, en in het cerebellum.
Omdat volume van de grijze stof een aspecifieke maat is, hebben we hetzelfde
cohort nogmaals geanalyseerd met het programma Freesurfer, dat de corticale
dikte en oppervlakte en het subcorticaal volume berekent. Het was onze verwachting met deze informatie meer inzicht te krijgen in de resultaten die staan beschreven in hoofdstuk 7 (met andere woorden, welke fysiologische maat veroorzaakt de
verschillen in grijze stof volume tussen de twee groepen). Deze analyse staat beschreven in hoofdstuk 8. We vonden negatieve correlaties tussen i) corticale dikte
in occipitale gebieden en de prestaties op een verbale geheugentaak ii) corticale
oppervlakte in de prefrontale cortex en cognitieve interferentie iii) corticale oppervlakte en volume van het operculum en visuo-spatieel geheugen en iv) volume van
de rechter thalamus en de scores op twee taken die verbale fluency meten. Verder
vonden we een afname in corticale dikte in occipitale, pariëtale en frontale gebieden in de patiënten. Uit de resultaten van hoofdstuk 7 en 8 hebben we geconcludeerd dat corticale dikte, maar niet corticale oppervlakte, is aangedaan bij de ZvP,
en dat verschillen in corticale dikte, corticale oppervlakte en (sub)corticaal volume
bijdragen aan de cognitieve heterogeniteit tussen patiënten. Ondanks dat we bijna
hetzelfde cohort hebben gebruikt in de studies die worden beschreven in hoofdstuk 7 en 8, bestaat er een (forse)discrepantie tussen de resultaten van beide onderzoeken. Wij wijten deze discrepantie aan i) een verschil tussen de technieken in
zowel methodologie als statistiek, en ii) de relatief subtiele structurele veranderingen, omdat de patiënten, over het algemeen genomen, nog relatief vroeg in het
ziekteproces waren. Aan de hand van deze resultaten bevelen wij voor vervolgon190
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derzoek het gebruik van beide technieken aan, omdat ieder van deze technieken
gevoelig is voor specifieke vormen van structurele verandering, die wellicht over
het hoofd worden gezien bij het gebruik van slechts één techniek.
Hoofdstuk 9 bevat de algemene discussie waarin de resultaten van de afzonderlijke hoofdstukken in een gemeenschappelijk kader worden geplaatst. Gebaseerd op
de voorgaande beschreven bevindingen en de overige wetenschappelijke literatuur,
wordt vervolgens een hypothetisch model voorgesteld wat in vier fases beschrijft
hoe patiënten met de ZvP in de loop van de tijd overgaan van intacte cognitie tot
dementie. Tevens biedt dit voorgesteld model een verklaring voor de waargenomen cognitieve heterogeniteit tussen patiënten.
Fase 1: Door de Lewy body-pathologie in de hersenstam, en het daarmee gepaard
gaande verlies van hersencellen, is er een verminderde beschikbaarheid van met
name dopamine, maar ook van andere neurotransmitters zoals serotonine, acetylcholine en noradrenaline. Deze neurotransmitters spelen onder andere een belangrijke rol bij het gesynchroniseerd vuren van (groepen) neuronen (met andere
woorden, de functionele connectiviteit tussen neuronen). Door veranderingen in
de beschikbaarheid van de neurotransmitters vermindert de communicatie tussen
populaties neuronen.
Fase 2: De afname in functionele connectiviteit leidt tot een verhoogde activiteit
van deze neuronale populaties. Cognitieve stoornissen blijven uit zolang deze
compensatoire verhoogde activiteit kan aanhouden. Verhoogd neuronaal metabolisme is echter in verband gebracht met excitotoxiciteit en de vorming van het
pathologische eiwit amyloïd beta. Hierdoor kunnen dendrieten en synapsen beschadigd raken en kan de werking van de cel worden verminderd.
Fase 3: De dendrieten en synapsen zijn dermate beschadigd geraakt dat de cel niet
meer adequaat functioneert en de verhoogde activatie gaat over in verminderde
activatie. Met de overgang van fase 2 naar fase 3 worden cognitieve stoornissen
meetbaar. De beschadigde synapsen functioneren niet meer en sterven af, wat
meetbaar is als krimp, ofwel atrofie. Volgens dit model zouden meer synapsen /
grijze stof in een gebied ervoor kunnen zorgen dat patiënten meer schade kunnen
tolereren en daardoor langer in fase 2, en dus cognitief intact, blijven.
Fase 4: De Lewy body pathologie bereikt de neo-cortex. Cognitieve presentaties
gaan verder achteruit en patiënten krijgen toenemende cognitieve stoornissen,
uiteindelijk uitmondend in een dementie.
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Het is belangrijk te benadrukken dat dit een sterk versimpeld en hypothetisch model is dat door middel van toekomstig onderzoek verder moet worden getoetst en
uitgebreid. Het is ook waarschijnlijk dat de overgang van fase 2 naar fase 3 verschillend verloopt voor verschillende neuronale circuits.
STERKTES EN ZWAKTES VAN HET ONDERZOEK

Een sterk punt van de beschreven studies is dat we onbehandelde Parkinsonpatienten hebben gemeten, waardoor de verkregen resultaten niet vertekend zijn door
medicatie-effecten en we dus de directe invloed van de ZvP op zowel cognitie als
neurale activiteit konden meten. Omdat er echter nog niet veel studies zijn waarin
deze unieke onbehandelde patiëntenpopulatie, die over het algemeen wordt gekenmerkt door een korte ziekteduur, wordt gemeten maakt dit aspect het ook lastiger om onze resultaten te vergelijken met andere studies. Verder is het van belang
dat we patiënten die de taken niet uit konden voeren hebben uitgesloten van de
analyses, en dat veel hoogopgeleide patiënten hebben deelgenomen aan onze studie, met een daardoor te verwachten hoge mate van cognitieve reserve, waardoor
een mogelijke selectiebias is opgetreden. Hoewel onze analyses een uniek inzicht
verschaffen in de neurale processen die ten grondslag liggen aan het behoud van de
cognitie in Parkinsonpatiënten, beperken de voorgenoemde factoren de generaliseerbaarheid van onze resultaten naar alle patiënten met de ZvP.
CONCLUSIES

We vonden in een groep onbehandelde patiënten met de ZvP afgenomen taakgerelateerde functionele connectiviteit, toegenomen neurale activatie bij een correcte taakuitvoering, en afgenomen neurale activiteit bij een verminderde taakuitvoering. We vonden verder in een groter cohort dat structurele verschillen bijdragen aan de cognitieve heterogeniteit tussen Parkinsonpatiënten. Op basis van deze
resultaten, en die van anderen, wordt een hypothetisch model voorgesteld met
betrekking tot de wijze waarop ziekte-gerelateerde pathologie de functionele connectiviteit, activiteit en structuur aan zou kunnen tasten, en hoe we dit model zouden kunnen gebruiken om verschillen in cognitie tussen patiënten beter te begrijpen. Toekomstig onderzoek zou dit model systematisch moeten testen en valideren, en moeten aanpassen en uitbreiden waar nodig. Een beter begrip van de onderliggende oorzaak van verschillen in cognitie tussen patiënten zou het begin
kunnen zijn van de ontwikkeling van innovatieve behandelingen en betere voorspelling van prognose. Men zou hierbij bijvoorbeeld kunnen denken aan het herstellen van de communicatie tussen specifieke neurale netwerken door gebruik te
maken van stimulatietechnieken zoals rTMS of transcraniële direct current stimulation
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(tDCS). Deze technieken zouden op zichzelf, of in aanvulling op andere behandelmethoden, een nieuwe vorm van cognitieve rehabilitatie kunnen zijn, die cognitieve klachten (tijdelijk) kan verminderen of het beloop van de ziekte kan beïnvloeden.
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Dankwoord
Zittend in de Radcliffe Camera bibliotheek, op deze prachtige lentedag in Oxford,
kijk ik terug op een veelbewogen tijd. De afgelopen 4,5 jaar zijn zeker niet omgevlogen of grijs aan me voorbij getrokken. Er waren flow-fases waarin alles vanzelf
leek te gaan, er waren stroeve fases waarin mijn data me niet gaf waarop ik recht
dacht te hebben, en er waren tijden waarin andere zaken prioriteit hadden. Door al
deze fases heen ben ik gesteund door een groot aantal mensen en de voltooiing
van dit proefschrift is daarom mede aan hen te danken. Daar wil ik in deze sectie
van mijn proefschrift graag bij stilstaan.
Op de eerste plaats wil ik graag de patiënten bedanken die aan mijn onderzoek
hebben meegewerkt. Ik heb het voorrecht gehad om zelf mijn data te verzamelen,
en daarmee de gezichten en verhalen achter de scans te leren kennen. Ik vroeg
jullie soms zeer kort na het slechte nieuws over jullie ziekte al om mee te doen, en
soms om nog even te wachten met de start van de medicatie. Dat zijn grote verzoeken en mijn dank is daarom extra groot dat jullie desondanks toch besloten om
mee te doen. Ook wil ik graag de gezonde proefpersonen hartelijk bedanken voor
hun tijd, interesse en inspanning! Zonder beide groepen was dit proefschrift er niet
geweest.
Dan: Beste Dr Van den Heuvel en Dr Van der Werf, lieve Odile en Ysbrand. Wat
was ik verbaasd (en blij!) dat jullie me aannamen, en die verbazing groeide alleen
maar naarmate ik verder kwam in mijn traject. Groen als gras kwam ik binnen,
maar gelukkig waren jullie er altijd om me bij te kleuren met tinten uit jullie eigen
uitgebreide pallet. Ons team is flink gegroeid sinds ik begon, maar altijd zijn jullie
betrokken gebleven bij jullie “kinderen” en ik ben erg blij dat jullie mijn wetenschappelijke “ouders” zijn. Ondanks dat het nu tijd is om uit te vliegen en op eigen
benen te staan, hoop ik nog een poosje door te kunnen groeien binnen jullie team.
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Geachte Prof Berendse, beste Henk. De eerste twee jaar zat ik wekelijks bij het
multidisciplinaire overleg om patiënten te werven voor mijn onderzoek, maar ook
om wat meer uit de praktijk te leren over die vreselijke ziekte. Ik vermoed dat je de
wenkbrauwen weleens hebt gefronst over mijn gebrek aan medische kennis, maar
je was altijd behulpzaam als ik een vraag stelde. Naast je gezien te hebben als praktiserend neuroloog, heb ik je ook als een onderzoeker leren kennen die altijd met
relevante vragen en opmerkingen kwam als wij dachten dat het manuscript al af
was. Bedankt hiervoor!
Geachte Prof Veltman, beste Dick. Het is ongelooflijk bij hoeveel projecten je
betrokken bent, maar als ik je nodig had, dan was je er voor me. Je kennis over
imaging, commentaren op mijn manuscripten en de Labmeetings (tegenwoordig
Imaging Colloquia) met jouw promovendi heb ik als zeer waardevol ervaren! Hartelijk dank daarvoor!
Alle leden van de leescommissie, Prof Henk Groenewegen, Dr Elisabeth Foncke,
Prof Jan Theeuwes, Dr Menno Schoonheim, Prof Richard Ridderinkhof, en Dr
Clare Mackay. Hartelijke dank voor de tijd die jullie hebben geïnvesteerd in het
lezen van mijn proefschrift.
Geachte Prof Geurts, beste Jeroen. Jij was 4,5 jaar geleden zo vrij om mijn CV
alvast door te sturen naar Ysbrand toen ik bij jou niet was aangenomen, waardoor
ik net wat meer opviel tijdens mijn sollicitatie. Nu werk ik alsnog voor je, omdat je
je in de tussentijd tot hoofd van onze afdeling hebt opgewerkt. Door de jaren heen
heb ik altijd het gevoel gehad dat je vertrouwen in me had, en dat is een aangename
gewaarwording. Ook mijn aanstelling voor de rest van 2015 heb ik aan jou te danken. Erg bedankt voor alles!
Dear Dr Mackay, dear Clare. Thank you very much for having me in your lab, for
reading my thesis (and approving it) and for coming over to the Netherlands for
my defence! It is an honour to be working at FMRIB with all its great people, and I
am thoroughly enjoying my stay in Oxford. Also a big thank you to Dr Ludovica
Griffanti for her excellent supervision and kind advice while performing the analyses! I hope our paths will cross again in the future!
Hieraan gerelateerd wil ik het Prins Bernhard Cultuurfonds en de Parkinson Vereniging bedanken voor de financiële steun voor mijn verblijf in Oxford.
Beste Dr Kim Verhoef, bedankt voor het voorwerk dat je hebt verricht aan het
project voor mijn komst.
212

Dankwoord

Ook wil ik graag de mensen bedanken die ik de afgelopen jaren als stagiair heb
mogen begeleiden. Marianne, Stan, James, Corine en Anita, hopelijk hebben jullie
net zoveel van mij geleerd als ik van jullie. Ik heb met veel plezier met jullie samengewerkt en het feit dat jullie allemaal co-auteur zijn geworden op mijn artikelen
geeft wel aan hoeveel goed werk jullie hebben verzet!
Beste (oud)collega’s, Saskia, Mechteld, Zsuzsika, Froukje en Stella. Toen ik begon
waren jullie al wat verder dan ik, maar dat weerhield jullie er niet om mij te betrekken in jullie (meer en minder formele) gesprekken en discussies. In jullie midden
kreeg ik een basis om op verder te bouwen. Dank daarvoor!
All current (and past) colleagues at (Neuro)psychiatry: Sonja, Stella, Froukje, Mardien, Chris, Sarah, Karlijn, Premika, Tim, Ires, James, Kathleen, Ursula, Hein and
Romy. You made it a lot easier to come to work every day and always took the
time for a civilised conversation, to share a tasty orange, or to go on a non-workrelated activity. Thanks for being such great colleagues  And thanks to all the
students who did not do their internship with me, but did spend some time in our
group and thereby introduced the necessary variation in conversations during the
lunch breaks and elsewhere.
Ik heb het geluk gehad om veel rond te mogen wandelen op verschillende afdelingen. Ik wil iedereen die ik daar heb gesproken graag hartelijk bedanken, maar een
aantal mensen in het bijzonder. Rolinka, Tommy, Leontien, Ton, Joost, Roeland,
Jamie, Taco, Dustin, Yvar, Madison, Anne-Marie, Benjamin, Karlijn, Nathalie, Marloes, Claudia, Navina, Mieke, Micha, (King) Kees, John Bol, John Breve, Quinten,
Hanneke, Menno, Linda, Anke, Wilma, Geert, Roel, Nico, Karin,Bori, Dagmar,
Michael, Dirk, Meiling, Sandra, Floor, Charlotte, Floris en Pieter van de Anatomie;
Karin, Ton, Joost, Alle-Meije en Petra van de radiologie; Cees, Arjan, Bob, Marjolein,
Prejaas, Edwin, Alexandra, Karin, Ndedi, Marlous en Nico van de KNF; Martin en
Ted van de medische psychologie; Henk, Tom en Elisabeth van de neurologie. Bedankt voor alle formele overleggen en informele gesprekken de afgelopen jaren.
Dan nog een paar woorden voor mijn paranimfen. Chris, ik heb je binnen zien
komen, rond zien kijken, en glansrijk zien overwinnen! Ik denk dat ik niet alleen
voor mezelf spreek als ik zeg dat ik veel respect heb voor de manier hoe je kwaliteit met snelheid weet te combineren. En dan ook nog altijd vriendelijk en behulpzaam blijven. Gezien dit patroon moeten de Veni, Vidi en Vici beurzen geen probleem worden voor jou ;). Anita, je kwam binnen als stagiair bij mij, maar was eigenlijk al veel verder. Je enthousiasme en gezelligheid in combinatie met nieuwsgierigheid en kunde zorgden ervoor dat we samen een mooi paper hebben geschre213

ven. Ook anderen merkten deze kwaliteiten bij je op, waardoor je nu een promotieplek hebt bij het Alzheimercentrum. Ik hoop dat onze paden elkaar nog vaak
zullen kruisen in de toekomst. Bedankt dat jullie mijn paranimfen willen zijn; ik
voel me gesterkt met jullie aan mijn zijde!
Billy, Philip, Tim, Freek, we kennen elkaar al lang en dat is een goed iets. Super
bedankt voor de BBQ’s, de etentjes, feestjes en vooral voor het tolereren van al
mijn slechte grappen . Billy, super leuk dat je de omslag hebt willen ontwerpen!
Terwijl ik dit schrijf weet ik nog niet hoe het eindresultaat er uit komt te zien, maar
ik weet zeker dat het mooi zal worden! Kippen, jullie houden het al een flinke poos
met me vol; ook jullie heel erg bedankt voor alle steun. We hebben elkaar minder
gezien dan we graag wilden, maar in de achtergrond waren jullie er voor me, en die
gedachte is veel waard. Frau Stone und Frau Bakker, ook jullie bedankt voor de
gezellige etentjes en de prettige gesprekken in vloeiend Duits.
Familie Gerrits en Roefs, ik geloof niet dat ik het pad heb gevolgd wat de meeste
van jullie hebben afgelegd, en ik weet ook niet of iedereen helemaal scherp heeft
wat ik de afgelopen jaren in Amsterdam heb gedaan. Het belangrijkste is dat dat
jullie ook helemaal niet uitmaakt. Jullie zijn er altijd voor me geweest ook al zien
jullie me niet zo vaak. Dat is een fijn gevoel en daar wil ik jullie erg voor bedanken!
Lieve Harm, Bwee, Jacqueline en Vincent. Bedankt voor alle interesse, steun, de
discussies aan de keukentafel en natuurlijk het lekkere eten .
Lieve Pap en Miem. Ongetwijfeld hebben jullie je weleens afgevraagd wat die zoon
van jullie toch eigenlijk bezighoudt en bezielt… Al helemaal toen hij ook nog eens
naar Haarlem ging verhuizen! Maar het heeft jullie er nooit van weerhouden mij
altijd te steunen en vertrouwen in mij te hebben en daarvoor ben ik jullie ontzettend dankbaar!
En als laatste: lieve Sil. Wat een achtbaan hebben wij achter de rug… We wisten
dat we in het diepe sprongen toen we naar Haarlem verhuisden, maar hierop hadden we niet gerekend. Gelukkig hadden we elkaar om op terug te vallen, en stonden we altijd klaar voor elkaar met goede adviezen. Ik kan je niet vertellen hoe fijn
ik het vind om te weten dat jij vooraan zult zitten bij mijn verdediging. Uiteindelijk
heb ik het proefschrift geschreven, maar het was ook elke dag in jouw leven. Mijn
naam staat op de kaft, jouw naam op pagina 2. Ik draag het aan jou op.
Oxford, 14 april, 2015
Hora est.
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